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Chapter 1

General Introduction
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Chapter 1

1.1 Polymers and Covalent Adaptable Networks

1.1.1 Classical polymers

Polymers play an important part in our daily lives, and our current society would not have

existed without them. They come in many forms, either synthetically or biologically, and
have one thing in common: they are made of small repeating units, called monomers, to
form a larger structure or chain. As the units are all covalently connected, a polymer is
basically a very large molecule, which is commonly referred to as a macromolecule.

Many types of polymers can be found in nature. For example, proteins and DNA are
examples of biological polymers that are essential to sustain life. Other well-known
biological polymers are, for example, cellulose (gives strength to plants), chitin (protective
shell of insects), and (spider) silk.

The term polymer is however more commonly used to refer to synthetic materials (plastics).
Since the concept of synthetic polymers was first introduced by Hermann Staudinger in
1920, the field of polymer chemistry and physics has rapidly developed up to the point
where we can nowadays no longer live without them. Some of the most notorious examples
of early synthetic polymers that are still of high relevance in current days include PVC
(1926), polystyrene (1931) and nylon (1935).

Classically, synthetic polymers are commonly distinguished in two different types:
thermoplastics and thermosets. These terms quite literally indicate how the material
responds to heat. Thermoplastics become soft when heated, meaning that they will melt
and are able to flow. Thermosets do not respond when heated: they are set and permanent.
The difference for this heat response can be explained when looking at the chemical
structure of the two different materials (Figure 1.1). Thermoplastics are long linear chains
that have a spaghetti-like appearance. When heated, the polymer chains become malleable
and can rearrange. Thermosets, on the other hand, are crosslinked. This means that the
polymer chains are all covalently connected into a big network. When heated, they can
therefore not rearrange, because they are physically locked from moving. In addition, the
crosslinked network structure of a thermoset offers much greater physical strength to the
material as the whole bulk is strongly bound together.

The superior strength and heat resistance of thermosets over thermoplastics offers much
greater possibilities in terms of applications of the polymer materials. However, because
the network structure of a thermoset is permanent, they have one big disadvantage: they
cannot be recycled. Thermoplastics on the other hand can be recycled, because they can be
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melted and reprocessed into a new material. Their flaw is however that they are not able
to compete with the superior strength of thermosets. To make a single material that is both
strong and recyclable, there is thus a need for something new and innovative.

Thermoplastic Thermoset
Linear chains Crosslinked network

Covalent Adaptable Network

Dynamically crosslinked network

3 >

Bond Exchange
J(=X

Figure 1.1 Visual representation of a thermoplastic (left) as linear chains, a thermoset (right) as crosslinked network
structure, and a CAN (bottom) as a dynamically crosslinked network.

1.1.2 Covalent adaptable networks

The solution to overcome the problem of non-recyclable thermosets was presented by the
development of covalent adaptable networks (CANs).% 3 Sometimes, they are also referred
to as dynamic covalent (polymer) networks (DCNs/DCPNs),* > however, in this thesis we will
use to the term “CAN”. CANs are in essence similar to thermosets, as they have the same
crosslinked network structure. There is, however, one major difference between CANs and
traditional thermosets: CANs have dynamic covalent bonds within their structure
(Figure 1.1). A dynamic covalent bond is a covalent bond, which means that it has the same
strength as a conventional non-reversible covalent bond. What makes dynamic covalent
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bonds unique, however, is their ability to perform bond exchange reactions under
equilibrium control.® For CANs, this effectively means that within the polymer network
rearrangements can occur as a result of such bond exchange reactions (see Figure 1.1). The
bond exchange in CANs requires some form of activation (trigger),” which is generally
achieved by heating. However, other ways of activating bond exchange, such as via light or
pH, are known as well.3°

Many different types of dynamic bond exchange reactions are known, and have already
been implied in different fields of (bio)chemical research.® %! Bond exchange reactions
can be sub-divided in two categories: dissociative bond exchange and associative bond
exchange (Figure 1.2).1? For dissociative bond exchange, chemicals bonds are first broken
and later reform into a new bond. This means that in a CAN, the network connectivity
(crosslinking) is temporarily lost during bond exchange (Figure 1.2A). For associative bond
exchange, a reactive group first attaches to the dynamic covalent bond before it is broken
(Figure 1.2B). As such, a polymer network relying on associative bond exchange never loses
its connectivity, and the crosslinking density remains constant.

a) Dissociative CAN _[>Loss of network integrity
BAN
P
o e
b) Associative CAN r Fixed cross-link density
bo(»c-"

Figure 1.2 Visual representation of a dissociative CANs, loosing network integrity during bond exchange, and an

%
f

______

i
f

associative CAN, in which the crosslinking density is fixed. Figure reproduced from Du Prez et al., Chem. Sci. 2016.1

A breakthrough for CANs occurred around 2012 when Leibler and co-workers documented
on the introduction of dynamic covalent transesterification motifs in polymer networks to

13-15 and introduced the term vitrimer to describe these

construct recyclable thermosets,
new polymeric systems.!> The term vitrimer refers to the Arrhenius-like gradual

temperature dependence of the material’s viscosity variations when nearing the glass
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transition temperature (Tg), which is similar to that of vitreous silica.’> As such, the materials
behave similar to glass in terms of thermal properties. These works have inspired others to
develop similar systems using different types of reversible chemistries. Some examples of
other very promising approaches include the use of vinylogous urethanes,6®

dioxaborolanes,®?* disulfides,?>?® and imines,?°*> among many more.

1.1.3 Self-healing
CANs are most well known for their unique property to make recyclable thermosets,

however, various studies have shown that they have many other desirable properties.3% 34
As the dynamic covalent bonds are responsive to various stimuli, depending on the exact
mode of exchange, they can be utilised to “program” polymers to respond or behave
differently in different environments, or in response to certain stimuli. One of such unique
features is the self-healing behaviour of CANS.% In a CAN, the dynamic covalent bonds are
able to reattach severed parts of material through bond exchange. For example, when a
material is cut or scratched, the dynamic covalent groups on the edges of one side of the
cut can interact and exchange with the dynamic covalent groups on the other side of the
cut.?® As such, they can reattach the two sides back together (Figure 1.3).2° This self-healing
behaviour is what makes CANs very interesting for applications that require long-lasting
materials or applications in which frequent (small) damages cause wear of the materials.

disulfide metathesis

Figure 1.3 Example of a self-healing disulfide-based CAN. Image adapted from Odriozola et al. Mater. Horiz. 2014.%

1.2 Material properties and analysis of CANs

Many of the material properties of CANs can be analysed an studied, in which the use of
rheology plays a central role.?® Traditionally, rheology is a branch of physics that studies the
deformation and flow of materials. Nowadays it is a rather broad field of science that studies

11
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many more characteristics of materials and mixtures.3® For CANs specifically, rheology is
mainly used to derive physical parameters regarding the thermal-mechanical properties of
the materials, as well as study the underlying kinetics. In the following paragraphs, several
typical types of measurements and analyses for CANs will be discussed, for which rheology
is used. In addition, some alternative methods for analysis and additional features of CANs
are discussed.

1.2.1 Storage and loss modulus

The storage (G’) and loss (G””) modulus are two important physical parameters for

viscoelastic materials, such as CANs. A viscoelastic material is a material that shows both
solid- and liquid-like behaviour. The solid-like (elastic) component is expressed as the
storage modulus (G’), and the liquid-like (viscous) component is expressed as the loss
modulus (G”’). When the storage modulus is higher than the loss modulus, the material
behaves mostly as a solid. Vice versa, when the loss modulus is higher than the storage
modulus, the material shows mostly characteristics of a liquid.

A typical experiment to analyse these solid and liquid characteristics of CANs is by
performance of frequency sweep experiments. A piece of material is then placed between
two plates, and the top plate will rotate slightly in an oscillating motion (see Figure 1.4 for
a general rheological setup). In a frequency sweep experiment, the frequency of the
oscillation is varied and the G’ and G” can be followed as a function of the frequency. From
these experiments we can see how materials behave when exposed to either rapid or slow
deformations. Very fast deformations (high frequency) usually give a stiff/elastic response
(solid-like behaviour), whereas for slow deformation (low frequency) the materials flow
more easily (liquid-like behaviour).

Rotatable axis

Top plate
Sample

Bottom plate

Figure 1.4 General rheology setup for a plate-plate configuration. The parts of the rheometer are shown in black,
whereas the sample is shown in red.

12
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When performing frequency sweep experiments for CANs, we can derive another important
characteristic: namely whether their crosslinking density remains constant at elevated
temperatures. The constant crosslinking density is one of the typical requirements of an
associative CAN that define it as being a vitrimer (see Section 1.1.2).1% 37 For dissociative
CANs, crosslinks are broken when heated, which means that the crosslinking density
decreases at elevated temperatures.3®3° In a frequency sweep experiment, the presence of
a constant or dropping crosslinking density can be shown by following the storage modulus
as a function of the frequency (see Figure 1.5).° When the frequency sweep is performed
at different temperatures, a rubbery plateau should be visible for which the G’ remains
constant (typical vitrimer-like behaviour). If the rubbery plateau does not remain constant
at elevated temperatures, this is an indication that the crosslinking density decreased
(typical for dissociative CANs). Examples have however shown that some dissociative CANs
can still show vitrimer-like behaviour, depending on the reaction rate and equilibrium
constant of the bond exchange reaction.*

Associative CANs Dissociative CANs
A A
277 Glassy .77 glassy
77 77717
% Gp = VkT 74 - Go"—“VkT/ 277
(g) o rubbery (g) S Sl Y rubbery
2| Lz # 8 £ st
N 5 /
// / /\\ /
Lo ¥ 1t liquid Tl / liquid
log w - log w -

Figure 1.5 Example of a frequency sweep experiments performed at several different temperatures, for which the
storage modulus is plotted as a function of the frequency. For associative CANs (left), a constant rubbery plateau
is observed. For dissociative CANs (right), the rubbery plateau is typically lost at elevated temperatures. Figure
adapted from Montarnal et al. Macromolecules 2020.%°

1.2.2 Temperature dependent measurements and phase transitions
When performing temperature-dependent measurements, information can be derived on

the phase transitions of materials. Typically, two phase transitions are of major importance
for CANs: the transition from a glassy to rubbery state, and the transition from the rubbery
to a viscous state. A third transition temperature —the topology freezing temperature (T.)—

13
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is also commonly reported. The T, defines the minimal required temperature for bond
exchange reactions to occur.’* Below T, the network topology is frozen,*? and as such, the
CAN can be considered as a classical non-dynamic thermoset. The T, can be derived from
extrapolation of stress relaxation data (see Section 1.2.3) or with the use of dilatometry.*?

The temperature at which the transition from glass to rubber phase occurs is generally
referred to as the glass transition temperature (Tg). The point in temperature at which the
material transitions from a rubbery to a viscous state is less clearly defined in literature. For
dissociative CANSs, this point is commonly referred to as the gel point temperature (Tge),> ¥
43 as here the dynamic crosslinks dissociate and the network falls apart (i.e., it becomes a
gel). Associative CANs can however show a similar transition at which the viscous
component (G”) overtakes the elastic component (G’), without observing dissociation of
the network. Instead, the rate of bond exchange becomes so high that deformations of the
material are being compensated via relaxation, faster than the rate of deformation. In other
words, the malleability of the material is a function of the reaction rate of the bond
exchange.* As such, the material can appear liquid-like even though it is still crosslinked.
This phase transition is therefore technically not an actual gelation or melting process. To
describe this transition point, in this thesis the term crossover temperature (Tcross) Will be
used, as it describes the temperature at which the viscous en elastic moduli cross (G’ = G”').*

To determine the Tz and Tcross With the use of rheology, temperature sweep experiments
are typically performed. A similar rheological setup as before is used (see Figure 1.4), but
now a constant frequency (generally 1 Hz) is applied, while (slowly) heating (or cooling) the
material. This time the G’ and G” are plotted as a function of the temperature (An example
is shown in Figure 1.6). Commonly, also the damping factor (tan(8) = G” / G’) is plotted in
the same figure, which helps in the determination of Ty and Tcross. Instead of oscillatory
rheology, dynamic mechanical analysis (DMA) can also be performed. The main difference
is the physical setup of the machine. With DMA, also a deformation is applied, however,
this deformation is axial. This means that the sample is being stretched vertically instead of
the rotational movement we discussed before. The data can typically be plotted in a similar
fashion as for the rotational rheology to derive information, for example regarding the glass
transition temperature.

From the temperature sweep curves, the Tg can be determined at the temperature at which
a steep increase in dynamic moduli is observed as a result of the glass transition from rubber
to glass when cooling the material (i.e., when going from right to left in the curve shown in
Figure 1.6). It can however be more accurately determined from the peak in the tan(6) curve

30

(see the black line in Figure 1.7).3° In this thesis, such rheological analysis is generally

14
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performed to determine the Tg. In literature, other techniques, such as differential scanning
calorimetry (DSC), are also reported to determine the Tg.*6*® The obtained T values from
different methods are generally in relatively good agreement, but it is still important to
always document which technique is used for proper comparison. For determination of the
rubber to viscous phase transition, typically a drop in dynamic moduli is observed when
going to higher temperatures. The exact point of this transition (in this thesis referred to as
Teross) is determined where G’ and G” cross (i.e., when tan(6) = 1), as this is the temperature
from which the loss modulus overtakes the storage modulus.*

108
N
= 107+
=
2 =2
10°4 c
) 2
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Figure 1.6 Example of a temperature sweep experiment. G’ (blue), G” (red), and tan(8) (black) are plotted as a
function of the temperature. The Tg can be derived from the top of the tan(8) curve (here at -9 °C), and the Tcross
can be derived from the point where tan(é) = 1 (here at 140 °C).

1.2.3 Stress relaxation and kinetic activation energy

As a results of the exchangeable bonds in CANs, they are able to release stress when a
deformation is applied to the material.3 In other words, when a CAN is deformed (a stress
is applied) it first resists the deformation, but over time the polymer network will rearrange
to compensate for the deformation.” This stress relaxation can be studied with rheology as
well. Using the previously shown rheology setup (Figure 1.4), a deformation is made by
rotation of the axis by a chosen angle that is known to be in the linear response region of
the material. The rheometer can then measure the relaxation modulus (G(t)) over time,
expressing to what degree the material resists the deformation. When a material is able to
relax stress, it can be seen by a decrease in the G(t) over time. When G(t) = 0, all stress has
relaxed and the material no longer expresses any resistance (i.e., a new steady state is
reached).>®

15
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As the stress relaxation is caused by bond exchange reactions, and the kinetics of these
bond exchange reactions are temperature-dependent, the stress relaxation of the material
is also temperature-dependent.* Performing stress relaxation experiments at different
temperatures can then give more information on the required energy of rearrangements as
aresult of the bond exchange. This energy is commonly referred to as the (kinetic) activation
energy (Ea). The Ea can be derived from Arrhenius plots that follow from the stress relaxation
experiments (Figure 1.7A shows an example of such stress relaxation curves at various
temperatures).>! First, the relaxation time (7) is determined for each temperature at the
point where the normalised relaxation (G/Go) = 1/e, according to the general Maxwell
model for stress relaxation. Then, In(z) is plotted as a function of 1/T (Figure 1.7B). Following
the vitrimer terminology,*® this should give a linear line, indicating that the relaxation
follows the Arrhenius law with temperature.!* The Ea can then be determined as the slope
of the fitted line multiplied by the gas constant (R = 8.314). The higher this E; is, the more
energy is required in order to activate efficient bond exchange. High Ea can be favourable if
applications require a material that remains tough at (slightly) elevated temperatures, but
low Ea materials can be favourable for applications that require fast relaxation or easy
reprocessability. An alternative method to calculate Ea describes the use of frequency
sweep experiments (see Section 1.2.1), in which the determination of the crossover
frequency (when G’ = G”) at different temperatures is used.>? In this thesis, we will however
focus on the use of stress relaxation experiments for the calculation of Ea.

A B
1.0+ 4.0 >
0.8+ a0 Y=19.9x-448 g
' R2 = 0.991
0.6 - e
@ £ 20 4
O ——160°C = P g
041 ——4s55°c P
150 °C iad
0n] — s 10| ¢
* — 140 °C
—135°¢ 0.0 E, =165 £ 7 kJ/mol
0.0+ . . 2
0.1 1 10 100 2.30 2.35 2.40 2.45
Time (s) 1000/T (K-)

Figure 1.7 A) Normalised stress relaxation curves of a CAN at different temperatures. B) Arrhenius plot that follows
from the relaxation times. The fit shows a linear trend, indicating that the material shows Arrhenius-type
relaxation. Image adapted from Sumerlin et al. ACS Appl. Polym. Mater. 2020.>*
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1.3 Imines

1.3.1 Mechanisms of imine and exchange
To narrow the focus to one type of dynamic covalent system, in this thesis, we will mainly

focus on the applications of reversible imine chemistry. The imine (in some cases also
referred to as Schiff base)® is a well-known functional group in the field of organic chemistry
and biology.>*%” Imines are generally synthesised via a condensation reaction between an
aldehyde (or ketone) and an amine (Figure 1.8A). During the reaction, water is released. The
imine condensation reaction is reversible, which means that the imine can be hydrolysed
back to aldehyde an amine if water remains present. Water can be removed to prevent the
reverse reaction. However, the imine can also be designed in such a way that it is stable
enough not to fall apart again (i.e., the equilibrium is pushed entirely towards the imine).
This can, for example, be achieved via aromatic conjugation.3?

(0]
A) &H + H2N/O _— O/§N/O + H0
B) mND + H2N/ —— mN/ + HZN/O

C) mND * mND D — O/§N0 * mND

Figure 1.8 Schematic overview for the formation of an imine from an aldehyde and amine.

The reversible reaction of imine condensation and hydrolysis is only one of three possible
reversible reactions that imines can undergo. The second is an exchange reaction that
occurs when a primary amine reacts with the amine, and is called transimination
(Figure 1.8B).%® This exchange reaction occurs rapidly and spontaneously at room
temperature when an excess of amine is added with the aldehyde during the synthesis, or

when additional amines are later added to the formed imine.>® ¢

The third exchange reaction of imines occurs between imines themselves, and is called
imine metathesis (Figure 1.8C). Many speculations have been made on the exact
mechanism of this exchange,®% but the general concept prescribes that once two imines

17
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come close, they can exchange their end groups. Specifically for aromatically bonded
imines, Zhang and co-workers revealed that free radical intermediates were found to be
involved in the non-equilibrium stage.3? Their assumption for the presence of free radicals
was raised from the applications of imines as antioxidants and flame retardants,® in which
the imines often act as radical scavengers. Using electro spin resonance (ESR) spectroscopy,
they could conclude that free radicals indeed appear during the imine exchange reaction. It
was, however, also noted that the exchange reaction was still able to proceed in the
absence of free radicals. A possible elaborated reaction mechanism of the imine metathesis
was therefore presented (Figure 1.9). Note that in this study imines were used for which
both amine and aldehyde ends were aryl-linked. Therefore, a conjugated imine-aryl system
is formed in which 1 electrons are delocalised across all adjacent aligned p-orbitals.
Electronic effects of substituents on the aromatic rings may, therefore, influence the
distribution of the electronic clouds in the imine bond, leading to variations in reactivity.®

Figure 1.9 Mechanism of the radical mediated imine metathesis of aromatically linked imines, as documented by
Zhang et al., J. Mater. Chem. A 2015.3?

1.3.2 Imine-based CANs

Constructing an imine polymer (generally referred to as a polyimine) requires both amine

and aldehyde monomers. When constructing a polymer network, a crosslinker is also

18
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required. This crosslinker usually is a multivalent monomer with three or more functional
groups. Most early works on polyimine CANs describe the use both a dialdehyde and
diamine, and an additional crosslinker unit, which is typically a triamine.5® ®” However, other
examples have been reported as well.®873 Early studies on polyimines commonly showed a
network composition in which terephthalaldehyde (TA) was used was as dialdehyde
monomer, tris(2-aminoethyl)amine (TREN) was used as a triamine crosslinker, and a
variable linear diamine was added to fine-tune the network composition (a classical
example by Taynton et al. is shown in Figure 1.10). Zhang, Taynton, and co-workers have
constructed several of such polyimine materials on this basis,?> 3% 4% 74 and others have
followed from their designs.3? 758 Along the way, many adjustments have been made to
these designs, covering a wide range of different materials with their own unique
properties. Other studies also include the synthesis of polyimines from a trifunctional

aldehyde (e.g., triformylbenzene) and a (long, aliphatic) diamine.®% 8!
0
HQN\/\N/\/NHQ
H
o + HzN% +NH2 + polyimines
NH 4C2-4NMe
H 1 2C2-2NMe 3 ¢
n-alkyldiamines Aza-alkyldiamines
NH H-N NH 2N1:n=1
HN D2 : f\/\ﬁfn\/ ®  N2in=2
HzN NH; = 2N4:n=4
2C2:n=1
266:n=3  H,;N" >"NT""NH, 2NMe
2C8:n=4 CH,
2C12:n=6

Figure 1.10 Synthetic overview for the preparation of polyimine CANs using terephthalaldehyde (1), a variable
diamine (2), and TREN (3) as the crosslinker, as documented by Taynton et al., Polym. Chem. 2016.3°

A different technique to construct polyimine networks is by first synthesising (non-dynamic)
polymer chains, and later crosslinking them with dynamic covalent imine bonds.3% 828 For
example, He et al. started from linear polyolefins that were functionalised with aldehyde
groups in the chain, to which a triamine crosslinker was added to construct a dynamic
covalent network (Figure 1.11).%% The other way around, linear chains with amine
functionalities can also be dynamically crosslinked by addition of aldehydes.* 8 87
Alternatively, it is also possible to first synthesise linear imine chains, which can be later
crosslinked via another reaction type. This was for example done by Mo et al., who first
synthesised linear polyimines and crosslinked them in a second step by addition of epoxy

resin.%8
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Figure 1.11 Synthesis of a polyimine network by dynamic crosslinking of functionalised linear polymers, as
documented by He et al., Polymer 2021.83

It has also been shown that imine and epoxy reactions are combined in one step, or
following directly after each other to synthesise the polymer network.2>% In a similar
fashion, this has also been studied for the synthesis of imine-incorporated polyurethanes.®®
% These examples show that the incorporation of dynamic covalent imine bonds in existing
materials can be performed to make recyclable thermosets close to the original design of
established materials in industry.

1.4 Tuneability and Control of Material Properties

Designing materials for different applications and purposes requires adequate tuneability
of material properties.® 9! For example, some applications require very stiff materials,
whereas others require elasticity. For classical polymers (either thermoplastics or
thermosets), their material properties rely on many different factors, such as the chemical
composition of the polymer, addition of (functional) side chains / branching, or the
crosslinking density. For CANs such factors apply as well. However, the dynamic covalent
bonds in CANs also affect the material properties by a large part, as the molecular exchange

dynamics can be directly linked to various macroscopic material properties.® 102104

In this thesis, the main focus will be on how to tune —and ultimately control- the material
properties of imine-based CANs from a molecular perspective. In the research chapters that
follow later, several strategies will be discussed that were applied to gain insights in the
dynamics of the imine exchange, and how they correlate to the macroscopic material
properties of the polymers. Other very promising techniques to tune material properties of
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CANs have been documented in literature as well,> 141 gnd many have served as a source
of inspiration for the work discussed in this thesis. Some important examples of (molecular-
level) strategies for controlling material properties of CANs will be discussed below.

1.4.1 Crosslinking density
Just as for conventional thermosets, the crosslinking density is an important characteristic

parameter to tune material properties of CANs. When a material has a high crosslinking
density, the chains are highly interconnected and flexibility is low. As a result, the material
is generally stiffer and more brittle. A lower crosslinking density results in more flexibility of
polymer chains and generally gives rise to more elastic materials. Very low crosslinking
densities can however significantly reduce the strength of the material.®®

Ja
Diamine
1.40°C, 4h, THF
2. Solvent Casting
FDC 3. Pressing 120 °C, 1h S
Triamine 2%

RN

Figure 1.12 General overview for the synthesis of polyimine networks, as documented by Avérous et al. By varying
the length of the diamine monomer, or by changing the triamine:diamine ratio, the crosslinking density could be
adjusted, resulting in tuneable material properties. Image adapted from Avérous et al., Macromolecules 2020.1*°

Investigations with regards to the crosslinking density in polyimine CANs were nicely
described in recent work by Avérous and co-workers.'*® They synthesised polyimines from
2,5-furandicarboxaldehyde (FDC) and a combination of di- and trifunctional
polyetheramines (Figure 1.12). The crosslinking density could be controlled in two ways: by
the length of the diamine monomer chains, and by the ratio between di- and triamine
monomers. First, by increasing the length of the diamine monomer, the space between
crosslinks became greater, leading to a lower crosslinking density. Increasing the
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diamine:triamine ratio in favour of the diamine had a similar effect. Only the triamine
monomer facilitated crosslinking, whereas the diamines formed linear chains. When less
triamine monomers were present, the total amount of crosslinks therefore also decreased.
The work by Avérous and co-workers shows that tuneability of crosslinking density via
either of the two strategies resulted in characteristic materials with unique properties. They
were able to show that decreasing the crosslinking density reduced the glass transition
temperature, relaxation time and kinetic activation energy of the materials. Thermographic
analysis (TGA), however, showed that all materials had a similar decomposition
temperature, suggesting that the thermal decomposition mechanism is independent from
the composition of the network.

Recent work by Osswald and co-workers showed that the crosslinking density may also
affect the crystallinity of the poly(ethylene) networks, crosslinked with dynamic covalent
disulfide bonds.'!! They observed that a higher degree of crosslinked inhibited the growth
of crystalline structures, leading to a decrease in yield strength and creep resistance. This
observation was important to note, as generally a higher crosslinking density would result
in increased toughness of the materials. Maintaining the crystalline structure was thus
considered more important than an increased crosslinking density when high material
strength is desired.

1.4.2 Concentration of dynamic covalent bonds

As mentioned in the previous section, longer monomers decrease crosslinking density,

however, the concentration of dynamic covalent bonds also decreases (i.e., lower ratio of
dynamic : static bonds), which lowers overall bond exchange. Simply changing to a longer
monomer to decrease crosslinking density is therefore not always feasible, as this could
result in loss of bond exchange potential. As such, it can be more feasible to add an
increased amount of short difunctional monomers (effectively lowering the concentration
of trifunctional monomers) rather than extend the length of the existing monomers.

Investigations on the concentration of dynamic covalent bonds in poly(alkylurea-co-
urethane) CANs were performed by Rowan and-coworkers.''? They synthesised networks
bearing both dynamic covalent alkylurea bonds and non-dynamic urethane bonds. By
varying the ratio between dynamic and non-dynamic bonds, they were able to show that a
minimum of 50% of dynamic covalent alkylurea was required in order to facilitate efficient
reprocessability. When the concentration of dynamic covalent bonds became too low, the
material thus lost its potential for efficient recycling due to the lack of bond exchange
reactions in the material.
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1.4.3 Chemical nature of the polymer network

Apart from varying the crosslinking density, other alterations to the polymer network can
be made.*” 13 For example, work by Taynton et al. compared the use of hydrophobic
aliphatic chains versus hydrophilic and hydrogen-bonding amine-containing chains in
polyimine CANs.*® Their results showed that the hydrophilic hydrogen-bonding chains
greatly induced the moisture sensitivity of the materials, as well as alter the thermal and
mechanical properties. Another example by Liu et al. elaborates on the introduction of
aliphatic side chains in epoxy-based CANs, relying on transesterification exchange.''* The
addition of such flexible side chains can promote segmental movement, and as such
enhance the probability of dynamic covalent groups to find each other and perform bond
exchange reactions. In addition, the introduction of the pendant aliphatic chains could be
utilised to tune either flexibility or crystallinity as a result of the chain length dependant
crystallisation of the side chains.

1.4.4 Kinetic control of bond exchange via steric effects

The material properties of CANs can for a large part be related to the dynamic of the bond

exchange reaction. As such, control over the kinetics of the bond exchange can serve as a
tuneable handle for moderating the material properties.

An elegant way of tuning the dynamicity of dynamic covalent bonds in poly(alkylurea-
urethane) CANs was described by Zhang and Rowan, who investigated the role of steric bulk
as a part of the hindered alkyl area moiety (Figure 1.13).1*°> Their results showed that
increased steric bulk increased the temperature sensitivity of the materials, resulting in an
acceleration in network relaxation when increasing the temperature. This trend was then
also observed in the topology freezing transition temperature (7v) and kinetic activation
energy (Ea), suggesting that the steric bulkiness can be used as a tuneable, molecular handle
to control material properties.
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Figure 1.13 Increasing or decreasing the steric bulk on hindered alkylureas enables tuneability of material
properties of the CAN. The red star represents an ethyl group, the blue star an iso-propyl group, and black a tert-
butyl group. Image adapted from Rowan et al. Macromolecules 2017.1%

1.4.5 Kinetic control of bond exchange via electronic effects

Another efficient way to control the kinetics of bond exchange reactions is via electronic

effects. More specifically, pushing or pulling of electrons away from the dynamic bond can
either activate or deactivate the dynamic covalent bond. Such effects can either affect the
thermodynamics (e.g., to prevent dissociation as a result of an equilibrium shift) and/or the
kinetics (e.g. lower energy barrier to accelerate bond exchange reactions).

As a recent example, Ladmiral and co-workers introduced strongly electron-withdrawing
fluorinated groups adjacent to ester groups, activating the esters to perform
transesterification reactions without the requirement of a catalyst.*'® Further tuneability
via electronic effects was discussed by Du Prez and co-workers, who studied the
development of thiol-yne-based CANs with tuneable exchange rates relying on electronic
effects near the thioacetal crosslinks (Figure 1.14).1Y” Exchange rates could be varied over
several orders of magnitude based on the steric and electronic nature of the alkyne
crosslinker. They observed that electron-withdrawing groups caused faster bond exchange,
while electron-donating groups slowed down the bond exchange. In the polymer materials,
these translated to either faster or slower relaxation, respectively. Kalow and co-workers
also developed a similar study for PDMS CANs relying on dynamic thiol-ene exchange.!®
The stress relaxation of the polymers correlated nicely to differences in the AG* of the
exchange reaction, as a result of electronic effects present in the dynamic crosslinkers.
These works thus described nicely how to tune and predict macroscopic material properties
via control on the molecular level.
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Figure 1.14 DFT results for the differences in AG of the reversible thiol-Michael bond exchange reaction with
different electronic substituents, as documented by Du Prez et al. Angew. Chem. Int. Ed. 2020.*"

1.4.6  Combining different dynamic chemistries

Rather than sticking to one type of dynamic covalent bond, two or more types of dynamic

covalent bonds can be incorporated within the same material (given that the two
chemistries are compatible and do not interfere).'**%22 Each dynamic bond would have its
own characteristic properties, and as such, the material would have a multi-stimuli
response.?* 124 Additionally, increasing the dynamic covalent bond multiplicity could cause
synergistic effects between the different exchange mechanisms.'?> 126 An example of such
synergism from the combination of dissociative Diels-Alders and associative imine exchange
was documented by Ma et al.1?® Although imines are generally known to perform bond
exchange at relatively low temperatures, the crosslinked network structure in a CAN may
still supress diffusion of reactive imine groups through the bulk.'?” However, the addition of
Diels-Alders groups enables (partial) dissociation of the network structure upon heating of
the material, and thereby freeing the imines. As a result, the imine exchange becomes more
prominent, resulting in a significant acceleration of rearrangements and realising rapid
reprocessability.?? It is also possible to combine the use of dynamic covalent bonds with
other dynamic non-covalent supramolecule bonds/interactions, such as hydrogen bonding
or metal-coordination.?®132 Sych supramolecular bonds or interactions generally require
less energy to activate or break, facilitating a lower barrier for rapid bond exchange.” ® 102

25



Chapter 1

1.4.7 Phase separation
Phase separation in a widely known tool in materials science for structuring and imparting

functionalities within polymeric materials.3 3% Phase separation relies on the
spontaneous process of polymer chains to segregate from a mixture into separated areas
(domains) with higher local concentrations of specific functionalities with clear borders
between the different domains.’® In polymers, phase separation is often applied to
enhance mechanical strength, to facilitate order on a wide range of different length scales,
or to add localised functionalities to the material.13®

Several studies to induce phase separation in CANs to enhance their material properties
have been reported as well.**”"13° For example, Sumerlin and co-workers described the
synthesis of block copolymer vitrimers to induce phase separation (Figure 1.15).24° They
prepared block copolymers with one block containing dynamic covalent vinylogous
urethane crosslinks, and one block without these dynamic groups. They compared the block
copolymer with a statistical polymer with the same groups, but then randomly distributed,
and concluded that the block copolymer exhibited significantly higher strength as a result
of the self-assembly into phase-separated domains. Other works on the use of block
copolymers for construction of phase-separated CANs showed similar outcomes in which
the phase separation caused enhanced material performance,**1%3 concluding that this is
an efficient technique for improvement and control of material properties.

Another technique to induce phase separation in CANs is by grafting dynamic covalent
groups onto polymer chains that have incompatible chemical properties. As an example, in
work by Ricarte and co-workers, dynamic dioxaborolane functional groups were (randomly)
grafted onto polyethylene (PE) chains, and they observed graft-poor and graft-rich parts in
the polymers. As the borolane units are technically incompatible to the PE chains, they
cluster together and the polymers segregate into domains with graft-poor (high PE content)
and graft-rich (high borolane content) parts.'* This way, local areas with either higher or
lower dynamicity were formed. Later works on such materials also studied how the grafting
and phase separation decelerated the dynamics of the individual polymer chains,**> or how
the degree of grafting affected the nano- and macrostructure,*® dictating the thermal
mechanical properties of the materials.
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Figure 1.15 A) Depiction of a statistical and block-copolymer vitrimer, and general phase-separated structure of
the block-copolymers. B) AFM images of the materials. Figure adapted from Sumerlin et al., . Am. Chem. Soc.
2020.140

1.5 Thesis outline

In Chapter 2 it is presented how material properties of polyimine CANs can be tuned via
electronic effects, as expressed by the Hammett equation. From a selection of different
dianiline monomers, distinct correlations were observed between the Hammett parameter,
operating at the molecular level, to various thermal-mechanical properties of the materials
on the macroscopic level.

In Chapter 3, a further investigation is discussed on how phase separation in polyimine
materials was triggered as a result of inter-chain aromatic interactions between the
dianiline moieties, and how phase separation can be used to alter and improve material
properties. Additionally, Raman imaging is introduced as an efficient tool to visualise phase
separation in CANs.
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In Chapter 4, the effects of network polarity in imine-based CANs are investigated. It is
shown how alterations in the network structure not only affect the dynamicity of the
network itself, but also significantly influence the bond exchange kinetics of the dynamic
covalent imine groups.

In Chapter 5, the use of metal-coordination to imines is discussed as an efficient tool to
arrest the highly dynamic imine groups, in order to prevent creep and enhance material
properties. In addition, it is reported how different metal ions or anions could be used to
tune and control the material properties.

In Chapter 6, internal hydrogen bonding to the imines is discussed as a means to suppress
the high dynamicity of the imines, to prevent high bond exchange rates that cause creep of
the material. It is demonstrated that the additional stability as a result of the internal
hydrogen bonding leads to materials with enhanced material properties and significantly
higher creep resistance.

In Chapter 7, a study is presented how (imine-based) CANs respond to solvents. It is
discussed how CANs can be designed with high solvent resistance for applications that
require robust materials, but also how CANs can be designed that are soluble in good
solvents in order to facilitate chemical recycling or enable post-synthetic functionalisation.

In Chapter 8, all results from the previously discussed chapters will be discussed in a broader
context. They will be related back to the initial research question on how molecular level
control can be utilised as a tool to tune macroscopic material properties of CANs.
Additionally, an outlook is provided on the future of CANs and their potential applications.
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Abstract

In this chapter, we demonstrate that fine-grained, quantitative control over macroscopic
dynamic material properties can be achieved using the Hammett equation in tuneable
dynamic covalent polyimine materials. Via this established physical-organic principle,
operating on the molecular level, one can fine-tune and control the dynamic material
properties on the macroscopic level, by systematic variation of dynamic covalent bond
dynamics through selection of the appropriate substituent of the aromatic imine building
blocks. Five tuneable, crosslinked polyimine network materials, derived from dianiline
monomers with varying Hammett parameter (o) were studied by rheology, revealing a
distinct correlation between the o value and a range of corresponding dynamic material
properties. Firstly, the linear correlation of the kinetic activation energy (Ea) for the imine
exchange to the o value, enabled us to tune the Ea from 16 to 85 ki-mol™. Furthermore, the
creep resistance, crossover temperature from rubbery to viscous phase (Tcoss) and the
topology freezing transition temperature (7v), all showed a strong, often linear, dependence
on the o value of the dianiline monomer. These combined results demonstrate for the first
time how dynamic material properties can be directly tuned and designed in a quantitative
—and therefore predictable— manner through correlations based on the Hammett equation.
Moreover, the polyimine materials were found to be strong elastic rubbers (G’ > 1 MPa at
room temperature) that were stable up to 300 °C, as confirmed by TGA. Lastly, the dynamic
nature of the imine bond enabled not only recycling, but also intrinsic self-healing of the
materials over multiple cycles without loss in material properties and without the need for
additives, such as solvent, catalysts or addition of external chemicals.
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2.1 Introduction

Dynamic covalent bonds, which combine chemical strength with reversible formation under
conditions of equilibrium control,® have gained a tremendous interest in several sub-
disciplines of chemistry, such as in self-assembly of macromolecular architectures,
reversible formation of molecular cages and containers, and in the design of molecular
motors.>® In recent years, dynamic covalent chemistry has also become an important tool
for the development of new ‘smart’ polymer materials that are, for example, renewable,
self-healing, reprocessable or shape transformable.”*3> When dynamic covalent bonds are
included into crosslinked polymeric materials, covalent adaptable networks (CANs) can be
synthesised.'® > These CANs are thermosets, as they are covalently crosslinked polymer
networks. However, in contrast to non-reversible classical thermosets, CANs can be
recycled and reprocessed due to bond exchange reactions of the dynamic covalent bonds.
Several bond exchange reactions in polymers have been investigated, like

16, 17 reversible Diels-Alder reactions,'®*?! disulphide exchange,?%°

26-29

transesterifications,

urea exchange,?® 3! amide-imide exchange,3” 33 vinylogous
37-41

boronic ester exchange,

34-36

urethane exchange, and imine exchange.

While the choice of type of bond exchange reaction can affect the dynamic material
properties, other, more fine-grained approaches are still needed to allow careful, bottom-
up design of dynamic polymer materials. In this regard it should be noted that the dynamics
of the reversible covalent bonds within CANs are a key factor in the function of a dynamic
polymeric material.*? Control over the material properties at the macroscopic level can thus
be traced back to controlling the behaviour of the dynamic covalent bond at the molecular

level.” 1% 31 43, 44 |n other research domains, such as liquid-crystalline materials,* 46

47 organic photovoltaic devices,*® %° colloidal systems,’® and

supramolecular chemistry,
metamaterials,>>3 this hierarchical translation of (molecular) structure to macroscopic
material properties has already proven essential in offering bottom-up material design.
However, for CANs this approach is still underexplored. Therefore, a core topic of interest
for the tuneability of CANs and their corresponding designability, is to find a delicate handle
on how small changes in the molecular structure of the polymer can be translated to
changes in —and ultimately control over— macroscopic physical properties of the material.*?
A number of promising initial efforts has already been made to tune the material properties
of CANs and broaden their range of applications. Examples include the effect of sterics and

31 choice of electronically

degree of crosslinking for poly(alkylurea-urethane) networks,
activated crosslinkers for thiol-yne® and thiol-ene® networks, or the effect of telechelic

neighbouring groups in boronic ester transesterifications.?® These studies show a promising
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guide for molecular tuneability of CANs, however a systematic, more quantitative approach,
that even allows for correlation of a given dynamic material property to a molecular
descriptor, has yet to be designed. Herein, we show that the established physical-organic

56-59 can be exploited to achieve

molecule-based concept defined by the Hammett equation
qguantitatively predictable and subtle chemical control over macroscopic mechanical
material properties. Our results indicate that introduction of the Hammett equation in
polyimines offers a powerful toolbox for making cheap, tuneable, and recyclable materials

suitable for a wide range of applications.

Imines —sometimes referred to as Schiff bases®®— are commonly synthesised via a
condensation reaction of an aldehyde and amine. This reaction is also reversible, and is very
dependent on the stability of the imine bond.* When water is removed, or when the imine
bond is sufficiently stable, this reverse reaction can be prevented. Imines show two more
reversible exchange reactions: transimination, which requires free amine groups, and imine
metathesis, which occurs between two imines.> Once these exchangeable imine bonds are
included into a polymer matrix, a dynamic polyimine CAN is constructed.3” ®* Polyimine
CANs have gained a tremendous interest in research and industry due to the potential to
synthesise strong yet recyclable materials.3” 5% 3 They are also favourable materials, as a
broad variety of monomers is commercially available, as well as for the potential to obtain
these from bio-based sources.® ¢ Polyimine materials have been studied for a broad
variety of applications, like fire-resistance,® ¢ 3D printing,®® sensing,®® ’° CO. capture,’*73
antibacterial coatings,”® and in the production of electronic skins.”

Some attempts in tuning the material properties of polyimines have been documented, for
example by tuning the degree of crosslinking,”® 7” composition of the polymer chains,*% %%
7879 solvent,3 ® or metal-coordination.*® %% & These attempts have produced a number of
interesting results, but focussed more on the composition of the polymer matrix rather than
on the dynamics of the imine bond itself. Therefore, we propose to tune the intrinsic
dynamics of the dynamic covalent bonds in polyimines via the electronic effect of
substituted aromatic imines, derived from anilines. The reactivity of these imines depends
on the nature of the substituent on the aromatic ring, as can be described by the Hammett
equation.>® > Kovafi¢ek and Lehn demonstrated a similar Hammett equation-based
concept by studying the imine exchange in small molecules, finding differences in exchange
rates varying by more than three orders of magnitude for different substituents.? Similarly,
Schultz and Nitschke relied on the Hammett equation to control imine exchange reactions
in multistep transformation in Cu(l):imine complexes.®® An extension of such control over
dynamic covalent bond exchange, based on the Hammett equation, to imine-derived
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polymers can therefore offer a (systematically) controllable molecular handle for material
tuneability on the macroscopic level.

To demonstrate the extensive control over material properties offered by substituent effect
in CANs, we composed a set of tuneable dianiline monomers (XDAs), where the effective
(i.e., tuneable) substituents are the bridging atoms between the two aniline moieties
(Figure 2.1). These tuneable dianiline monomers are ideal building blocks for polymeric
materials, given their wide commercial availability, and the option to focus exclusively on
electronic effects, rather than to the combination of electronic and steric effects. To
complete the network formation of our tuneable polyimine P-XDA materials,
terephthalaldehyde (TA), tris(2-aminoethyl)amine (TREN) and 4,7,10-trioxa-1,13-
tridecanediamine (TOTDDA) are included.

Monomer structure Abbreviation o Synthesis of polymer network

X
Yy e LT T
|® ODA 003 AN "
HeN NH TA XDA
s NH.
D/ O TDA 0.07 d
HoN NH, H
o

AN~ HQN/\A\L‘O/VNHQ
HN NH, 3
N KDA 0.43 TREN TOTDDA
HaN NH,

FiC, CF3

L P s 4
HoN NH, Y N
Q.0
/@/@\ SDA 0.8 P-XDA L
HoN NH, N
3

Figure 2.1 (Left) Overview of tuneable dianiline monomers and (Right) construction of the polyimine network.
Dianiline monomers will be referred to by their abbreviation (XDA) and the corresponding polymers will be
referred by the same abbreviation, but preceded by the letter ‘P’ (P-XDA). The Hammett parameter (o) for each of
the XDA monomers was taken from structurally highly related reference compounds (See Section 2.5.8 in the
Supporting Information).>% >4

For this study, five dianiline monomers were selected from a list of commercially available
dianilines, based on a wide range of electron-donating or -withdrawing effects that the
bridging moieties provide. These effects are expressed by their corresponding Hammett
parameter (o), where a higher o value relates to a more electron-withdrawing effect (o
values are listed in Figure 2.1). As the imine bonds are stabilised by resonance via the
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aromatic rings, we hypothesised that more electron-donating substituents (lower o) result
in a more stable and electron rich imine bonds, and therefore, create tougher materials
when incorporated into a polyimine network.

We quantitatively verify these hypotheses here by showing a direct correlation between
the Hammett parameter and a range of material properties of direct relevance, such as glass
transition temperature, topology freezing temperature, relaxation behaviour and kinetic
activation energy. The correlation of the Hammett parameter to various material properties
thus shows to be a delicate, yet directly applicable handle to tune the dynamic behaviour
of polyimine CANs. Furthermore, material recycling over multiple cycles was achieved
without loss in material properties, and without the need of a catalyst or other reagents.
Also, autonomous self-healing behaviour was observed as cut samples were able to heal
back together and retain their material properties.

2.2 Results and Discussion

2.2.1 Small-molecule exchange studies

As a proof of concept, small-molecule studies were initially carried out for all tuneable
dianilines before their inclusion into polymer networks. The correlation between the o value
of the substituent on the aniline ring and the equilibrium constant (K) of the exchange
reaction (Figure 2.2) was first investigated using *H NMR spectroscopy. A reference imine
(AN-I) from benzaldehyde and aniline was synthesised and dissolved in CDCls. To this
solution, 0.5 equivalents of the tuneable dianiline (XDA) was added to obtain a 1:1
amine:imine ratio.

AN
| : y ) - L NH, NH,
AN-| ) K=k/ (/(_1) N NH; K=kl (l’\’,1) “/._“\‘J I/l\
W Xy

i k
00 ST LT ora
: i TR B =
K )| J U 7 "
fone e oy
HNT 7 NH,
XDA XDA-I XDA-II
Figure 2.2 Exchange reaction of aromatic imine with tuneable dianiline monomers. For the equilibrium studies (to

determine K), 0.5 equivalents of XDA, with respect to AN-1 was added to obtain a 1:1 imine:amine ratio. For the
kinetic studies (to determine k), 5 equivalents of XDA were added to obtain a 1:10 imine:amine ratio.
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Once equilibrium had been reached, the overall equilibrium constant (K) was calculated via
integration of the relevant *H NMR signals of the presented compounds (see Section 2.5.2
in the Supporting Information), assuming the two consecutive exchange reactions to occur
independently from each other.® To obtain a Hammett plot, the obtained K values for all
dianilines were plotted on a logarithmic scale as a function of o (Figure 2.3, red squares).>®
59 A trendline was then fitted through the individual data points, showing a linear correlation
in which a lower o resulted in a higher log K value. As a lower o translates to a more electron-
donating effect, this effectively means that more strongly electron-donating substituents
push the equilibrium reaction (Figure 2.2) towards the right (formation of XDA-Il). The
Hammett reaction constant (p), which representing the sensitivity of the reaction towards
the substituent effect, was determined from the slope of the fit to be -3.1 + 0.3.%% Such a
value is typical for reactions in which aromatic ring-conjugated electrons are involved in
forming a new bond.?®

2 T T T T T T T T 2
1 JopA ¥
{m
0]~ -TPA Lo
: P KDA Lo
% A T~®  FDA SDA %
TDA ~ ~ =~
2 -2 ~.KDA ®~-" 209
31 T-a L3
FDA ~ ~
41 A L
SDA
Sd——+5
0 01 02 03 04 05 06 07
o

Figure 2.3 Hammett plots of imine exchange reactions for studied tuneable dianilines, showing the equilibrium
constant (K, red squares) and the rate constant (k, black triangles) as a function of 0. The correlations are visualised
by fitting a linear trendline. For the kinetic studies, the solvent was changed from CDCl; to acetone-ds as a
consequence of poorer solubility of the dianilines due to the higher required concentration. For the same reason,
ODA was excluded from this experiment.

Reaction rate constants (k) were also obtained for the dianiline monomers to investigate
their dependence on the Hammett parameter. For this experiment, the same exchange
reaction (Figure 2.2) was carried out. However, the reference imine (AN-I) was reacted with
5 equivalents of dianiline (meaning 10 equivalents of amine groups) to obtain a pseudo first-
order reaction. The conversion of the AN-I into XDA-Il was followed over time by 'H NMR,
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typically from the imine proton signal (see Section 2.5.2 in the Supporting Information).
From this data, the first-order rate constant (k) was determined for all tuneable dianilines,
and subsequently plotted as a function of o (Figure 2.3, black triangles). Despite some
deviations for individual data points from the overall trendline, which we attribute to
solubility issues, a clear dependence of the rate constant on the Hammett parameter was
observed. It should be noted that the observed poor solubility will not be present once the
monomers are included into a (solvent-free) bulk polymer matrix.

From the kinetic data it was observed that when o increased, the reaction rates of the
exchange reaction decreased significantly. For example, the conversion of the reaction with
TDA after 5 hours was already at 91%, whereas the conversion of SDA was only at 2% at
that time, leading to a k for TDA (6.6:102 min~!) to be about 600 times higher than that for
SDA (1.1:107* min™). These large differences in imine exchange rates, in addition to the
observed changes in exchange equilibrium and stability of the imine bond, already
demonstrate the potential for a Hammett exchange-based control over dynamic material
properties once these imines are integrated in polymer networks.

2.2.2 Design of the polymer network

To synthesise the tuneable polyimine materials, each of the tuneable dianilines (XDAs) was
reacted with terephthalaldehyde (TA), tris(2-aminoethyl)amine (TREN) and 4,7,10-trioxa-
1,13-tridecanediamine (TOTDDA) (see Figure 2.1 in the Introduction for the synthetic
overview, and Section 2.5.3 in the Supporting Information for further experimental details).

TREN was used as the crosslinking agent, while TOTDDA was added to increase flexibility of
the polymer chains. The latter is important because without this “flexibility agent” the
polymer chains become very rigid due to the short chains lengths and high aromatic
content,5% 66 85 even to the extent that it would disturb the chains to freely move, which
would decrease the occurrence of the bond exchange reaction. Three initial variations of
the composition of the polyimine network were prepared in which the dianiline contents
were 10%, 20% and 30% of the total amine content. Using rheology, a temperature sweep
experiment was performed on the three samples to evaluate the viscous and elastic
contribution to the material properties. To quantify this, we plotted the tan(6) as a function
of the temperature (see Section 2.5.9 in the Supporting Information). The 20% dianiline
material resulted in the most desirable material for our tuneability studies, as the 30%
variant was already very rigid and lacked a clear temperature dependence of G’ and G” in
the given temperature range, whereas the 10% material showed a fast drop in viscosity
already at relatively low temperatures, and thus limiting the tuneable range of the
materials. The crosslinker (TREN) concentration was set at 5.0% (Note that TREN has 3
amine groups, meaning an effective amine concentration of 7.5 mol%, in relation to the
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bisaldehyde TA monomer). TOTDDA was added as the remaining component to reach 100%
of amines. TA was added in a 1:1 amine:aldehyde ratio to fully react all amines to imines.
This was done to stimulate the imine metathesis exchange mechanism,® and minimise
occurrence of transimination reactions. Furthermore, due to the aromatic conjugation of
the imines, they were stable enough to minimise retro-imination (hydrolysis).> 3 Therefore,
we assumed that imine metathesis would be the main mechanism of exchange. This
hypothesis is further supported by exchange studies on aromatic imine model compounds
that have reported a non-catalysed, associative metathesis-based exchange for aromatic
imines at room temperature,3® although we cannot fully rule out absence of the other
exchange pathways (i.e., transimination or retro-imination, for example due to trace
amounts of amine and water.

The associative exchange mechanism is generally considered necessary for vitrimer-like
materials to maintain a constant crosslinking density,®” with the small proviso that for some
previously reported materials it was observed that the rubbery plateau can be lost and flow
can be observed.® To verify that a constant crosslinking degree was maintained in our
P-XDA materials, frequency sweep rheological experiment were performed at four different
temperatures (25, 50, 75 and 100 °C) (see Section 2.5.4 in the Supporting Information). At
all given temperatures the G’ reached a plateau of similar value, indicating that the
crosslinking degree in the network remained constant. This is in favour of an associative
exchange mechanism, as a dissociative mechanism would typically result in a decrease in
the crosslinking density.®® Some dissociative CANs have, however, been shown to display
very similar vitrimer-like behaviour as common associative CANs,°%°2 which has raised the
question whether the term vitrimer should be used selectively for associative CANs.%

2.2.3 Stress relaxation and kinetic activation energy
Crosslinked polymers were synthesised for all five tuneable XDAs, and moulded into films

with a 0.40 mm thickness and 10 mm diameter. To study the mechanical properties of the
polymers, firstly a rheology experiment was conducted in which a constant angular strain
(1%) was applied to the films, and the relaxation modulus (G(t)) was followed over time.
Normalisation of the data (G/Go) was performed to obtain the stress relaxation curves.
Stress relaxation curves were obtained for every sample at temperatures from 10-50 °C,
with 5 °C increments. The data for P-TDA are shown in Figure 2.4A as a representative
example; the results for the other samples can be found in the Supporting Information (see
Section 2.5.10). The relaxation time (7) was taken as the point where G/Go reached 1/e
(= 0.37), according to the Maxwell model for stress relaxation (G/Go = exp[-t/]).**
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Figure 1.4 A) Normalised stress relaxation curves of P-TDA at different temperatures. B) Arrhenius plot of P-TDA,
based on the data shown in (A). C) Plot of Ea (red triangles) and y (black squares) as a function of 0. D) Amplitude
of the fitted power law creep versus o. In (C) and (D) a linear trendline was fitted as guide to the eye.

By plotting In(7) versus the reciprocal temperature (1/T) an Arrhenius plot was constructed
(Figure 2.4B). As the slope of the Arrhenius plot equals Es/R, the kinetic activation energy
(Ea) could be calculated for each of the P-XDA materials. Subsequently, plotting Ea versus
the corresponding o values of the dianiline monomers resulted in a rather striking linear
relation (Figure 2.4C, red triangles), with the activation energy between the lowest and
highest studied Hammett parameter differing by more than a factor 5. The distinct trend
that can be seen is that by increasing the electron-donating effect of the aniline substituent,
the Ea increases as well, whereas more electron-withdrawing substituents decrease the Ea.
This corresponds to our observation that electron-donating effects stabilise the imine bond,
and therefore, increase the energy required for the exchange reaction. As the Ea follows a
linear trend with the Hammett parameter, to first approximation, a desired kinetic
activation energy can be directly translated into the corresponding required o value.
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Next, a creep test was carried out in which the polymer films were exposed to a constant
stress of 10 kPa, and the strain () was measured over time. By comparing the strain of the
materials at a fixed point in time (here: 100 s) we observed an increase in the amount of
strain when o increases as well (Figure 2.4C, black squares). We found that all materials
display creep reminiscent of Andrade creep,® °® but with a different sublinear power law
time dependence, in which strain grows with a diffusive exponent of 0.5-0.6. Deviations
from the Andrade creep exponent have been observed in other glassy materials.®’
Importantly, here the creep amplitude correlated directly with the Hammett parameter
(Figure 2.4D), and is most likely sensitive to the applied stress and temperature,®® just like
other creep phenomena,® offering a wide range of tuneability. Consequently, we observed
that also the extent of creep becomes tuneable as a dynamic mechanical material property
by selection of the appropriate Hammett parameter (i.e., choice of dianiline monomer).

2.2.4 Thermal properties
The thermal stability of the P-XDA materials was tested using thermographic analysis (TGA).

A sample of each P-XDA material was gradually heated from 30 to 900 °C with a
temperature ramp of 1 °C min™ (see Supporting Information, Section 2.5). The temperature
at which 5% weight loss of the materials was observed (T4s%), was determined. The results
showed that all materials had a similar Tas% of 298 + 6 °C. This indicates that independently
of the choice of dianiline monomer, the materials remained fully intact up to ~300 °C.

The crossover temperature (Tcross), form which the material transitions from a rubbery to a
viscous phase, and rubbery domain of the materials were determined using rheology via
temperature sweep experiments. Storage (G’) and loss (G””) moduli were measured as a
function of the temperature, and tan(6) was calculated as G”’/G’ (see Section 2.5 for further
details). The materials with the most electron-donating substituents (P-ODA and P-TDA)
displayed a peak in tan(6), from which Teoss Was derived.*! For the materials with more
electron-withdrawing groups (P-KDA, P-FDA and P-SDA), a point in temperature was
reached at which the G’ rapidly dropped to 0. For these materials, Tcross Was determined at
which tan(6) = 1.2 From the determined Tcross values (Figure 2.5A), a trend was observed in
which Tcross decreased when the electron-withdrawing effect of the substituents increased
(increase in g). This was in line with the results obtained from the small-molecule studies,
for which the electron-withdrawing substituents resulted in a less stable imine bond,
requiring less energy for bond exchange.
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Figure 2.5 A) Rubbery plateaus and Tcross for the P-XDA materials, as determined by rheology measurements. B)
Plot of T, as function of the o value for the corresponding substituents of the dianiline monomer (a linear line was
fitted to the data points as a guide to the eye).

The rubbery domain of the materials was determined from the plateau region in G’ before
it reached the Teross (Figure 2.5A).1% From the determined temperature region of the rubbery
plateau we can conclude that —apart from the most electron-withdrawing P-SDA- the
materials displayed rubbery behaviour in an ambient atmosphere at room temperature.
Secondly, the lower temperature of the rubbery state remained similar for all materials
roughly in the range of 0-20 °C, whereas the upper temperature decreased when the
electron-withdrawing effect of the substituents increases.

Another important parameter for vitrimer(-like) materials is the topology freezing transition
temperature (Tv). As previously defined,'® the T, is the temperature at which the network
topology of the material is considered frozen due the absence of required bond exchange
reactions. For vitrimer-like materials this frozen state is considered at the point at which the
viscosity (n) reaches 10? Pa-s. In order to determine the T, for our P-XDA materials the data
from the stress relaxation and temperature response were combined. Firstly, the stress
relaxation time () at Tv was determined using Equation 1:
3xm (Equation 1)

e

In which n = 102 Pa's, and G’ represents the storage modulus of the rubbery plateau,
obtained from the temperature sweeps.3!

Next, the fitted Arrhenius curves from the stress relaxation experiment (see Section 2.5.10
in the Supporting Information) were extrapolated to the point for which 7= 7, allowing the
corresponding temperature T, to be determined. Note that the Ty is a hypothetical
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parameter that is derived from extrapolation, and should be treated as a parameter
belonging to the specific exchange reaction present within the material.*?> Once the T for
every material was determined, these values were plotted as a function of o to reveal a
distinct linear trend between the two parameters, with Ty decreasing for increasing o values
(Figure 2.5B). We also observed that the Ty values for all materials were relatively far below
their Teross values, which indicates that the bond exchange reaction can occur at very low
temperatures, and independent of the composition of the polymer network.°

2.2.5 Solvent resistance
The solvent resistance of P-ODA, P-TDA and P-KDA materials was tested by submerging the

polymers in a given solvent for 5 days at room temperature (see Section 2.5.6 in the
Supporting Information). Afterwards, the solid was separated from the liquid, and the
remaining mass of the solid was determined after drying. The remaining fractions for each
material and solvent are pictured in Figure 2.6.
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Figure 2.6 Overview of non-soluble fractions for P-ODA, P-TDA and P-KDA polymers after immersion in the
corresponding solvent for 5 days at room temperature.

The results showed that the materials have a strong resistance against water and heptane
(>0.90 non-dissolved fraction), and only partially to acetonitrile (0.61-0.73 non-dissolved
fractions), methanol (0.32—0.44 non-dissolved fractions), THF (0.14—0.27 non-dissolved
fractions), and dichloromethane (0.08—0.32 non-dissolved fractions). From the obtained
results we could not infer the presence of a o-dependent solvent resistance of the materials,
although indications can be observed for methanol, THF and dichloromethane. While partial
dissolution of the polymer was observed for some solvents, *H NMR analysis of the soluble
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material revealed the absence of any aldehyde species. This suggests that a dissociative
retro-imination process (i.e., imine hydrolysis) is not the main driving force for the polymer
dissolution. Instead, we suggest that the partial network dissolution could have been caused
by formation of loops that separate one portion of the network from another, as proposed
by Elling and Dichtel in their discussion of the —still not fully understood— solubility of
vitrimer(-like) materials.®

The poor solubility results indicate that reprocessing via redissolving the materials is not
suitable, but their relatively good resistance against several common solvents enables
applications where the material is exposed to small amounts of solvent or for short time
intervals, for example in washing steps or in condensed environments. Reprocessing of the
materials remained still possible by other means, such as heating (see next section). In
Chapter 7 of this thesis, we will also further address the solubility of (imine-based) CANs.

2.2.6  Recycling and Self-healing

To test the applicability of this type of tuneable polyimine networks as strong, yet recyclable

materials, P-TDA and P-ODA were evaluated because of their higher relative strength
compared to the other three materials. Both P-TDA and P-ODA were recycled up to three
times to establish whether material properties could be recovered. For each cycle the
material was cut into small pieces and then hot-pressed (100 °C, 1 MPa, 15 min) into new
bars (see Section 2.5.6 in the Supporting Information for full experimental details). Dynamic
mechanical analysis (DMA) was used to stretch the materials with a constant stretching
speed of 10% per minute, and the stress was measured as a function of the strain until the
sample broke. For each cycle, four samples were measured and the average values for yield
point (%), yield stress (MPa), elongation at break (%) and Young’s modulus (MPa) were
determined. The data were normalised for better comparison, and are presented in
Figure 2.7. Despite some small deviations in the obtained data, most likely as a result of
natural variability, no systematic decrease in any of the material properties was observed
over multiple recycles. Therefore, we concluded that recyclability of the materials over
multiple cycles is possible without loss in material properties.
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Figure 2.7 Recycling test of P-TDA (blue, left bars) and P-ODA (red, right bars), showing normalised data over
multiple cycles for A) Yield point, B) Yield stress, C) Young’s modulus, and D) Elongation at break. Cycle 1
corresponds to the pristine material and cycles 2—4 represent each of the following recycling steps. E) Stress-strain
curves of representative samples of P-TDA from each recycling step. F) Pictures of cut material and new recycled
bars (here in their mould, directly after hot-pressing).

The degree of autonomous self-healing of the P-TDA material was also investigated. For this
experiment, similar bars as for the recycling experiments were prepared. They were cut in
half, and the two halves were placed back into the mould with the cut edges touching. The
samples were left in the mould (in a horizontal position), but this time without applying
external pressure (see Section 2.5.6 for experimental details). The experiment was carried
out at 25, 50 and 75 °C. After the samples were cooled back down to room temperature,
DMA was used to determine the material properties of the healed materials (Figure 2.8).

For all of the healed materials, the yield point (blue, left column), yield stress (green, middle
column) and Young’s modulus (red, right column) were comparable to the pristine material.
Furthermore, by stretching the materials, the location at which the break or flow appeared
was different from where the material was initially cut. The samples heated at 50 °C and
75 °C were fully healed after 2 hours, while the healing at 25 °C was eventually achieved
after 24 hours due to the slower bond exchange at lower temperatures. It is worthwhile to
stress again that no external chemicals, solvents or catalysts were required, and as such,
these materials are capable of autonomous self-healing.
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Figure 2.8 (Left) Material properties of self-healed P-TDA materials at 25, 50 and 75 °C, compared to the pristine
material. The materials healed at 25 °C required 24 hours to heal, whereas the samples at 50 °C and 75 °C required
only 2 hours; data were normalised to the pristine material. (Right) P-TDA material that was cut, healed, and then
stretched. The location of material failure, as a result of an applied strain, is different from the location of the
healed cut.

2.3 Conclusion

We developed a precise way to tune the dynamic-mechanical and thermal properties of
polyimine CANs via electronic effects of dianiline monomers based on the Hammett
equation. This allowed for the first time a direct and quantitative correlation of a simple,
molecule-based physical parameter to macroscopic material properties. The relaxation time
(7), kinetic activation energy (Ea), creep ()), crossover temperature (Tcross), and topology
freezing temperature (7v) could all be tuned via the Hammett parameter (o). This opens the
potential for simply picking the desired macroscopic properties for a CAN material, and then
obtaining that property via the selection of the required dianiline monomer using only the
o value of the substituent from a large list of available substituents. We also hypothesise
that such a Hammett-based guiding principle effect can be extended to other polymer
networks, irrespectively of whether their bond exchange reactions occur via an associative
or a dissociative mechanism. Furthermore, our tuneable polyimine materials show potential
to be used for applications in daily life as common rubbers due their stable rubbery state,
which could be tuned to over 100 °C based on the choice of dianiline monomer. TGA also
showed that all materials were stable from degradation up to 300 °C. Additionally, recycling
and intrinsic self-healing without loss of material properties were realised without addition
of an external chemical, solvent or catalyst.
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2.5 Supporting information

An overview of the most important supporting information is given below, while full details
can be accessed from: http://dx.doi.org/10.1039/D0SC05458E

2.5.1 Materials and Methods

NMR spectra were recorded on a Bruker Avance Il 400 MHz instrument and analysed with

MestreNova software. Chemical shifts are reported in parts per million (ppm), calibrated on
the residual peak of the solvent, whose values are referred to tetramethylsilane (TMS,
6tms = 0 ppm), as the internal standard.

FT-IR analyses were performed on a Bruker Tensor 27 spectrometer with platinum ATR
accessory.

Rheological measurements were conducted on an MCR 301 or MCR 501 Anton Paar
rheometer in combination with a temperature-controlled plate-plate configuration and
temperature controller hood for additional thermal homogeneity.

Dynamic mechanical analysis (DMA) was performed on a Q800 TA Instruments machine
with film tension clamp.

2.5.2 Small-molecule exchange studies

Small-molecule exchange studies were performed to gain insight into the kinetics and

thermodynamics of the imine exchange reaction (see Figure 2.2 in the Results and
Discussion). Two different experiments were performed: 1) to derive equilibrium constants
(K), and 2) to derive reaction rate constants (k) for each of the tuneable dianiline structures
(XDAs). The combined K and k values are presented in Table 2.1, and the experimental
details are given in the following paragraphs.
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Table 2.1 Overview of equilibrium constants (K) and reaction rate constants (k). For the reaction rate experiment,
the solvent was changed from CDCls to acetone-ds as a consequence of poorer solubility of the dianilines due to
the higher required concentration. For the same reason of poor solubility, ODA was excluded from the kinetic

experiment.
XDA K k [min™]
ODA 3.92 £0.05 - 10° -
TDA 3.14+0.04- 10" 6.61+0.15- 1072
KDA 5.75+0.13 - 107 2.63+0.12- 107
FDA 1.23+0.03- 1072 1.26 +0.09 - 1073
SDA 1.20+0.03 - 1072 1.12+0.10- 107

Determination of equilibrium constants (K)
Benzaldehyde (0.04 mmol, 4.1 puL) and aniline (0.04 mmol, 3.7 uL) were dissolved in CDCl3
to form the reference imine (AN-l). Then the tuneable dianiline (XDA) (0.02 mmol,

corresponding to approx. 4 mg, depending on the dianiline) was added. The mixture was
left at room temperature for several days until exchange equilibrium was reached, as
concluded from *H NMR. Once equilibrium had reached, the ratio of formed imines was
determined via integration of the appropriate NMR signals. In most cases this was done by
integrating the imine peaks, unless these overlapped. When an overlapping imine signal
was present, integration of a different (non-overlapping) signal was performed. The
following equation was used to derive the overall equilibrium constant (K):

[aniline amine][XDA imine]

K= (Equation S1)

[XDA amine][aniline imine]

Note that both amine groups of the dianiline each count for one reactive species. Therefore,
the initial amine groups of the aniline and dianiline are equivalent. Thus, we can also state
that [aniline amine] = [XDA imine] and [XDA amine] = [aniline imine]. The equation then
becomes:

(Equation S2)

_ [XDA imine]? _( [XDA imine] )2

[aniline imine]? [aniline imine]

The concentration of both imines can be determined from simple integration of their
corresponding *H NMR signal integrals. Log(K) could then be plotted for all dianilines as
function of o to obtain a Hammett plot (see Figure 2.3 in the Results and Discussion),
assuming that K is the same for both reaction steps. All determined K values are also
presented in Table 2.1.

54



Molecular Control over Vitrimer-like Mechanics —
Tuneable Dynamic Motifs based on the Hammett Equation in Polyimine Materials

Determination of reaction rate constants (k)

N-benzylideneaniline AN-1 (1.81 mg, 0.01 mmol) was dissolved in acetone-ds. Then, the
tuneable dianiline (0.05 mmol, approximately 10 mg, depending on the nature of the
dianiline) was added to the mixture. 'H NMR was used to check the conversion of the
exchange reaction over time by simple integration (see Figures 2.9-2.12, signals used for
integration are highlighted). The conversion into the product was plotted as a function of
the time, and curves were fitted according to a first-order reaction rate law:

y=Ax(1-—e kb (Equation S3)

The reaction rate constant (k) was derived from the fitted curves (Figure 2.13), and
subsequently, the obtained k values were plotted as a function of the Hammett parameter
(o) of the tuneable dianilines (see Figure 2.3 in the Results and Discussion). All determined
k values are also presented in Table 2.1. To allow for the possibility for an incomplete
conversion (which is inherently possible for a dynamic covalent bond formation reaction),
the value of A was included as a fit parameter to find the value to which the conversion
converged (i.e., the maximum value for A was 100).
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Figure 2.9 'H NMR spectra at indicated time points for the imine exchange reaction with TDA. The signals of the
starting imine material (highlighted peak at 7.41 ppm) decreased over time, whereas the signal for the TDA imine

(highlighted at 6.75 ppm for mono substituted and 6.70 ppm for disubstituted) increased.
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Figure 2.11 'H NMR spectra at indicated time points for the imine exchange reaction with FDA. The signals of the
starting imine material (highlighted peak at 8.59 ppm) decreased over time, whereas the signal for the FDA imine

(highlighted at 8.64 ppm) increased.
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Figure 2.13 Overview of the kinetic data and best-fitted curves for estimation of the reaction rate constants. The

results of the fitting have been included in Table S1.

2.5.3 General synthesis of polyimine networks

The tuneable dianiline (0.80 mmol, corresponding to approx. 180 mg, depending on the
nature of the tuneable dianiline), TREN (0.20 mmol, 30 plL) and TOTDDA (2.90 mmol,
0.64 mL) were mixed together in THF (5.0 mL). Terephthalaldehyde TA (4.00 mmol, 537 mg)
was then added to the mixture at room temperature, and the mixture was briefly shaken
until a homogeneous solution was obtained. The solution was poured into a petri dish and
was left for overnight to slowly evaporate the solvent. The samples were further dried in a
vacuum oven at 50 °C for 3 more nights. Subsequently, the materials were cooled to room
temperature and FT-IR spectroscopy was used to check the conversion from aldehyde
(signal at ~1700 cm™) to imine (~1640 cm™).
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2.5.4 Rheology experiments
For rheological analysis, discs with a 10 mm diameter and a 0.4 mm thickness were prepared

by hot-pressing the synthesised P-XDA polymer materials at a maximum temperature of
75 °C and maximal force of 40 N.

Four types of rheology experiments were performed: stress relaxation, a creep experiment,
frequency sweeps at several temperatures, and a temperature sweep.

In the stress relaxation tests, the discs were subjected to a constant strain of 1% and the
relaxation modulus (G) was followed over time. The experiment was carried out for all
materials at temperatures from 10-50 °C, with increments of 5 °C. After every
measurement, the stress was brought back to 0 and the samples were given 10 minutes to
reach the new temperature. The normalised relaxation modulus (G/Go) was plotted against
the time to obtain the relaxation curves. The relaxation time (1), where G/Go = 1/e according
to the Maxwell model for stress relaxation (G/Go = exp(-t/t)), was then interpolated for
every temperature curve to construct an Arrhenius plot. This plot was derived by plotting
In(t) against the reciprocal temperature (1/T). The kinetic activation energy (E.) was
calculated from the slope of the fitted line multiplied by the gas constant (R = 8.3145 J K
mol™). The E, values were derived for all materials and were then plotted as a function of
their corresponding Hammett parameter (o).

The creep test was performed by exposing each polymer disc to a constant stress of 10 kPa
and following the strain (y) over time, which was subsequently plotted for every material.
The temperature was held constant at 20 °C. A constant point in time of 100 s was taken to
derive the total amount of strain in the given time frame. The total strain at 100 s was then
plotted against the Hammett parameter (o) of the corresponding material.

Frequency sweeps were carried out on the polymer discs at angular frequency (w) range of
0.1-100 Hz, and an applied strain of 0.1%. The measurement was performed at 25, 50, 75
and 100 °C. The storage (G’) and loss (G”’) modulus were consequently plotted as a function
of the frequency at all given temperatures for all P-XDA materials.

Temperature sweeps were performed on the polymer discs on temperature range from 0—
150 °C with a constant angular frequency of 1 Hz and strain of 0.1%. Storage (G’) and loss
(G”) moduli were measured as a function of the temperature. Tan(6) was calculated as
G”/G’ and was also plotted as a function of the temperature. The materials with the most
electron-donating substituents (P-ODA and P-TDA) displayed a peak in tan(6), and therefore
Teross Was determined from the top of this peak.S* For the materials with more electron-
withdrawing groups (P-KDA, P-FDA and P-SDA), a point in temperature was reached at
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which the G’ rapidly drops to 0. For these materials Tcross Was determined at the point where
tan(6) = 1.5 The rubbery domain of the materials was taken as the temperature range over
which a constant plateau value was observed in the G’ curve.

2.5.5 Thermal stability tests
Thermal stability was tested using thermographic analysis (TGA). Small pieces (10 mg) of

the P-XDA materials were loaded and heated on a temperature ramp of 30—900 °C with a
heating speed of 1 °C per minute. The total remaining weight percentage was followed as a
function of the temperature.

2.5.6 Solvent resistance / solubility tests

A small piece of the P-XDA material (20 mg) was cut off and placed in a vial containing 2 mL

of a specific solvent (water, THF, acetonitrile, DCM, methanol or heptane). The vials were
capped and left for 5 days at room temperature. The non-dissolved solid was removed from
the vial and dried to air for overnight, followed by drying in vacuo at 50 °C for another day.
The dried solids were weighed and the non-soluble fraction was determined as the weight
after the experiment divided by the weight of the initial sample. For the NMR experiment,
approx. 4 mg of P-ODA was added to an NMR tube and then dissolved in the specific
(deuterated) solvent. After leaving the sample for 72 hours at room temperature, the
IH NMR spectrum of the soluble fraction was recorded.

2.5.7 Recycling and self-healing
The pristine material for the recycling test was prepared by hot-pressing (100 °C, 1 MPa,

15 min) the raw P-XDA materials into bars with a dimension of 1.5 x 1.0 x 0.1 cm (length x
width x thickness). Afterwards, the samples were left for 1 day at ambient atmosphere
before being measured. DMA was then used to stretch the materials at a constant
stretching speed of 10% per min until the sample reached its maximal elongation and either
snapped or flowed. Four samples were measured and the average values for yield point (%),
yield stress (MPa), elongation at break (%) and Young’s modulus (MPa) were reported. For
the following recycling steps, the materials were cut into small pieces (approximately
0.2 cm?) and again hot-pressed in a similar fashion as before (Figure 2.14). The recycled
samples were again measured in sets of four as described. A total of 4 cycles were
performed (1 of the pristine material and 3 recycling steps).
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Bars after
hot-pressing

Cut samples !

‘,.

Figure 2.14 Photos of the cut P-TDA material and of the bars (still in the mould) after hot-pressing.

For the self-healing experiment, bars of the same dimension were prepared, which were
then cutin half. The two halves were placed back into the mould so that the cut edges would
touch each other. The experiment was carried out at 25, 50 and 75 °C without applying
external pressure. Full self-healing of the material was achieved within 2 hours at 50 and
75 °C, and 25 hours at 25 °C. The healed samples (Figure 2.15) were then tested for their
material properties using the same DMA procedure as the recycling experiment.

Figure 2.15 Photo of healed P-TDA samples. Dotted lines represent the edges where the material was cut in half.
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2.5.8 Hammett parameters
Figure 2.16 gives an overview of the five tuneable dianilines (XDAs) used in this study, and

their corresponding Hammett parameter (o). The o values were chosen from their most
structurally similar compound used in Hammett studies,*® 5° which are shown as well. For
all cases the o value for the para-substituent (op) was used.

XDA monomer Monomer structure Gp Derived from:

0. 0.
o 0, e OO
H,N NH, H,N
S S
w0, e OO
HoN NH, HoN
o

(0]
o
HoN NH, HoN

F3C CF3 F3C CF3

HoN NH, HoN

o]

N

Q.0 0
SDA /©/ S\©\ 0.68 S\©
H,N NH, H,N

Figure 2.16 Overview of XDA monomers, their corresponding Hammett parameter (o) values, and the structures
of which the o values were derived from.>® 5°

2.5.9 Determination of ideal monomer ratios
To determine the ideal contents of dianiline and TOTDDA in the polymer system, three

samples with different dianiline contents (Table 2.2) were prepared following the
standardised synthetic procedure. As this was an indicative experiment, only TDA was used
in this test. The crosslinker (TREN) content was first tested at 5 mol%, and was concluded
to be a satisfactory amount. Using rheology, a temperature sweep experiment was
performed on a temperature range of 20—150 °C for each of the three materials. A constant
strain of 0.1% and angular frequency of 1 Hz was applied. The tan(6) was plotted as a
function of the temperature to obtain the curves presented in Figure 2.17. As seen in the
figure, a dianiline content of 30% resulted in the material to be relatively unsusceptible for
changes in temperature below 150 °C. On the other hand, a dianiline content of 10%
resulted in the material to initiate fast liquification already before 100 °C, as tan(6) = 1 was
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observed at 75 °C and increased rapidly thereafter. The material incorporating 20% of

dianiline showed ideal behaviour as the material displayed a distinct temperature
dependency, but also the effect was delicate enough in order for the dianiline to serve as a

tuneable handle.

5 -
| |
| |
n
n
44 "
| |
- = 10% TDA
] ® 20% TDA
~31 u A 30% TDA
7} | ]
~ | ]
c [ ]
Iel
it
2 4
1
MY
T 1
100 150

Temperature [°C]
Figure 2.17 Tan(8) curves for polyimine materials with 10% (black squares), 20% (red spheres) and 30% (blue

triangles) of TDA dianiline content. Tan(8) = 1 for 10% dianiline at 75 °C, and increasing rapidly after. Tan(8) = 1 for
20% dianiline at 129 °C. Tan(6) for 30% dianiline remains below 1 for the entire duration of the experiment (up to

150 °C).

Table 2.2 List of tested dianiline ratios in P-TDA materials. Note that TREN has 3 amine groups, whereas TDA and
TOTDDA have 2 amine groups. Therefore the 5% of TREN nets to 7.5% of amine relative to the aldehyde content,
adding the total to 100%. To form the polymer network an equimolar amount (100%) of terephthalaldehyde was

TREN [%]

added to provide full conversion of amines to imines.
Entry TDA [%] TOTDDA [%]
1 10 87.5 5.0
2 20 77.5 5.0
3 30 65.5 5.0

63



Chapter 2

2.5.10 Stress relaxation curves and Arrhenius plots
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Figure 2.18 Stress relaxation curves (left) and Arrhenius plot (right) of P-ODA.
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Figure 2.19 Stress relaxation curves (left) and Arrhenius plot (right) of P-TDA.
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Figure 2.20 Stress relaxation curves (left) and Arrhenius plot (right) of P-KDA.
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Figure 2.21 Stress relaxation curves (left) and Arrhenius plot (right) of P-FDA.
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Figure 2.22 Stress relaxation curves (left) and Arrhenius plot (right) of P-SDA.
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Chapter 3

Abstract

The introduction of dynamic covalent bonds into crosslinked polymer networks enables the
development of strong and tough materials that can still be recycled or repurposed in a
sustainable manner. To achieve the full potential of these covalent adaptable networks
(CANs), it is essential to understand —and control- the underlying chemistry and physics. In
particular, understanding the structure of the network architecture that is assembled
dynamically in a CAN is crucial, as exchange processes within this network will affect the
dynamic-mechanical material properties. In this context, the introduction of phase
separation in different network hierarchies has been proposed as a useful handle to control
or improve the material properties of CANs. Here we report how Raman confocal
microscopy can be used to visualise phase separation in imine-based CANs on the scale of
several micrometres. Independently, AFM also confirmed phase separation. Remarkably,
the materials were found to undergo phase separation despite being built up from miscible
monomers, which arguably should yield homogeneous materials. We found that the phase
separation did not only affect the appearance of the material, but also had a noticeable
effect on the thermal mechanical properties of the material: CANs (of equal
aliphatic/aromatic monomer composition) that displayed phase separation had a higher
crossover temperature (at which the material transitions from a rubbery to a viscous state),
and an increased elastic modulus (G’). By modifying the CAN architecture, we were able to
either suppress or induce phase separation, and it is proposed that the phase separation is
driven by favourable m—mr interactions between the aromatic components. Our work further
shows the potential of phase separation in CANs, including in networks built from miscible
components, and provides a handle to control the dynamic material properties. Moreover,
our work underlines the suitability of Raman imaging as a method to visualise phase
separation in CANs.
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3.1 Introduction

Thermosets have a permanent crosslinked polymer network structure that gives them high
material strength and resistance against many environments, which makes them suitable
for many industrial applications. However, due to this permanent network structure,
thermosets cannot be easily recycled or repurposed once they have been produced.
Therefore, the use of current thermosetting materials is not sustainable. To overcome this
problem, dynamic covalent bonds can be introduced within the polymeric structure to
construct covalent adaptable networks (CANs) that enable reprocessability and
recyclability.” 2 These dynamic covalent bonds can be just as strong as their non-reversible
covalent counterparts, and as such do not decrease the strength of the material. What
makes dynamic covalent bonds so interesting, is that they can perform bond exchange
reactions.> # This bond exchange requires some sort of activation, which is generally
achieved with heat, but other triggers (e.g., light or pH) are known as well.> In some cases a
catalyst may be required, that can either be external or internal.®® The ability to exchange
covalent bonds in the polymeric network of thermosets enables the material to flow, and
as such facilitates (re)processability.

The potential of CANs to replace or improve classical thermosets has inspired many
researchers to develop and study the underlying chemistry and physics.'®* Many of these
studies involved application of different dynamic chemistries, each with its characteristic
properties based on the nature of the bond exchange reaction.>° Examples of different
dynamic chemistries include transesterification reactions,?®?? disulphide exchange,??’
Diels-Alder reactions,?®3° (vinylogous) urethane exchange,3!3¢ dioxaborolane metathesis,>”
40 and imine exchange.*'"*¢ In addition to the various types of bond exchange chemistries,
further tunability of the bond exchange has been investigated. These include, for example,
steric or electronic effects (see also Chapter 2) with regards to the reactive groups,*-*°
neighbouring group participation,® 2 3% 51 or effects from the accompanying polymer
matrix.>>>°

An ongoing challenge for CANs is to strike a balance between allowing the material to be
processed at elevated temperature (i.e., the processing temperature), while at the
operating temperature (typically room temperature) the material is robust, displaying no
creep.>® 57 A variety of approaches has been explored to achieve this combination: e.g., by
combining different types of dynamic covalent bonds (each with their own temperature-
dependent exchange profile),*®% adding non-dynamic crosslinks,>® © or relying on a
dynamic covalent bond motif with a dual-temperature response.®®
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Apart from these more chemistry-based approaches, recently also more physical
approaches relying on aggregation and phase separation have been proposed.®”7* For linear
polymers the effects of phase separation have already been thoroughly studied over several

decades,”>”?

and results have revealed an distinct enhancement in material properties: e.g.,
Matyjaszewski et al. reported on phase separation in PBA-b-PS copolymers,2® and revealed
that non-phase-separated materials showed a rapid decrease in storage modulus (G’) when
heated and started flowing around 120 °C, while phase-separated materials exhibited an
extended rubbery plateau with a G’ of ~30 MPa and started to flow around 180 °C. In an
analogous fashion, several promising approaches to induce phase separation into CANs for
enhanced material properties have been developed. For example, grafting of dynamic
covalent motifs onto incompatible polymer backbones has been found to result in phase
separation.®® |n addition, potential polarity effects and hydrogen bonding by the polymer
backbones have been suggested as a cause for phase separation.? 8% & Phase separation
was also observed for block copolymers that incorporated co-existing dynamic and non-

54 8 or in polymer networks with blended rigid and soft polymers.?” A

dynamic blocks,
general response of these phase-separated CANs was that the material properties of the
bulk materials could be significantly enhanced, which can be expressed in, for example, a
higher Young’s modulus,?® or better creep resistance.’ As such, a better understanding of
the process and effects of phase separation in CANs can be key to a new handle in the design

of robust —yet dynamic— materials.

In the above examples the polymers were designed such that a phase separation was
intentionally induced, for example by selecting incompatible structures or by mixing
amorphous and crystalline components. In contrast, the polyimine CANs reported herein
were found to display phase separation despite being built up from miscible monomers,
which arguably should yield homogeneous materials. We were able to visualise this phase
separation of different dynamic domains in the range of several micrometres with Raman
confocal spectroscopy. While regularly used for conventional polymers to study for example
the polymer structure,® polymerisation kinetics,® or crystallinity,®® the use of Raman
spectroscopy in CANs has largely been overlooked, with the few reported examples of usage
being limited to verification of formed bonds or structures.® °2 To the best of our
knowledge, we are the first to apply Raman imaging to construct 2D images to reveal
chemically different, phase-separated domains within the CAN bulk. We were able to
construct these images owing to characteristic and unique bond energies of chemically
distinctive imines and aromatic moieties. The fact that Raman could distinguish between
the very slight differences in molecular composition makes it a very powerful tool to
construct images based solely on these small molecular differences (e.g., between different
aromatic or imine signals).’® % The method is also largely insensitive to the physical
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appearance of the material. For example, factors such as surface roughness or other
inhomogeneities have little impact on the construction and quality of the Raman images.
This chemically selective, yet robust, method is also what makes it different from other
conventional techniques to study phase separation, such as atomic force microscopy (AFM),
scanning electron microscopy (SEM), or X-Ray diffraction (XRD). The further ease of the
Raman setup and the relatively short time it takes to construct the Raman images (generally
within several minutes, depending on size and resolution of the image), add to the value of
choosing Raman over other methods.®® In addition, the minimal sample preparation for
Raman spectroscopy is a major advantage.’® Samples as thin as a monolayer can be
analysed, whereas there is (technically) no upper limit in sample thickness. Raman
scattering can, however, only be excited as far in the sample as the light can penetrate.®®
Raman imaging is able to provide detailed images on the micrometre scale, which is a typical
length scale for this method, and still above the diffraction limit of the resolution.
Limitations occur below 100 nm. It should also be noted that while Raman imaging proved
especially useful in the analysis of the different aromatic and imine structures in this work,
in other systems overlap of distinctive signals might potentially cause problems to
distinguish specific groups.

The Raman imaging served as the key methodology for the visualisation of phase separation
in our polyimine CANs. First, we applied Raman imaging on earlier reported P-XDA
polyimines (Figure 3.1, see also Chapter 2 of this thesis),*” revealing phase separation into
different domains that were unknown to exist before. Second, by systematically exploring
different compositions of the polymers, we found that the occurrence of the phase
separation was directly related to the structure and concentration of the dianiline (XDA)
monomer. The driving force for phase separation was found to be related to interactions
between the aromatic components in the polymer network. Last, we also observed several
noticeable changes in physical properties of the materials as a consequence of the phase
separation. The phase separation generally resulted in mechanically more robust materials.
First, the temperature at which the material transits from rubbery to viscous phase was
greatly enhanced, and second, the elastic modulus of the materials was found to increase
when phase separation was observed. We also observed that phase-separated materials
appeared turbid, whereas non-phase-separated materials appeared transparent.
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Figure 3.1 Overview of building blocks for the synthesis of polyimines. The P-XDA polymer networks contain
dialdehyde TA, crosslinker TREN, flexible linker TOTDDA, and either one of the five XDA dianilines shown on the
left. Linear XDA+TA polymers do not contain TOTDDA or TREN. The NoXDA network does not contain any
dianilines. The Hammett parameter (o) of each XDA monomer expresses the electron-withdrawing effect of the
bridging substituent (highlighted in red).

3.2 Results and Discussion

3.2.1 Raman spectroscopy

For the analysis with Raman spectroscopy five different P-XDA polyimines were synthesised

following our previously published protocol,*” with dianiline contents of 20% (see
Figure 3.1, and Chapter 2 for the additional experimental details). The polymers were
prepared by dissolving the amines (XDA, TOTDDA and TREN) in THF, to which then the
terephthalaldehyde (TA) was added. The mixture was shaken briefly and then poured into
a petri dish. After solvent evaporation (first to air, later in a vacuum oven at 50 °C), the
polymer films were obtained. These were subsequently analysed by Raman spectroscopy
(full experimental details are given in Section 3.5).

In addition to the five P-XDA polymers, to elucidate the spectral features, several additional
polymers were synthesised that contained selective parts of the full polymer composition.
These consisted of polymers from only dianiline and terephthalaldehyde (XDA+TA) and a
polymer with all components except the dianiline (NoXDA) (see Figure 3.1). The Raman
spectra of all P-XDA materials were compared to the spectra of the corresponding XDA+TA
and NoXDA materials (see Figure 3.2 for P-TDA, and Section 3.5.2 for all other materials).

76



Raman Spectroscopy Reveals Phase Separation
in Imine-based Covalent Adaptable Networks

-~ T N TDA+TA

2 noXDA

= TDA 20%

205} -

[72]

c

2

£
0 1 1 1 1 1 1 1
1000 1100 1200 1300 1400 1500 1600 1700

Figure 3.2 Overlapping Raman spectra of a TDA+TA polymer (blue) and a polymer matrix of TOTDDA, TREN, and
TA (NoXDA, orange). Combining the two individual spectra matches that of the P-XDA 20 material (black line).

The Raman spectra showed three common regions in which Raman signals were observed:
0-200 cm™, 1100-1250 cm™?, and 1500-1700 cm™ (see Section 3.5.2 for all spectra). The
signals in the region of 0-200 cm™ could be ascribed mostly to the aliphatic parts of the
material, and were found to be rather uninformative with respect to material composition.
The other two regions contained the most characteristic data regarding the distinct
aromatic moieties and imines. These include both common signals for all samples, and
sample-specific signals. Each individual signal of the P-XDA materials was then assigned to
the corresponding bond vibration in the material, based on data from the synthesised
analogues (XDA+TA and NoXDA) and data of analogous structures reported in literature.®”
102 An overview of the assigned Raman signals is presented in Table 3.1 and a further
elaboration is given in Section 3.5.2.

Table 3.1 Assignment of Raman signals to corresponding parts in the polyimine materials. All signals were assigned
by comparison to synthesised analogues of TA+XDA and NoXDA, and to reported spectra of analogous materials.

Wavenumber (cm™) Vibration Monomer(s) Reference(s)

1140-1160° Phenyl C-H bend XDA Badawi (2013),%° Nandi
(2017),%° John (2018),%°* Ullah
(2019)12

1163° Phenyl C-H bend TA Nandi (2017),1%° John (2018)%!

1184-1190° Imine C—N stretch XDA Nandi (2017)©

1218° Imine C—N stretch TOTDDA, TREN Nandi (2017)°

1557-1560° Phenyl C=C stretch XDA John (2018)**

15632 Phenyl C=C stretch TA John (2018)**

1584-15852 Phenyl C=C stretch XDA Lee (2003),” Ullah (2019)2

1602° Phenyl C=C stretch TA Lee (2003),” Ullah (2019)2

1619-1624° Imine C=N stretch XDA, TA Nandi (2017),%% John (2018)*

1638° Imine C=N stretch TOTDDA, TREN, Lee (2003),%” Knépke (2010),%

TA Nandi (2017),1%° John (2018)%°!

2 Indication that the signal is sample specific.  Indication that the signal is coherent for all materials.
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3.2.2 Raman imaging of P-TDA
When scanning the surface of the P-XDA materials using the Raman confocal microscope,

we recorded a 2D spectroscopic map and found two distinctly different spectra. These
spectra resembled either that of the XDA+TA or the NoXDA material. This suggested two
domains in the material; one containing mostly the aliphatic components (spectrum
corresponding to NoXDA, in which only aliphatic imines, formed by reaction between
TOTDDA, TREN and TA, are present), and one containing mostly aromatic components
(spectrum corresponding to XDA+TA, in which only aromatic imines, formed by reaction
between XDA and TA, are present). To distinguish between the two types of spectra, we let
the accompanying WITec software determine for every pixel to which of the two reference
spectra the recorded spectrum best fitted to, and the pixel was coloured accordingly. For
all further analyses we assigned a yellow colour to a best fit of XDA+TA, and a blue colour
to a best fit of NoXDA.

The first material for which such a Raman image was constructed was P-TDA (Figure 3.3,
left). The image revealed a clear phase separation between yellow and blue domains, in
which the yellow-coloured domains (TDA+TA phase), which had a size of approximately 10—
20 um, separated from the blue coloured matrix (NoXDA phase). To verify whether the
phase separation remained stable over time, a new Raman image was constructed after
two months (Figure 3.3, middle). This image showed a similar phase-separated profile, and
thus confirmed stability of the phase separation over time. Next, a sheet of P-TDA material
was cut into smaller pieces and hot-pressed (100 °C for 30 min) into a new recycled polymer
film. The Raman image of this recycled film also gave the same result (Figure 3.3, right).
These results thus suggest that the phase separation is thermodynamically favourable as it
persists over time and after thermal reprocessing.

Figure 3.3 Raman images of P-TDA 20 samples; directly after the synthesis (left) after 2 months (middle) and after
hot-pressing (right). The yellow crystal-like domains indicate the regions where TDA+TA is predominantly present,
and the blue regions represent a matrix of TOTDDA+TREN+TA (NoXDA) around the separated domains.
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To further investigate the occurrence of phase separation, samples of P-TDA were prepared
with lower concentrations of the dianiline monomer (i.e., lower relative amount of aromatic
versus aliphatic segments). Both Brightfield and Raman images were recorded for each of
the samples (Figure 3.4).

Brightfield image

Binary phase
Raman image

Continuous phase
Raman image

Figure 3.4 Brightfield and Raman images of P-TDA materials with varying dianiline concentrations from 5% to 20%
(left to right, respectively). For the Raman images, a division was made between images constructed by applying
either a binary fitting scale (middle row) or a continuous scale (bottom row).

The Brightfield images suggested a certain surface pattern for the P-TDA samples with
17.5% and 20% dianiline content, but conclusive evidence for phase separation was only
seen from the Raman images. These images showed that above 17.5% TDA phase
separation could be clearly observed. At 15% the phase separation was still observed,
although the domains appeared smaller in size. Below 12.5% TDA no clear phase separation
was observed anymore, but rather uninformative images were obtained from the binary fit.
These indistinct images are the result of the forced extraction of two components. When
the sample is homogeneous (no phase separation), the forced division into two different
domains by the software can then show false patterns. This artefact can be clearly seen in
the 10% TDA sample.

Although the initial binary fit can serve as a fast check to spot phase separation, the method
would benefit from extension to a continuous scale fit. Such a continuous scale could also
give more information on the exact composition of the phases. In other words: a continuous
scale to characterise the relevant features in the Raman spectra no longer provides an all-
or-nothing determination of two phases, but can also show how strict the border between
the phases is. To construct continuous phase images, we introduced a 256-step scale based
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on peak area ratios in the Raman spectra, which was performed for each individual pixel
(see Section 3.5.4 for additional experimental details). The continuous-scale Raman images
could generally nicely filter noise and artefacts (especially when there was no phase
separation), although the choice for a binary fit could in most cases more clearly (and faster)
show the contrast between phases when phase separation was observed. For the best
representation of results, we therefore generally included both binary and continuous-scale
Raman images.

From the processed continuous Raman images (see Figure 3.4, bottom row), we could then
conclude that phase separation did not occur for any of the samples with a TDA
concentration of 12.5% and lower. At 15% TDA we observed the first hints of phase
separation, which became clearer when further increasing the concentration of TDA. These
results thus suggest existence of a critical concentration of 15% TDA, above which phase
separation occurs. Below this threshold concentration the dianiline parts can still blend in
with the rest of the matrix; above the threshold they separate into isolated domains.
Despite the crystal-like appearance of the phase-separated TDA-rich domains, DSC of 10%
and 20% TDA materials did not reveal any thermal transition that could be assigned to the
melting transition of the phase-separated domains or the accompanying matrix (see
Supporting Information, Section 3.5).

As an additional analytical method to confirm phase separation, atomic force microscopy
(AFM) was applied. First, a height (Figure 3.5A) and phase (Figure 3.5B) image of P-TDA 20
were constructed. The AFM images showed a similar phase separation in sphere-like hard
domains, entrapped in a soft matrix. The size of the phase-separated domains appeared
smaller than was observed with Raman. This was attributed to the fact that AFM only
scanned the surface of the film, and as such only observed the top of the spherical hard
phases. In contrast, with Raman, the entire upper layer of the film (up to several
micrometres) can be visualised. Next, AFM images were constructed of P-TDA5
(Figures 3.5C and 3.5D, for height and phase, respectively), which revealed the absence of
phase-separated domains at low TDA concentrations, in line with the Raman images.
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Figure 3.5 AFM images of P-TDA materials. A) height profile of P-TDA 20, B) phase profile of P-TDA 20, C) height
profile of P-TDA 5, D) phase profile of P-TDA 5. The AFM images show a clear phase separation for P-TDA 20,
whereas for P-TDA 5 no phase separation is observed, confirming the results from the Raman images. Note the
difference height scales in panel A and C.

To further study the size and shapes of the phase-separated domains, Raman scans of
P-TDA 15 and P-TDA 20 were constructed slightly deeper below the surface up until roughly
10 um (see Supporting Information, Section 3.5). In these images, the phase-separated
domains gradually increase in size by several um (ultimately doubling in size) when moving
deeper into the sample. In order to study the dimensions and distribution of the domains
in greater detail, 3D multiphoton fluorescence lifetime microscopy was used. A 3D image of
P-TDA 20 was constructed by recording the fluorescence that specifically arose from the
distinctive aromatic moieties in the system (Figure 3.6). The image showed phase-separated
domains with an approximately spherical shape on a similar scale as was observed by
Raman. A cross-section image (Figure 3.6B) indicated that the phase-separated domains
appeared smaller and more densely packed near the surface of the film compared to the
phase-separated domains deeper in the sample, in line with the observation by AFM of
smaller domains at the surface (Figure 3.5). This suggests different dynamic behaviour
between the CAN surface and bulk, as has been proposed in recent work by Liu and Wang.1%3
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100 pm

Figure 3.6 A) 3D multiphoton fluorescence lifetime image of the surface of P-TDA 20, and B) cross section image
of the P-TDA 20 sample (the yellow arrow indicates the surface of the sample). The coloured parts show the phase-
separated domains of TDA+TA,; the red colour indicates nearby phases, and the greener colours indicate phases
further away.

We considered that solvation and drying effects during the formation of the polymer films
might affect the phase-separating process.'®%7 In an attempt to study the formation of
polymer clusters in solution, dynamic light scattering (DLS) was applied. Solutions were
prepared by mixing the monomers for several phase-separating and non-phase separating
materials, and with DLS we checked for the formation and size of formed particles in
solution over time. Unfortunately, these results could not reveal any underlying dynamics
regarding the formation of particles that could be linked to phase separation.

Next, in addition to the standard preparation of the polymer films in THF,*” P-TDA 20 films
were prepared in different solvents; being either 2-methyltetrahydrofuran (2-MeTHF),
methanol, ethyl acetate or toluene. Brightfield and Raman images were constructed of the
polymer films (see the Supporting Information, Section 3.5), which all showed a similar
phase separation as was seen before. We also prepared several thinner films of P-TDA 20
to check for potential effects of film thickness on the size and distribution of the
microdomains (see the Supporting Information, Section 3.5), but could not identify any
observable differences either. The consistency of the combined results underlines the
robustness of the preparation for the polyimine materials, as it appears that neither the
scale nor the solvent in the material synthesis seemed to affect the occurrence of the phase
separation. In favour of this result, in future work we could thus easily adjust the scale of
the preparation or switch to greener solvents, such as 2-MeTHF, without observable
negative consequences for the prepared polymer material.
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3.2.3 Phase separation for other dianilines
After studying the phase separation for the TDA-based polymers, the other four dianilines

from our earlier work (described in Chapter 2 of this thesis)*” were used to prepare their
corresponding CANs (see Figure 3.1), and Raman images were again recorded. First, ODA
was investigated as this was structurally the most similar dianiline to TDA. The Raman
images of P-ODA revealed a clear phase separation, although some differences compared
to P-TDA were noted. First, the phase separation occurred already at a dianiline
concentration of 7.5% for P-ODA (Figure 3.7A), compared to 15% for P-TDA (Figure 3.4).
Second, the shape of the phase-separated domains was slightly different: for P-ODA they
appeared needle-like, whereas for P-TDA they appeared sphere-like. In terms of their
chemical structure, TDA and ODA are rather similar (Figure 3.1). However, the Hammett
parameter (o) for ODA is higher than that of TDA. This translates to a higher electron-
donating effect from the ODA towards the imines, which in turn affects the kinetics of the
bond exchange.*” From this perspective, the internal kinetics of the bond exchange might
play a role in the character of the phase separation.

A P-ODA 5% P-ODA 7.5% B P-KDA 12.5% P-KDA 15%
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Figure 3.7 Raman images of A) P-ODA and B) P-KDA samples. The images show that for P-ODA phase separation
occurs above a dianiline content of 7.5%, while for P-KDA a dianiline content of 15% is required at minimum. Binary
and continuous colour coding of the phases are included.

Next, the more electron-withdrawing KDA monomer was investigated. The Raman images
of P-KDA indicated a similar phase separation as was seen for P-TDA, with the threshold for
the phase separation at 15% dianiline content (Figure 3.7B), although the phase-separated
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domains appeared slightly smaller in size. Surprisingly, materials of the two most electron-
withdrawing dianilines (FDA and SDA) did not show any observable phase separation, even
when increasing the dianiline content to as high as 50% (see the Supporting Information,
Section 3.5). We considered two possible hypotheses for these observations. First, because
of the strong electron-withdrawing nature of the substituents, the stability of the imines is
decreased in case of FDA and SDA.1% 19 Ag such the susceptibility towards exchange
reactions increases.*” This increased reactivity results in more efficient bond exchange with
the imines from the aliphatic matrix,1° and could prevent separation into different phases.
Alternatively, the steric bulk of the FDA and SDA monomers is (slightly) higher compared to
the other three (ODA, TDA and KDA) monomers. This increased steric bulk of the variable
bridging moiety in the XDA monomer may prevent efficient stacking of the two aromatic
rings of the XDA monomer, and therefore hamper the phase separation process.

Et-MDA CyDA

Binary phase
Raman image

Ee

20 pm &

20 pm

Continuous phase
Raman image

Figure 3.8 Structure and Raman images of dianilines with different steric substituents. The Raman images show
that phase separation was clearly observed for the non-hindered P-MDA, but not for the sterically hindered
analogous materials. For all materials the dianiline content was 20%. Binary and continuous colour coding of the
phases are included.

To further the study steric effects, several additional (commercially available) dianilines
were selected to synthesise additional materials (Figure 3.8). First, a sterically non-hindered
4,4’-methylenedianiline (MDA) was selected to serve as a reference. If the phase separation
would be caused by electronic effects, based on the Hammett parameter for this
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monomer,11113 jt is expected to show a similar phase separation as P-TDA and P-ODA. This
was also confirmed from the Raman image (Figure 3.8). Then, several additional polymers
were prepared from dianilines with a similar electronic effect but increased steric bulk. We
first selected dianilines with alkyl groups (methyl or ethyl, for Me-MDA and Et-MDA,
respectively) on both ortho positions next to the amine group on the aromatic ring. In
addition, we selected a dianiline monomer with a bulky cyclohexyl substituent on the
bridging sp® carbon (CyDA). Raman images from the sterically materials (Figure 3.8)
concluded that none of them showed phase separation, strongly suggesting that steric
effects in relation to n—mt stacking indeed affect the occurrence of phase separation. These
observations were also in line with results from ureidopyrimidone (UPy)-based
supramolecular polymers, for which a disappearance in microphase separation was noticed
with increasing steric hindrance on the pyrimidone moieties.'** 1> |t was demonstrated that
the branching effect of substituents suppresses aggregation, as larger steric groups hinder
efficient m—m stacking and prevent phase separation. Similarly, the branched dianilines in
our study could suppress aggregation of XDA+TA domains and prevent phase separation.

Binary phase
Raman image

l NH,

EDA

HoN

Continuous phase
Raman image

Figure 3.9 Raman images of P-EDA materials with 20, 30 and 40% dianiline content. Phase separation was observed
for all samples, although less clearly than was seen for P-MDA. Binary and continuous colour coding of the phases
are included.

A final dianiline monomer was selected that contained a longer ethylene moiety as bridge
(EDA) (Figure 3.9). The Hammett parameters for methyl (o= -0.17) and ethyl (o= -0.15)
substituents are similar,’'! however, the rotational freedom of the ethylene is higher due
to the longer chain length. The increased flexibility could as a result affect the stacking of
the aromatic moieties. The Raman image of P-EDA (Figure 3.9) did indicate phase
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separation, although less clearly than was seen for P-MDA. Phase-separated domains were
observed, but the matrix around them did not appear to be entirely free of EDA signal,
which suggests mixing of EDA with the rest of the matrix. Increasing the dianiline content
to 30% and 40% yielded similar Raman images to the results at 20%. The lesser degree of
phase separation for P-EDA compared to P-MDA may be explained by the difference in the
rigidity of the two monomers. The two dianilines are more rigid than the aliphatic amines
in the polymer matrix. As such, the phase separation leads to a division in “hard” aromatic
segments and “soft” aliphatic segments.'® 117 However, when switching from MDA to EDA,
the dianiline parts become less rigid due to the added length and flexibility of the monomer,
which results in a smaller driving force for phase separation. Summarising, our studies
indicate that the phase separation is —at least in part— driven by aromatic interactions
between dianiline monomers, and can be disrupted by steric effects, induced by
substituents on —or close to—the aromatic rings, that hamper these aromatic interactions.

3.2.4 Consequences of phase separation on the material properties
Having observed the phase separation in our polyimine materials, we investigated its effects

on the polymer’s material properties. For this we first made use of our set of P-TDA
materials with dianiline content from 5 to 20%. First, a simple visual inspection of the
samples revealed that they all had a bright yellow-to-orange colour that is characteristic to
(poly)imines.4”- 52 118,119 However, the samples above the threshold dianiline concentration
(>15% TDA) for phase separation appeared turbid, whereas the samples below the
threshold (<12.5% TDA) appeared transparent (Figure 3.10).

miic

Figure 3.10 Difference in transparency between P-TDA samples. On the left a transparent sample (P-TDA 10), and
on the right a turbid sample (P-TDA 20). All samples with a dianiline content of 15% TDA or higher appeared turbid,
and samples with a dianiline content of 12.5% TDA or lower appeared transparent. Pictures were made directly
after synthesis (including drying), with the samples still in the petri dish they were synthesised in. Thickness of the
films is around 0.5 mm.
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Looking at the samples from the P-MDA and related sterically bulked materials, a similar
observation was made in which P-MDA and P-EDA appeared turbid, while the sterically
hindered analogous materials (P-MeMDA, P-EtMDA and P-CyDA) were transparent. The
transparency of the materials gives a good initial indication of the microstructure of the
polymer network as transparency is commonly linked to amorphous structures.” It is also
possible that turbid samples contain (semi-)crystalline scattering domains in their network
structure of the order of the wavelength of visible light.

All 5-20% P-TDA samples were then individually analysed with a rheology setup by
performing a temperature sweep experiment and a creep test (see Section 3.5 for full
experimental details). From the temperature sweeps the crossover point between G’ and
G” (i.e., at which tan(é) = 1) was determined, representing the temperature above which
the material transitions from a viscoelastic solid to a viscoelastic liquid (i.e., the material
starts to flow).12% 12! For CANSs, the description of this point is not as trivial as for traditional
thermoplastics. This is because (associative) CANs do not fully melt, as the crosslinking
density remains constant at elevated temperatures.?’ Instead, the malleability of the
material is a function of the reaction rate of the bond exchange.?> When at a certain point,
the viscous component (G”’) becomes more prominent than the elastic modulus (G’), this
simply translates to the material showing a higher tendency to permanent deformation as
a result of stress relaxation via bond exchange, rather than an elastic response, when a
strain is applied. In this work, we will refer to this point where G’ exceeds G’ (i.e., tan(8) = 1)

as the crossover temperature (Tcross).'%

Around the threshold for phase separation (here from 10-15% TDA) the Tcross remained
constant around 60 °C (Figure 3.11A). Above 15% the Tcross quickly rose to much higher
temperatures, while below 10% the Tross slightly dropped. Especially the steep rise in Tcross
after overcoming the threshold for phase separation gives a clear indication of the effect of
phase separation on the material properties. The most likely explanation for this strong
increase in Tcross is that the phase separation causes the formation of local hard domains
with increased rigidity that could hamper strand diffusion and overall network
deformation,®* leading to an increased apparent (non-covalent) crosslinking density.?
Potentially, hydrophobic interactions and n—m stacking of the aromatic moieties in the
phase-separated domains increases the required energy to mobilise the polymer chains.'?*
As such, a higher temperature is needed to induce mobility, which is expressed in the
increased Tcross. Furthermore, the reduced chain mobility hinders the occurrence of bond

exchange reactions, leading to reduced dynamicity and chain rearrangements.5% 12
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Figure 3.11 A) Plot of Teoss as a function of the TDA content from 5 to 20%. B) Plot of the creep after 1000s at a
10 kPa stress (black spheres) and elastic modulus (G, red triangles) at room temperature, as a function of the TDA
concentration. The dotted blue line indicates the threshold value for phase separation at 15% TDA.

Other commonly reported results of phase separation in polymers are enhanced creep
resistance and dynamic moduli.®% 126 The results of the creep tests of the P-TDA samples
(Figure 3.11B, black data points) showed a significant resistance to creep when the TDA
concentration increased, although it was difficult to identify a clear transition at the onset
of phase separation. An increase in TDA content also means that the relative concentration
of TOTDDA decreases, which results in a higher crosslinking density and lower overall strand
flexibility. This implies that the resistance to creep is expected to increase upon higher TDA
concentrations. The same applies to the elastic modulus (G’) of the materials (Figure 3.11B,
red data points). One might argue that the elastic modulus rises faster after the threshold
for phase separation, although the so far obtained data were not yet sufficient to
substantiate if the observed changes were selectively caused by phase separation, or if the
small differences in ratio between the monomers could have an effect here as well. To
further claim the direct effect of the phase separation, and rule out other effects such as
the concentration of respective monomers, additional experiments were performed in
which we compared the differently substituted P-MDA materials (see Figure 3.8 in
Section 3.2.3).

The same rheological tests as before were performed on P-MDA, P-MeMDA and P-EtMDA
materials with a constant composition of 20% of the respective dianiline. By using this set
of materials, we could rule out the effects related to difference in aromatic/aliphatic
content as was seen for the P-TDA materials with different dianiline contents. From
temperature sweep experiments a similar effect on the Tcross Was first noticed. For the non-
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sterically hindered and phase-separated P-MDA a Tcross of 61 + 2 °C was found, but for the
sterically hindered and non-phase-separated P-MeMDA and P-EtMDA this value markedly
dropped to roughly 30 °C (Figure 3.12A). This time, also a noticeable effect of the phase
separation on the elastic modulus (G’) was observed. The non-phase-separated P-MeMDA
and P-EtMDA had similar G’ values of 0.26 £ 0.04 MPa and 0.29 + 0.06 MPa, respectively.
However, the phase-separated P-MDA showed a roughly five-fold increase in G’ to 1.31 +
0.14 MPa (Figure 3.12B). This increase in G’ is most likely a direct consequence of the phase
separation, since the concentration of the aromatic dianilines in all materials was the same,
and as such the average crosslinking density and chain rigidity in the material can be
considered identical.
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Figure 3.12 A) Tcross values for phase-separated P-MDA and sterically bulked non-phase-separated P-MeMDA and
P-EtMDA. It can be seen that the Tcross drops by as much as ~30 °C when the phase-separated profile is lost. B) G’
values for phase-separated P-MDA and sterically bulked non-phase-separated P-MeMDA and P-EtMDA. It can be
seen that the G’ decreases by a factor ~5 when the phase-separated profile is lost.

By combining all above discussed results we can thus claim that the phase separation had
several consequences to the material properties of the polyimine CANs. First, the
transparency is affected as phase-separated materials become turbid, whereas non-phase-
separated materials are transparent. Second, and more relevantly, the dynamic mechanical
properties of the materials are affected, as a significantly higher temperature was required
to transition the materials from a rubbery to viscous state (expressed in Tcross) once phase
separation occurred. Also, the elastic modulus of the materials increased markedly for the
phase-separated materials with similar composition with respect to the aliphatic/aromatic
content.
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3.2.5 Reversing the phase separation
As we concluded before, the phase separation of P-XDA materials was dependent on the

concentration of the XDA dianiline inside the covalent adaptable network. Relying on the
intrinsically dynamic nature of this network, we envisioned that we could reverse phase
separation of phase-separated polyimines by addition of the other monomers, and thereby
decrease the overall XDA dianiline content. For this experiment we started with a phase-
separated P-TDA 20 film, with the goal to “dilute” this material to a non-phase-separated
P-TDA 10 film. To do so, we precisely weighed a piece of P-TDA 20 material. We then added
the appropriate amount of TA, TOTDDA and TREN monomers in order to decrease the total
TDA content from 20% to 10% (see Section 3.5). The P-TDA film was then swollen in
chloroform. To this sample, first a solution of TOTDDA and TREN in chloroform was added
and the mixture was shaken thoroughly. Then a solution of TA in chloroform was added,
and the mixture was shaken again. The mixture was left for overnight before the content of
the vial was poured into a petri dish. The petri dish was left open to air for 24 hours so that
most solvent was able to evaporate to air and a new polymer film was obtained. The newly
obtained film was further dried in a vacuum oven at 50 °C for another 24 hours. Then, the
new “transformed” P-TDA 10 film was measured, and we found that the phase separation
had indeed disappeared as Raman imaging no longer indicated phase-separated domains
and the polymer was transformed from a turbid to a transparent film (Figure 3.13). This
shows that the phase separation is a dynamic and reversible process, which is essential for
the development and analysis of future CANs. It also further shows that the phase
separation is a thermodynamically driven process that can be controlled and reversed.
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Figure 3.13 Reverse-phase-separation experiment to transform phase-separated P-TDA 20 (left) into non-phase-
separated P-TDA 10 (right), by addition of fresh monomers (TA, TREN and TOTDDA).
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3.3 Conclusion

In this work we introduced Raman confocal spectroscopy to construct 2D images of
polyimine CANs based on their chemical composition, leading to the discovery of a phase
separation in mainly aromatic versus aliphatic domains. The occurrence of this phase
separation was dependent on the chemical nature of dianiline monomers, and only
occurred above a threshold concentration of the dianilines. Employing the intrinsic dynamic
nature of the imine network, after phase separation, by reducing the dianiline
concentration via swelling in solvent and addition of other monomers, the phase separation
could be reversed. Without phase separation the polyimine materials appeared
transparent, while phase-separated materials appeared turbid. Also, a significant increase
in Tcross was observed once the threshold concentration of dianilines for phase separation
was crossed. Sterically demanding groups could be introduced on the dianiline monomer
structure to prevent phase separation, and loss of the phase-separated profile caused both
the Teoss and G’ to noticeably decrease. Overall, in line with the strengthening effect of
phase separation, we demonstrate that this physical-chemical strategy can be used (and
visualised by Raman imaging) to toughen polyimine CANs.

Knowledge of the occurrence and the effects of phase separation is of major importance
when designing dynamic polymer materials such as polyimines. We foresee that further
work on the origin of phase separation in dynamic polymer materials could offer a new
handle for physical-chemical tunability of material properties via a bottom-up approach,
moving away from more chemical approaches (operating at the nanometre scale) to the
micrometre scale at which phase separation occurs. Furthermore, our work shows that
Raman imaging can be applied as a powerful tool to study phase separation in CANs. As
such, we would like to stimulate its further application in the field of dynamic polymer
materials.
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3.5 Supporting Information

An overview of the most important Supporting Information is given in the following
sections. The full Electronic Supporting Information can be accessed from:
https://doi.org/10.1021/acs.macromol.2c01595.

3.5.1 Experimental setup

Raman spectroscopy

Raman spectra were recorded using a WITec Alpha 300R Raman microscope. A 784.8 nm
near-infrared laser with Topica XTRA diode was used on conjuncture with the Raman
microscope (Note: for the linear TDA+TA samples the 785 nm laser was used on low
intensity, as the samples quickly burned when too high intensity was used). The
spectrometer was a UHT300S spectrometer by WITec with a grating of 600 g/mm. The
microscope was controlled using a WITec Control FIVE suite, which was also used for initial
data processing of the Brightfield and Raman data. Further data processing was performed
using the joining WITec Project FIVE software. For Brightfield imaging, Zeiss EC Epiplan-
Neofluar objectives were used with a magnification of either 20x, 50x or 100x, and a
numerical aperture of 0.5, 0.8 and 0.9, respectively. Raman images were constructed over
an area of either 50x50, 100x100, or 150x150 pum, with resolutions of 100x100 pixels. Scale
bars are always presented in the bottom left corner of the shown image. Calibrations and
signal intensity checks were performed using a crystalline silicon substrate, for which the

Raman sighal was set at 520 cm™ as reference value.'?’
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All polymer samples were analysed by placing the film directly under the microscope. It was
then closed from the surrounding environment by placing of a costume-made black screen
around it. The screen served two purposes: to block incoming light that could potentially
interfere at the detector, and to protect the user from potential reflecting laser light.

Rheology
Rheology measurements were performed on an Anton Paar MCR501 rheometer, equipped

with a temperature-controlled plate-plate geometry and a temperature control hood for
additional thermal homogeneity (see also Section 2.5 in Chapter 2). All rheological
measurements were performed on polymer discs with a diameter of 10 mm and a thickness
(gap size) of 0.5 mm. Due to thermal expansion the gap size may slightly drift over higher
temperature domains. If needed, a normal force control of 1 N could be applied when
thermal expansion or shrinking occurred that would deteriorate contact between the
sample and geometry.

Temperature sweep experiments were performed with increments of 1 °C every 20
seconds, while the samples oscillated with a frequency of 1 Hz and a strain of 0.1%. Storage-
(G”) and loss (G’) were then plotted as a function of the temperature. The tan(6) was
calculated as G”’/G’, and was also plotted as a function of the conjunct temperature.

Creep tests were performed by applying a constant stress of 10 kPa to the samples,
following the deformation (%) over time up to a total of 1000 s. All creep tests were
performed at 20 °C and ambient atmosphere.

Atomic force microscopy

Atomic force microscopy (AFM) was performed using an Asylum MFP-3D Origin AFM
(Oxford Instruments, United Kingdom). The instrument was operated in tapping mode and
equipped with a silicon cantilever (AC240TS-R3, k = 1.3 N m™) with a nominal tip radius of
=7 nm. The acquired images were processed using Gwyddion 2.53 software.

3D multiphoton fluorescence lifetime microscopy

Multiphoton laser scanning microscopy images were recorded on a Leica SP8 DIVE
multiphoton microscope equipped with a Coherent (inc) Chameleon Vision Il Ti:Sapphire
laser. A 40x/1.1 HC PL IRAPO objective was used for both images. Fluorescence was induced
by simultaneous excitation of the sample by two photons (excitation wavelength 720 nm).
Emission was recorded between 530-570 nm. The size of each image was 145x145 um, with
a pixel size of 133x133 nm. For a 3D reconstruction, a total of 128 images were recorded in
a depth of 80 mm. For optimal results, oil was added between sample and cover glass to
alleviate the refraction index mismatch slightly.
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3.5.2 Assignment of Raman signals

Raman spectra of 20% P-XDA samples

The initial full Raman spectra of all five P-XDA (20%) materials are shown in Figure 3.14.
Three main regions in the spectra are noted: at 0-200 cm™, 1100-1250 cm™ and 1500—
1700 cm™. The signals in the region of 0200 cm™ were assigned to the aliphatic parts of
the material caused by the presence of TOTDDA and TREN, and were found to be of minor
interest compared to the other two regions that included information on the aromatic parts
and imine groups. Therefore, the following Raman spectra will be shown only from 1000-
1750 cm™.

ODA 20%
TDA 20%
KDA 20%
FDA 20%
5 SDA 20% b
il
X | il
| |
I I i
1l T A JLd
4l S VI N V1 — -
|
i
£
S5
23
@
c
@
E
2 -
[l
N ]
I\ | "
A Yo s
N I
1 N _ — J _
0L L L 1 1 1 1 1 L

0 200 400 600 800 1000 1200 1400 1600
Wavenumber (cm'1)

Figure 3.14 Full Raman spectra of 20% P-XDA materials. From top to bottom: P-ODA (blue), P-TDA (red), P-KDA

(yellow), P-FDA (purple), P-SDA (green). All spectra showed main signal regions at 0-200 cm-1, 1100-1250 cm™
and 1500-1700 cm™.
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Raman spectra of NoXDA and XDA+TA analogue samples

To accurately assign all Raman signals, analogue materials were synthesized in addition to
the P-XDA (20%) samples. These included a NoXDA sample, which contained all monomers
except the XDA, and linear XDA+TA samples, which contained only the XDA and TA
monomers. Overlaying the Raman spectra of NoXDA and XDA+TA resulted in a good
resemblance of the full P-XDA spectra (Figure 3.15), and facilitated spectrum assignment.
Together with literature data on other analogue materials (see Table 3.1 in Section 3.2.1),
each signal was allocated to a part in the material. The full assignment of signals is discussed
in more detail in the following paragraphs.
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Figure 3.15 Overlayed Raman spectra of XDA+TA (blue) and NoXDA (orange) analogues to show the resemblance
to the full P-XDA spectrum (grey line).
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Common signals from 1100-1250 cm™!

Two common peaks in this region were found for all samples at approximately 1165—
1170 cm™*and 1215-1225 cm™. Since these signals were common to all samples, they were
expected to be caused by the parts of TOTDDA, TREN, and TA. This was confirmed from the
from the Raman spectrum of NoXDA (Figure 3.16), containing each of the three mentioned
monomers. From documented literature on similar geometries the signal at 1163 cm™ could
be assigned to phenyl C-H bend vibrations of the TA parts, and the signal at 1218 cm™ could
be assigned to imine C—N stretch vibrations from the TOTDDA and TREN parts.1%0 101
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Figure 3.16 Raman spectrum of NoXDA from 1000-1750 cm™.

Common signals from 1500—-1700 cm™?
In this region, signals for aromatic rings, imines and aldehydes are commonly found.*” In the

polyimine samples, there are two clear peaks common to all samples; a strong signal at 1602
cm™ and a medium signal at 1638 cm™. Additionally, a small signal at 1563 cm™ could be
observed for NoXDA, which generally overlapped with a much stronger signal from the XDA
containing samples. From reported literature, the signals at 1563 and 1602 cm™ could be
assigned to aromatic C=C stretch vibration, and the signal at 1638 cm™ to imine C=N stretch
vibrations.%7, %8 100,101

Sample specific signals from 1100-1250 cm™?
For each sample, at around 1190 cm™, there is a signal which corresponds to the C—N signal

close to the dianiline monomer. This conclusion is based on research by Nandi et al.,*®
where a similar C—N bond between an imine group and an aromatic ring caused a signal
with a wavenumber of 1190 cm™.
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Next, a sample-specific signal in the region 1140-1160 cm™ is observed. For P-ODA, P-TDA
and P-FDA this signal appears at 1153 cm™, 1158 cm™ and 1160 cm™, respectively, while
for P-KDA and P-SDA the signal appears at approximately 1140 cm™. In this region, the C—
H bending vibration for aromatic moieties are generally observed.®*192 As such, these
signals were assigned to the phenyl C—H bend vibrations of the tuneable XDA monomer
parts.

Sample specific signals from 1500-1700 cm™!

In this region, the expected signals consist of (I) the C=C stretch vibrations for the dianiline
phenyls, () the TA signal noted before and (lll) the imine signal for the imine between
dianiline and TA.

The TA signal was once again found around 1602 c¢cm™, and assigned accordingly.
Furthermore, a signal at around 1620 cm™ is observed. This signal is assigned to the imine
between the XDA and TA monomer, specifically to the C=N stretching vibration. For
compounds with similar geometries (two phenyl rings with an imine in between),% 1% the
imine signal was also observed around 1620 cm™. Moreover, it is relatively close to the
previously established imine signal for the imines between an aliphatic chain and TA, but
shifted to slightly lower wavenumbers. Due to conjugation to the aromatic system, and thus
being slightly more stable, this is an expected position for the imine signal. Additionally, for
each sample, there are two signals in the region from 1550 cm™ to 1600 cm™. These signals
are likely caused by the XDA parts, at least one being caused by the C=C stretch vibrations
of the phenyls in the XDA. Research by Ullah et al.l°? reviewed the Raman spectra of
unreacted SDA, both using Density Functional Theory (DFT) calculations and by
experimental results. They found two signals, at 1584 cm™ and 1602 cm™ which both
corresponded to the C=C stretch in the phenyls. It is thus not unlikely that a similar split into
two signals is possible for the rest of the dianiline monomers.

3.5.3 Raman imaging analysis for fitting with a binary scale
As mentioned in the Results and Discussion (Section 3.2.2), phase separation for P-TDA

materials was observed when the dianiline content was at least 15% of the total amount of
amines. This was confirmed by Raman imaging of several samples with varying dianiline
content. The samples with a dianiline content of 12.5% and below did not show a clear
phase separation, but their binary Raman images still showed an apparent division of blue
and yellow. This was the result of the (built-in) fitting procedure within the WITec software
that for each pixel enforced an assighment to either blue or yellow, in accordance with
which reference spectrum the measured spectrum fitted best (i.e., yellow for a best fit to
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TDA+TA, and a blue colour to a best fit to NoXDA). However, by comparing the spectra of a
yellow and blue domain, it is possible to check if the two regions indeed show different
Raman spectra. As an example, Raman images of P-TDA 10 are presented in Figure 3.17.
First, a Raman image was constructed from a best fit between reference spectra of TDA+TA
and NoXDA (Figure 3.17A). Then, for both Raman images the spectra of randomly chosen
blue and yellow pixels were selected and inspected (Figure 3.17B). The Raman spectra of
the selected yellow and blue pixels appeared highly similar, suggesting that no phase
separation was present, and an artificial contrast was observed as a result of the forced
binary fit. This inspection was performed for all other Raman images as well. As such, we
could always determine retroactively if an observed phase separation profile was justified.
For comparison, the Raman image and spectra of blue and yellow colour attribution of
phase-separated P-TDA 20 are shown in Figure 3.18. Here, it can be seen that the individual
Raman spectra for yellow and blue pixels indeed resemble those of the reference TDA+TA
and NoXDA spectra. As such, we can claim that the observed phase-separated profile is real.

Raman TDA-10 both components

~—— Component 1 (yellow) |
—— Component 2 (blue)

1000 1100 1200 1300 1400 1500 1600 1700

Figure 3.17 A) Raman image of P-TDA 10, and B) Raman spectra of a random yellow and blue pixel. The Raman
spectra indicate that there is no clear difference between yellow and blue pixels in the Raman image, meaning that
no phase separation was present.

B —— Component 1 (Blue)
Component 2 (Yellow)

1000 1100 1200 1300 1400 1500 1600 1700

Figure 3.18 A) Raman image of P-TDA 20, and B) Raman spectra for a random blue and yellow pixel. The Raman
spectra show proper identification of different spectra that resemble either that of reference TDA+TA (yellow) or
NoXDA (blue). As such, the observed phase-separated profile is real.
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3.5.4 Continuous colouring scale of Raman images
To overcome problems regarding the (automated) binary pixel assignment (in either yellow

or blue), we could also manually fit and analyse the data on a continuous scale. A 256-point
scale (yellow-red-black) was applied for each pixel in the Raman image based on the ratios
of peak areas between the different signals. Relying on peak area ratio rendered our
analyses insensitive to variations in laser intensity. Images can now be constructed that
reveal more about the actual content of either the aromatic (TDA+TA) and aliphatic
(NoXDA) parts, rather than an ‘all-or-nothing’ binary fit. This method also proved efficient
to remove artefacts in the Raman images. As an example, in Figure 3.19 three binary-scale
Raman images are presented of A) a phase-separated material, B) a non-phase-separated
material giving rise to a noisy Raman image, C) a non-phase-separated material with
artefacts (diagonal lines appear over the image). In Figure 3.20, the same images are
presented on a continuous scale. Here, we clearly see that the observed phase separation
in panel A can be confirmed, and that the phases consist of high amounts of the individual
components. We also see that the noisy non-phase-separated material (in panel B) indeed
shows no phase separation, as the continuous scale shows a mostly well-blended image.
Last, we see that the artefacts in panel C are now fully removed to show a non-phase-
separated image. The continuous scale fitting can thus serve as a more reliable check to
confirm whether phase separation was indeed observed or not, or to filter artefacts. For
routine checks, we do however still use the binary fitting as a quick method to see if phase
separation is present, as it generally shows a better contrast between the borders of the
domains, and saves time due to its simple setup. The continuous scale fit can later serve as
either a check to confirm what was seen before, or to clear up artefacts or otherwise unclear
images. As such, in the Results and Discussion (Section 3.2) we provided both binary and
continuous-scale images.

remccrsmm—
21 ym

Figure 3.19 Binary scale Raman images of A) a phase-separated material, B) a non-phase-separated material giving
rise to a noisy image, C) a non-phase-separated material with artefacts as diagonal lines over the image.
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1 20pm

Figure 3.20 Continues scale Raman images of the same materials presented in Figure 3.19. Here we see that the

phase-separation can be confirmed for A, that B did indeed not phase-separate, and that the artefacts in C can be
removed to show that indeed no phase separation occurred
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Chapter 4

Abstract

Covalent adaptable networks (CANs) are a rising type of polymeric materials that consist of
covalently crosslinked polymer chains, but with the inclusion of dynamic covalent bonds,
and that can perform bond exchange reactions under equilibrium control. The dynamic
behaviour of these exchange reactions within a polymer matrix has been established to be
a key parameter in the control of the material properties. Therefore, in order to fully control
the macroscopic material properties of CANs, understanding the underlying molecular
exchange processes of these dynamic covalent bonds is essential. In this Chapter a study is
presented on the effect of polarity in polyimine-based CANs. Here, not only the network
response itself was considered, but also the —so far often overlooked- effect on the
exchange dynamics. By combining results from small-molecule kinetic studies and material
analysis it was possible to show a distinct correlation between the presence of polar
domains in the molecular structure and the thermal and dynamic mechanical properties of
the materials. More importantly, the presence of polar domains also greatly affected the
exchange kinetics of the dynamic imine bonds. On the molecular level, it was showed that
the imine exchange could be greatly enhanced (up to 20 times) when polar groups were
present near the reactive imine species. As a result, in the polymer materials, a tuneable
range of phase transition temperatures from the glass to rubber state and the rubber to
viscous state over roughly 100 °C was established as a result of either presence or absence
of polar groups in the polymer matrix. Furthermore, detailed analysis in the stress relaxation
behaviour of the polyimine materials revealed three relaxation processes, which were
attributed to the relaxation in network topology, to the imine exchange on a local level, and
to the imine exchange as a result of diffusion through the polymer network. From this
analysis is was possible to illustrate the effect of polarity on the polymer network to each
of the three relaxation mechanisms.
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4.1 Introduction

Covalent adaptable networks (CANs) are a relatively new type of polymers that exhibit the
strength of thermosets via a crosslinked network structure, but are still able to be recycled,
reshaped, and even self-healed, as a results of dynamic covalent bonds within their
molecular structure.’® These dynamic covalent bonds can perform bond exchange
reactions under equilibrium control®” while built into a polymer matrix.®° By stimulating
the exchange reactions of the dynamic covalent bonds, for example by introduction of heat
or light, a molecular flow is introduced in the material.** Several types of bond exchange
reactions have been studied over the last decade, such as transesterifications, 12 boronic

13-16 18 20

ester exchange, 1,2,3-triazolium exchange,'” diketoenamine exchange,®

(alkyl)urea exchange,?*?3 (vinylogous) urethane exchange,?*?® thiol-ene/yne exchange,?® 3

31,32 3nd imine exchange.333¢ |ndividually, each type of bond

amide-imide exchange,
exchange reaction possesses different dynamics according to the mechanism of the
exchange reaction.?” Therefore, CANs can be synthesised with selective properties based
on the type of bond exchange reaction. However, not only the type of bond exchange
reaction is determinative for the dynamic(-mechanical) response of the material, but also
the composition of the polymer matrix plays a definitive role,3® which includes for example
the crosslinking density3° or steric effects.?? For many polymeric materials, the effect of such
network characteristics has been evaluated for their influence on the material properties at
the macroscopic level.?> 2% 40 However, as the dynamic-mechanical properties of these
materials are directly influenced by the underlying molecular exchange reaction,?% 4+ %2
further understanding of the specific effects of polymer composition on the molecular bond

exchange of dynamic covalent bonds in CANs is still essential.3% 43

Tailoring the flexibility of polymer chains is a classic example of a commonly applied
parameter to tune material properties, and a conventional approach for enhancing this
flexibility is by incorporating ethylene oxide (EOQ) moieties in the polymer,** as the energy
barrier for rotation of the C—O bond in ethers is considerably lower than C—C bond rotation
in alkanes. For this reason, ethylene oxides and similar ether moieties are frequently found
in CANs.3%45%% One factor that is however mainly overlooked when it comes to these ether
moieties is the concomitant induced polar effect on the polymer network (dynamics), which
was previously reported for materials that rely on ion transport.>® 3! For example, in the
study by Zhao and co-workers, the differences between polar EO linkers and apolar alkyl
linkers were noticeable as a significant decrease in the glass transition temperature (Tg), as
well as an increased conductivity for the polar EO-containing materials.>® Furthermore, in
a recent study by Polgar and co-workers on Diels-Alder-based CANSs, polarity-induced
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effects as a result of introduced acetate groups were shown to affect cluster formation
within the material.>? Also in recent work on vitrimer-like anilinium salt CANs, solvation
effects as a result of polar groups have been proposed.* These works thus suggest that such
polarity differences in CANs can have greater consequences to the behaviour on both
macroscopic and molecular level than is typically assumed. Additionally, such polar effects
could play a distinct role in the kinetics of the bond exchange reactions in CANs, which is a
key parameter to their dynamic features.?

NH,
PRIV T OA@\/O
o
N
DA-X A HaN" > NH,
DA-C X = CH, TREN
DA-O X=0
THF
HN’} 20°C
J/N\/\NAQ\/ H,r”
N /NV\X/\/X\/\N/ N
,.r"‘“ /N\/\N/r
PIC X =CH, PI-X H
PO X=0 {

£
Figure 4.1 Reaction scheme for the formation of dynamic polyimine CANs from terephthalaldehyde (TA),

tris(2-aminoethyl)amine (TREN) and a tuneable diamine (DA-X) with built-in domains being either polar (X = O) or
apolar (X = CH.) of nature.

To investigate the role of polarity-induced effects by EO moieties, CANs consisting of
dynamic imine bonds were used in this chapter (see Figure 4.1). In Chapter 2 it was shown
that the dynamic mechanical properties of such polyimines materials were very dependent
on the molecular composition of the material, and thus offer broad tuneability.
Furthermore, imines are favourable materials as they can be readily synthesised from a
condensation reaction between an aldehyde and amine at room temperature, without a
catalyst, and with water as the only side product.>* >> While earlier work on polyimine CANs
already described the effect of solvent polarity,”® >’ and moisture sensitivity,>® the
quantification of polar effects in the polymer matrix itself on the imine exchange has not
been addressed in great detail yet. Therefore, in this study we synthesised different
polyimine materials with varying polar/apolar moieties (also in different components) of
the polymer network. With a combination of kinetic studies using small-molecule analogues
by NMR analysis, and temperature-dependent rheology experiments on the network
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polymers, is was possible to dissect the effect of the polarity in the material on both the
macroscopic level, and that of the molecular bond exchange. Furthermore, a better
understanding in the relaxation behaviour of CANs was obtained, as is was observed that
the stress relaxation proceeded in three individual phases.

4.2 Results and Discussion

4.2.1 Small-molecule bond exchange studies
For the initial kinetic evaluation of the bond exchange reaction, two same-sized diamine

monomers (DA-X) were selected (Scheme 2). The first consisted of a fully carbon octane
chain (DA-C), and the second included two oxygen atoms on the 3’ and 6’ position of the
chain (DA-O) to represent the EO moiety. Once the amines have reacted with an
appropriate aldehyde, imines are formed. These imines can then perform bond exchange
reactions via either a transimination reaction with a primary amine, or via imine metathesis
with another imine.> In this section, the study of the kinetics of both these exchange
reactions will be divided in four parts: 1) transimination for which the tuneable monomer
acts as the nucleophile, 2) transimination for which the tuneable monomer acts as the
electrophile, 3) metathesis for which the tuneable monomer acts as the nucleophile, and
4) metathesis for which the tuneable monomer acts as the electrophile (Figure 4.2). The
material that is added in excess acts as the attacking moiety. The excess is required to obtain
a pseudo-first-order reaction towards formation of the new imine, as a 1:1 ratio would
result in an equilibrium between starting compound and product. In the transamination
reactions (Figure 4.2A and 4.2B) the primary amine acts as the nucleophile, which will attack
on the carbon atom of the imine bond.*® For the imine metathesis reactions (Figure 4.2C
and 4.2D) the material that is added in excess is considered as the attacking party
(nucleophile), as the exchange reaction of the starting material with the excess material will
be the most prominent until new equilibrium is reached.
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A) Transimination for which the tuneable monomer (DA-X) acts as nucleophile.

HEN/\/X\/\X/\\/NHZ @AN/\VX\/\XA\‘/NHZ
DA-X (Excess) IAX
+ JE— - +
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B) Transimination for which the tuneable monomer (DI-X) acts as electrophile.
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C) Imine metathesis for which the tuneable monomer (DI-X) acts as nucleophile.
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Figure 4.2 Overview of imine exchange reactions. A) Transimination with DA-X as nucleophile, B) transimination

with DI-X as electrophile, C) imine metathesis with DI-X as nucleophile, and D) imine metathesis with DI-X as
electrophile.
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For the first transimination reaction, in which DA-X is the nucleophile (Figure 4.2A), a benzyl
imine (BI) was synthesised and dissolved in CDCls. An excess of DA-X was then added to
push the reaction towards formation of the imine on the tuneable diamine chain (I1A-X) and
freeing the benzylamine (BA) from the starting benzyl imine (Bl) in a pseudo-first-order
fashion. The conversion over time was followed using *H NMR by integration of the imine
signals of Bl and IA-X. The data (Figure 4.3A) were fitted using the equation for first order
reaction kinetics to obtain the reaction rate constant (k) for the exchange reaction. The
determined k values for all exchange reactions have been combined in Table 4.1.
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Figure 4.3 Conversion over time for A) transimination with DA-X as nucleophile, B) transimination with DI-X as
electrophile, C) imine metathesis with DI-X as nucleophile, and D) imine metathesis with DI-X as electrophile. Data

points were fitted according to first-order kinetic model. Note the different time scale on the x-axis for each plot.

For the second transimination reaction, in which DI-X is the electrophile (Figure 4.2B),
imines DI-C and DI-O were first synthesised. The imines were then dissolved in CDClz and
an excess of benzylamine (BA) was added to push the reaction towards the formation of
the benzyl imine (BI) and transformation of the imines of the tuneable chains back to amine
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monomer (DA-X). The conversion over time (Figure 4.3B) was followed using *H NMR by
integration of the imine signals of DI-X and BI. Reaction rate constants (k) were obtained
using the same procedure as before and are also presented in Table 4.1.

For the first metathesis reaction, in which DI-X acts as nucleophile (Figure 4.2C), a toluene
imine (T1) was first synthesised and dissolved in CDCls. An excess of the tuneable imine chain
(DI-X) derived from benzaldehyde was then added to push the reaction towards the
formation of the benzyl imine (BI). The conversion over time (Figure 4.3C) was followed over
time, and k (Table 4.1) was determined following the same procedure as before.

For the second metathesis reaction, in which DI-X acts as electrophile (Figure 4.2D), DI-X
was reacted with an excess of Tl to push the reaction towards the formation of the bis-
toluene imine chain (tol2-DI-X). The conversion over time (Figure 4.3D) was followed over
time and k (Table 4.1) was determined following the same procedure as before.

Table 4.1 First-order rate constants (k) for the imine exchange reactions, in 103 s,

X Transimination Transimination Metathesis Metathesis
(Nucleophilic) (Electrophilic) (Nucleophilic) (Electrophilic)

CH: 0.33+0.01 1.68 £+ 0.33 0.20 £ 0.02 0.44 + 0.07

(0] 0.32 +0.03 8.88 +0.92 2.30+0.17 8.69+1.20

From the combined data (in Table 4.1) we observed that for the transimination reaction in
which the DA-X acts as a nucleophile, that the k values were similar for the apolar and polar
compound, which thus implies that the presence of the more polar EO moiety in the
molecule has no observable effect on the reaction rate. However, for the transimination in
which DI-X acts as electrophile, we observed that the ether-containing molecule yielded a
five-fold higher reaction rate. These results together suggest that the reactivity of the amine
is not affected by the presence or absence of the polar EO moiety in the material, but the
reactivity of the imine is affected: the presence of the ether moiety enhances the reaction
rate fivefold compared to the alkyl chain. The observation that imines are more affected by
the polar effect than the amines might be explained by their prominent charge separation
via the (conjugated) C=N double bond. The transimination reaction can also be catalysed by
trace amount of acid (which could even be water) via protonation of the imine nitrogen
before formation of the aminal intermediate, and therefore result in faster exchange.* As
this charged species would be stabilised better in polar media, in addition to the availability
of oxygen lone pairs to transfer the H*, this could explain the enhanced reaction rate for the
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EO-containing material. This acid-catalysed reaction would also only affect the reactivity of
the imine, which could explain why no difference in k was observed for different amines.
For the metathesis reactions we observed that the reaction rate increased significantly
(more than 10-fold) for the polar, EO-containing linker for both the nucleophilic and the
electrophilic reaction. Furthermore, we observed that the electrophilic effect (~20-fold rate
enhancement) was slightly more prominent than the nucleophilic effect (~10-fold rate
enhancement), which suggests that the imines of the more polar EO containing molecules
are somewhat more prone to being attacked relative to performing the attack. Just as for
the transimination reaction, trace amounts of acid could catalyse the metathesis, and the
same effects regarding polarity in the molecules could be proposed. Additionally, trace
amounts of (unreacted) primary amine could enhance the reaction rates via a series of fast,

uncatalysed transimination reactions producing metathetic products.® 6!

In conclusion, from the small-molecule kinetic studies we could clearly observe that imines
of the more polar, EO-containing molecules showed significantly higher imine exchange
rates, compared to the apolar, alkyl-linked molecules. This prompted us to investigate
whether these differences in molecular exchange kinetics would also manifest themselves
when these exchangeable imine groups are incorporated into a polymer matrix, by
revealing different dynamic and/or thermal material properties dependent on the nature
(i.e., polarity) of the used linker.

4.2.2 Thermal properties of polyimine networks

Initially the thermal properties of the polyimine materials were studied. To this end, the

polymers were synthesised using the DA-X monomer, in combination with
terephthalaldehyde (TA) and tris(2-aminoethyl)amine (TREN) (Scheme 1). The synthesis
was performed in THF at room temperature, followed by drying in vacuo at 50 °C, according
to the reported polymerisation procedure for polyimine materials in Chapter 2. Two
polyimine materials were synthesised: PI-C, containing the alkyl-linked diamine monomer
DA-C, and PI-O, containing the EO-linked diamine monomer DA-O (see Figure 4.1 in the
Introduction). Before the materials were analysed with the use of rheology, they were
hot-pressed into flat discs with a 10 mm diameter and 0.4 mm thickness. As the monomer
ratios were constant, and the molecular lengths of DA-C and DA-O are similar, the
crosslinking density was assumed to be identical for both PI-X materials.

Using rheology, a temperature sweep experiment was performed in which the storage (G’)
and loss (G””) modulus were measured as a function of the temperature (Full experimental
details are provided in the Supporting Information, Section 4.5.2). From the G’ and G”
curves (Figure 4.4), typically two phase transitions of the materials were observed: from the
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glassy to the rubber state and from the rubbery to the viscous state. The glass-to-rubber
phase transition can typically be observed as a steep decrease in the G’ when the glass-like
material is heated,?? and is generally referred to as the glass transition temperature (Tg).
The phase transition from rubber to a viscous state (i.e., from a viscoelastic solid to a
viscoelastic liquid) can be noticed from a second steep drop in G’ at increasing temperature,
or can sometimes be better visualised at the crossover point of G’ and G” (i.e., where
tan(8) = 1).° We will therefore refer to this point as the crossover temperature (Tcross).®?
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Figure 4.4 Representative temperature sweep curves of A) PI-C and B) PI-O, where the vertical blue line indicates
the glass-rubber transition (Tg) and the vertical red line indicates rubber-viscous transition (Tcross). C) Visual
representation of the glass, rubber and liquid phases of PI-O (top) and PI-C (bottom) as a function of the
temperature.

From the temperature sweep curves of PI-O and PI-C, we observed that both phase
transitions for PI-O occurred at significantly lower temperature than PI-C. The decreasing
phase transition temperatures for the polar materials are in agreement with the results
from the kinetic experiments. As was discussed before, the more polar EO-containing
molecules showed faster bond exchange, which translates to more dynamic materials. As a
result, the phase transition temperatures decrease. Furthermore, the rubbery domain of
the PI-C materials is relatively small (temperature range of 19 °C) compared to PI-O
(temperature range of 62 °C). This could be attributed to a lack of chain mobility in the
polymer network of PI-C due to poor chain diffusion.
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Apart from the polar effect in the diamine monomer, we also considered the effect of more
polar EO-containing chains in the aldehyde monomer. Therefore, we synthesised two
dialdehyde monomers (AL-X) that differ in their linker, similar to those of the previously
used diamines, where one monomer included a Cs alkyl chain, and the other includes the
EO moiety (Figure 4.5).

-z
O/\/ \/\X/\/

AL-O X=0

Tl

Figure 4.5 Molecular structure of the tuneable dialdehyde monomer (AL-X), for which X is either CH2 (AL-C, apolar
chain) or O (AL-O, polar chain).

With two different aldehyde (AL-X) and two diamine (DA-X) monomers we could synthesise
four different polyimines (crosslinked with TREN via the same procedure as before): both
diamine and dialdehyde are polar (i.e., EO-containing linker, PI-O0), both diamine an
dialdehyde are apolar (i.e., alkyl linker, PI-CC), the diamine is polar and the dialdehyde is
apolar (PI-OC), the diamine is apolar and the dialdehyde is polar (PI-CO).

A temperature sweep experiment was performed on the four polyimine samples using the
same rheology setup as before to determine the phase transition temperatures (Figure 4.6).
From the results we can draw a clear conclusion that the increasing polarity lowers both
phase transition temperatures. In the extreme case where both the aldehyde and amine
chains are polar (PI-O0) the phase transition of glass to rubber was observed at a
temperature as low as 1 °C and the phase transition from rubber to liquid at 37 °C. If we
compare this to the other extreme where both monomers were apolar (PI-CC), we observed
a phase transition from glass to rubber at 119 °C, and a phase transition from rubber to
liquid above 150 °C. This means that the phase transition temperatures were increased by
more than 100 °C by simply replacing the polar linkers for apolar ones (that vary only in two
of the eight atoms that make up the linker). When only one of the monomers —either de
dialdehyde or diamine—was polar, we observed that the phase transition temperatures was
found in between the two extremes. Comparing the PI-OC and PI-CO individually shows that
the phase transition from glass to rubber is similar (57 °C for PI-OC and 59 °C for PI-CO), but
the phase transition from rubber to viscous phase occurred at slightly higher temperatures
for PI-OC (83 °C) compared to PI-CO (68 °C). This means that the presence of polar domains
in either the diamine or dialdehyde monomer decreases the phase transition temperatures
of the polyimine materials, with the addition that the presence of EO moieties in the
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dialdehyde monomer is slightly more effective in lowering the rubber-to-glass phase
transition, and therefore shortening the rubber phase of the material. This slight difference
between the effect of polar groups in either the aldehyde or amine monomer could possibly
be explained by other, secondary interactions within the network, for example, in relation
to the aromatic moieties being present next to the EO moiety.

PI-CC
PI-OC
[ Liquid
[ |Rubber
PI-CO N Glass
0 25 50 75 100 125 150

Temperature [°C]

Figure 4.6 Visual representation of the glass (blue), rubber (yellow) and liquid/viscous (red) phases of the PI-XX
materials as a function of the temperature.

4.2.3 Stress relaxation of polyimine networks

Next to the thermal properties, the stress relaxation behaviour of PI-C and PI-O was also
investigated (see Section 4.5.3 in the Supporting Information for full experimental details).
In this relaxation process, we observed multiple relaxation phases, as can be seen in the
normalised stress relaxation plots (Figure 4.7). Please note that for PI-C and PI-O different
temperatures needed to be selected in order to study the relaxation behaviour. The

relaxation curves could not be accurately fitted to a one-component Maxwell model that is
commonly used for the determination of relaxation times ( 7) in CANs.%® However, the data
could be fitted with a three-component function (see Section 4.5.3 in the Supporting
Information), revealing that three individual modes of relaxation (with corresponding
relaxation times) occur within the material: a fast, intermediate and slow process. The
relaxation curves for PI-O and PI-C were measured at several temperatures within their
rubber state and at every given temperature the three relaxation times were determined
(Table 4.2 for PI-O and Table 4.3 for PI-C). All relaxation curves are included in Section 4.5.3
in the Supporting Information.
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Figure 4.7 Normalised 3-step relaxation curves for PI-C at 140 °C (blue) and PI-O at 20 °C (red).

From the relaxation times of PI-O (Table 4.2) we observed a clear temperature dependency
for each of the three relaxation processes: 71 changed by a factor ~3.5 over a temperature
range of 35 °C, 2 by a factor ~8, and 73 by a factor ~40. When we compared these
observations to the relaxation times of PI-C (Table 4.3), we found distinct differences.
Firstly, we observed that both 71 and 73 seem to be largely independent of the temperature
for PI-C. However, 72 was dependent on the temperature, as the relaxation time changed
by a factor ~2 over a temperature range of 35 °C.

Table 4.2 Relaxation times ( 7) for the three relaxation processes of PI-O at several temperatures within the rubbery
domain of the material.

T(°C) 71 (ms) 72 (ms) 73 (ms)
20 13.7 4.4 x 102 18.4 x 103
25 13.2 3.3 x 10? 9.6 x 10°
30 12.1 2.3 x 10? 5.1x 103
35 9.0 1.4 x 10? 2.8x103
40 7.3 1.0 x 102 1.6 x 10°
45 5.5 0.74 x 10? 1.0 x 103
50 5.0 0.63 x 10? 0.67 x 10°
55 4.1 0.56 x 102 0.46 x 103
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Table 4.3 Relaxation times (7) for the three relaxation processes of PI-C at several temperatures within the rubbery
domain of the material.

T(°C) 71 (ms) 72 (ms) 73 (ms)
140 <1 1.12 x 10? 49 x 103
145 <1 0.94 x 10? 37 x 103
150 <1 0.83 x 10? 32 x 103
155 <1 0.77 x 10? 36 x 103
160 <1 0.70 x 102 38 x10°
165 <1 0.65 x 10? 48 x 103
170 <1 0.59 x 10? 47 x 103
175 <1 0.56 x 10? 48 x 103

Based on the observed three-step relaxation process and determined 7values as a function
of the temperature, we propose three modes of relaxation to each of the relaxation phases,
with corresponding 7. The initial response (1) of the material when it is exposed to a stress
was attributed to chain rearrangements in the material.®* ® This process is generally very
fast, but quickly reaches it maximum potential due to the crosslinked structure of the
polymer network.® ¢ Therefore, in order to fully relax the materials, additional relaxation
through bond exchange is required.®” We do however see that this additional relaxation
through bond exchange proceeds on two different timescales (72 and 73). This separation in
two timescales could be attributed to imine exchange on a local level (72), meaning
exchange between imines groups that are in close proximity, and secondly by imine
exchange through diffusion ( z3). The latter occurs on a slower timeframe, as this mechanism
requires the imine groups to diffuse through the network as well as find partnering imine
groups to perform the bond exchange. The concept of diffusion and flow in the materials
could be provided by reptation theory,® © which applies to random Brownian movement
of polymer strains in entangled macromolecular structures,’® and could be extrapolated to
dynamic polymer networks as well.”? More flexible chains would show an enhanced
reptation process (better “slithering” of chains),”* which in turn promotes the availability of
imines as they move better through the medium.

Regarding the mentioned three relaxation mechanisms, we can then further discuss the
observations on the stress relaxation behaviour between the polar PI-O and apolar PI-C
material. As can be seen in Table 2, each of the relaxation phases for PI-O was significantly
influenced by the temperature, whereas for PI-C (Table 4.3) only > showed a clear
temperature response. The temperature response of the imine exchange is expected,
although the absence of a clear temperature response for the imine exchange through
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diffusion (73) is peculiar. An explanation for this absence might be found in earlier work on
cluster formation of exchanging polar groups in apolar polymer networks.>? The diffusion of
imine groups in the apolar PI-C material might be limited as the polar imine groups tend to
cluster together. This would mean that the local imine exchange becomes the main
exchange pathway as the imine groups are already in close reach to each other, and the
diffusion of imine groups through the polymer matrix is limited. The observation that 1
showed stronger temperature response for the polar PI-O material (factor ~8 over 35 °C
range) over the apolar PI-C material (factor ~2 over 35 °C range) suggests that the increasing
polarity in the polymer network also enhances the thermal response if the imine exchange.
As 71 was found to be independent of the temperature for the apolar PI-C, this suggests
that the glass transition of the material is mainly caused by the imine exchange, whereas
for the polar PI-O material the flexibility within the material might also contribute to the
softening of the material. Lastly, this could also add to the observation that the 73 in PI-O
showed a significant temperature response (factor ~40 over 35 °C) as both the imine
exchange and network flexibility are enhanced by increasing the temperature.

Overall, we can conclude that 71 can be linked to reptation and is affected by the flexibility
of the polymer chains.”? Additionally, the ease of reptation alters the diffusion and
availability of exchanging imine groups, affecting 3. Cluster formation of exchanging groups
as a result of polarity in the polymer network might cause additional alterations to 3, as
well as to 72.52 The temperature dependency of the imine exchange further applies to both
2 and 13. Lastly, our supporting kinetic data from the NMR experiments showed a clear
correlation between the rate of imine exchange and presence of polar EO groups, which
applies again to both 72 and 7.

Determination of the relaxation behaviour of the PI-XX materials was harder to achieve as
the materials were generally very brittle, with the exception of PI-0O0, and would break
easily at the required applied stress. Measurements in the liquid phase of the materials
were also unsuccessful as relaxation times were too short (<1 ms) to properly analyse.
Therefore, no in-depth stress relaxation analysis could be performed on these materials.
Only for the PI-O0 material (Table 4) we were able to analyse the relaxation behaviour, for
which we observed a relatively similar trend in the three relaxation phases as the PI-O
material (Table 2). This resemblance may result from the fact that both materials contain
the polar EO linkers. Note however that the two materials have different crosslinking
densities and polarity effects, as the PI-O material contains the small TA dialdehyde
monomer, and PI-00 contains the longer AL-O dialdehyde monomer that also contains an
additional polar EO linker.
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Table 1 Relaxation times (7) for the three relaxation processes of PI-O0 at several temperatures within the rubbery
domain of the material.

T(°C) 71 (Ms) 72 (ms) 73 (Ms)
15 11.0 3.7 x 102 12.2 x 103
20 10.0 2.7 x 102 7.3 x103
25 8.0 1.7 x 102 4.0x 103
30 5.7 1.1 x 10? 2.2x10°
35 4.1 0.76 x 102 1.3x103
40 2.7 0.58 x 102 8.6 x 102
45 2.3 0.52 x 102 6.4 x 102
50 1.4 0.50 x 102 4.8 x 102

4.3 Conclusion

Ethylene oxide and similar ether groups are commonly applied in (dynamic) polymer
materials to increase flexibility of the material. What should however not be overlooked in
the case of CANs, is the polarity-induced effect of these ethylene oxide groups on the
kinetics of the dynamic covalent bond exchange, which in turn results in alteration of the
dynamic-mechanical properties of the material. In this study, we showed that the dynamic
exchange behaviour in polyimine CANs could be related to polarity effects in the polymer
matrix. Kinetic studies on small molecules revealed that the reaction rates of imine
exchange could be enhanced by introduction of more polar ethylene oxide groups when
compared to apolar purely aliphatic carbon chains in the monomer. Additionally, from
rheology studies on the crosslinked polymer materials we concluded that the addition of
the more polar ethylene oxide groups resulted in a higher dynamic response in the
materials, which was reflected in a decrease in the phase transitions from glass to rubber
(Tg), and from rubber to viscous state (Tcross). Furthermore, extensive investigations into the
stress relaxation behaviour of the materials revealed a gradual three-phase relaxation
process. These were appointed to relaxation by chain redistribution within the polymer
network, relaxation via imine exchange on local level, and imine exchange after diffusion
through the network. This division in three relaxation processes within one material offers
a better physical-chemical understanding of the dynamic behaviour of CANs and how
molecular interactions within the polymer matrix relate to macroscopic properties of the
material. These results firstly reveal the subtle, sometimes unexpected, effect that small
changes in molecular structure can have on material properties, as reflected here in the
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particular changes in the multi-step relaxion processes. Moreover, we envision that this
multi-step relaxation could also be applied to other CANs to achieve a more precise insight
in, and ultimately control over, the molecular dynamics of the material.
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4.5 Supporting Information

An overview of the most important supporting information to this chapter is given below.

The full electronic supporting information (ESI), corresponding to the published article, is
available online at: http://dx.doi.org/10.1039/DOPY01555E.

4.5.1 Small-molecule kinetic studies

Transimination with (DA-X) as nucleophile

(E)-N-benzyl-1-phenylmethanimine (BI) (0.010 mmol, 1.9 uL) was dissolved in 0.50 mL
CDCls. Then the dianiline (DA-X) (0.10 mmol, 14.4 mg for DA-C or 14.6 mg for DA-I) was
added to the solution at room temperature. The mixture was briefly shaken and the

conversion of Bl to IA-X (see Figure 4.2A in the Results and Discussion, Section 4.2.1) was
followed over time using H NMR by integration of the imine signals of the corresponding
materials. The imine signal of BI-l was typically observed around 8.40 ppm, the imine signal
of IA-C was typically observed at 8.25 ppm, and the imine signal of I1A-O was typically
observed around 8.29 ppm.

Transimination with DI-X as electrophile
Diimine (DI-X) (0.010 mmol, 3.20 mg for DI-C or 3.24 mg for DI-O) was dissolved in 0.50 mL
CDCls. Then benzylamine (BA) (0.40 mmol, 44 plL) was added to the solution at room

temperature. The mixture was briefly shaken and the conversion of DI-X to Bl (see
Figure 4.2B in the Results and Discussion, Section 4.2.1) was followed over time using *H
NMR by integration of the imine signals of the corresponding materials. The imine signal of
DI-C was typically observed at 8.28 ppm, and the imine signal of Bl was typically observed
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at 8.40-8.41 ppm. The imine signal of DI-O was typically observed around 8.26 ppm when
both ends were imines, and around 8.30 ppm when one end remained an imine and the
other was already transformed back to amine.

Imine metathesis with DI-X as nucleophile

(E)-N-benzyl-1-(p-tolyl)methanimine (T1) (0.010 mmol, 2.2 pL) was dissolved in 0.50 mL
CDCls. Then the diimine (DI-X) (0.20 mmol, 64.1 mg for DI-C or 64.9 mg for DI-O) was added
to the solution at room temperature. The mixture was briefly shaken and the conversion of

Tl to Bl (see Figure 4.2C in the Results and Discussion, Section 4.2.1) was followed over time
using 'H NMR by integration of the imine signals of the corresponding materials. The imine
signal of Tl was typically observed around 8.37 ppm and the Bl imine signal was typically
observed around 8.41 ppm.

Imine metathesis with DI-X as electrophile
Diimine (DI-X) (0.010 mmol, 3.20 mg for DI-C or 3.24 mg for DI-0) was dissolved in 0.50 mL
CDClz. Then Tl (0.20 mmol, 43 uL) was added at room temperature. The mixture was briefly

shaken and the conversion from DI-X to tol2-DI-X (see Figure 4.2D in the Results and
Discussion, Section 4.2.1) was followed over time using *H NMR by integration of the imine
signals of the corresponding materials. The imine signal of DI-X was typically observed
around 8.31 ppm, and the imine signal of tol>-DI-X was typically observed around 8.27-8.28
ppm. The intermediate tol-DI-X (one benzene and one toluene imine) would therefore show
one signal at 8.31 ppm and one at 8.27-8.28 ppm. This was included in the integration of
the imine signals.

4.5.2 Temperature sweeps

All temperature sweep experiments were measured on polymer discs with a 10 mm
diameter and 0.40 mm thickness. A constant strain of 0.1% with a frequency of 1 Hz was
introduced while gradually heating the sample with 1 °C per 10 s. Storage (G’) and loss (G”’)
moduli were plotted as a function of the temperature. The temperature sweep curves for
PI-C and PI-O are presented in Figure 4.4 in the Results and Discussion (section 4.2.2), and
the curves for the PI-XX materials are presented in Figure 4.8 below.
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Figure 4.8 Temperature sweep curves of PI-O0 (top left), PI-CC (top right), PI-OC (bottom left), and PI-CO (bottom

right).

4.5.3 Stress relaxation

Stress relaxation experiments were performed on polymer discs with a 0.40 mm thickness

and 10 mm diameter. The samples were exposed to a 1% strain and the relaxation modulus

(G(t)) was measured as a function of the time at several temperatures within the rubbery

domain of the material. The data were visualised by plotting the relaxation modulus as a

function of the time. The data
function of exponential decay:

G(t) = Ay xexp (;—f) + A, * exp (;—:) + Az xexp (;_:)

of the relaxation curves were fitted with a 3-component

(Equation 4.1)
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where the first, second and third components were assigned to the network relaxation,
imine exchange on local level, and the imine exchange through diffusion, respectively. The
relaxation curves for PI-O, PI-O and PI-O0 are shown in Figure 4.9.

12 4
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Figure 4.9 Stress relaxation curves of PI-O (top left), PI-C (top right), and PI-OO (bottom). Data points were fitted
according to a 3-component exponential decay.

4.5.4 General procedure for polymer synthesis

Tris(2-aminoethyl)amine (30 pL, 0.20 mmol) and diamine (DA-C: 534 mg, 3.70 mmol or
DA-O: 540 pL, 3.70 mmol) were dissolved in 5 mL THF. Then the dialdehyde (TA: 537 mg,
4.00 mmol or AL-C: 1.42 g, 4.00 mmol or AL-O: 1.43 g, 4.00 mmol) was added, and the
mixture was shaken until a homogeneous solution was obtained. The solution was poured

into a petri dish and left for overnight. To remove remaining solvent and formed water from
the polymers, they were further dried in a vacuum oven at 50 °C for another day. FT-IR was
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used to check full conversion of the aldehydes (1700 cm™) to imine (1640 cm™). In order to

further analyse the materials with rheology, they were hot-pressed (max. 40 N and 150 °C,
depending on the material) into discs with a 10 mm diameter and 0.4 mm thickness.

4.5.5 Synthetic Procedures

(E)-N-benzyl-1-phenylmethanimine (BI)
e 7 S, M Benzaldehyde (0.52 mL, 5.1 mmol) and benzylamine (0.56 mL,

2 10
©/\§A©12 5.1 mmol) were dissolved in dichloromethane (50 mL).
3 5 15 13

Molecular sieves (3 A) were added and the mixture was stirred

at room temperature for 3 hours. Afterwards, the mixture was
filtered over Celite®. The filtrate was concentrated in vacuo to obtain the product as a clear
yellow liquid with a 99% yield.

Rs: 0.55 (EtOAc/heptane 1:9).

14 NMR (400 MHz, CDCls, 8): 8.41 (s, C9-H, 1H), 7.81-7.78 (m, C11-H + C15-H, 2H), 7.44-7.43
(m, C12-H + C14-H, 2H), 7.42 (m, C13-H, 1H), 7.36-7.35 (m, C1-H + C2-H + C4-H + C5-H, 4H),
7.30-7.25 (m, C3-H, 1H), 4.84 (s, C7-H, 1H).

13C NMR (100 MHz, CDCls, 8): 162.6 (C9), 138.9 (C6), 136.3 (C10), 131.6 (C12 + C14), 128.7
(C13), 128.6 (C2 + C4), 128.4 (C11 + C15), 128.1 (C1 + C5), 126.2 (C3), 65.2 (C7).

(E)-N-benzyl-1-(p-tolyl)methanimine (TI)

s T 7 O M p-Tolualdehyde (0.59 mL, 5.0 mmol) and benzylamine (0.55
’

O/\';‘ " mL, 5.0 mmol) were dissolved in dichloromethane (50 mL).

’ " ° 775, Molecular sieves (3 A) were added and the mixture was stirred

at room temperature for 3 hours. Afterwards, the mixture was
filtered over Celite®. The filtrate was concentrated in vacuo to obtain the product as a
colourless liquid with a 98% yield.

Rs: 0.51 (EtOAc/Heptane 1:9).

14 NMR (400 MHz, CDCls, 8): 8.38 (s, C9-H, 1H), 7.70-7.68 (d, J = 8.2 Hz, C11-H + C16-H, 2H),
7.36-7.35 (m, C1-H + C2-H + C4-H + C5-H, 4H), 7.30-7.26 (m, C3-H, 1H), 7.25-7.23 (t, J = 8.3
Hz, C12-H + C15-H, 2H), 4.83 (s, C7-H, 2H), 2.40 (s, C14-H, 3H).
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13C NMR (100 MHz, CDCls, 8): 162.1 (C9), 141.2 (C13), 139.6 (C6), 133.7 (C10), 129.5 (C12 +
C15), 128.6 (C2 + C4), 128.4 (C11 + C16), 128.1 (C1 + C5), 127.1 (C3), 65.2 (C7), 21.6 (C14).

(1E,1'E)-N,N'-(octane-1,8-diyl)bis(1-phenylmethanimine) (DI-C)
23 Benzaldehyde (0.63 mL, 6.2

8 0 12 14 16 18 20 dissolved in dichloromethane (50

mL). Molecular sieves (3 A) were

24 22 P
s . . " 5 s 17 mmol) and 1,8-diaminooctane
e N U U U VLN 21 (045 g, 3.1 mmol) were
4 N 19
3 1

2
added and the mixture was

stirred at room temperature for 3 hours. Afterwards, the mixture was filtered over Celite®.
The filtrate was concentrated in vacuo to obtain the product as a white crystalline solid with
an 84% vyield.

Rs: 0.45 (EtOAc/Heptane 1:9).

'H NMR (400 MHz, CDCls, 6): 8.27 (s, C7-H + C18-H, 2H), 7.73-7.71 (m, C1-H + C5-H + C20-H
+ C24-H, 4H), 7.41-7.40 (m, C2-H + C3-H + C4-H + C21-H + C22-H + C23-H, 6H), 3.62-3.58 (t,
J=7.2 Hz, C9-H + C16-H, 4H), 1.71-1.68 (m, C10-H + C15-H, 4H) 1.36 (m, C11-H + C12-H +
C13-H + C14-H, 8H).

13C NMR (100 MHz, CDCls, 8): 160.9 (C7 + C18), 136.5 (C6 + C19), 130.6 (C3 + C22), 128.7 (C2
+C4 +C21 +C23), 128.2 (C1 + C5 + C20 + C24), 62.0 (C9 + C16), 31.0 (C10 + C15), 29.5 (C12
+C13), 27.5 (C11 + C14).

(1E,1'E)-N,N'-((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(1-phenylmethanimine)
(DI-O)

23 Benzaldehyde (0.63 mL, 6.2 mmol) and

24 22
5 7 o M 4z 15 7 1,2-bis(2-aminoethoxy)ethane (0.45 mL,
4 6 \N/\/O\/\O/\/N\ 21 31 .
Sas -
;

M S mmol) were  dissolved in

3 dichloromethane (50 mL). Molecular

2 o
sieves (3 A) were added and the mixture
was stirred at room temperature for 3 hours. Afterwards, the mixture was filtered over
Celite®. The filtrate was concentrated in vacuo to obtain the product as a colourless oil with

an 82% vyield.

Rs: 0.45 (EtOAc/Heptane 1:9).
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H NMR (400 MHz, CDCls, 6): 8.28 (s, C7-H + C18-H, 2H), 7.73-7.71 (m, C1-H + C5-H + C20-H
+ C24-H, 4H), 7.41-7.39 (m, C2-H + C3-H + C4-H + C21-H + C22-H + C23-H, 6H), 3.77 (s, C10-
H + C12-H + C13-H + C15-H, 8H), 3.63 (s, C9-H + C16-H, 4H).

13C NMR (400 MHz, CDCls, 8): 162.8 (C7 + C18), 136.3 (C6 + C19), 130.8 (C2 + C4 + C21 +
€23), 128.7 (C3 + C22), 128.3 (C1 + C5 + C20 + C24), 70.9 (C10 + C15), 70.7 (C12 + C13), 61.3
(C9 + C16).

4,4'-(octane-1,8-diylbis(oxy))dibenzaldehyde (AL-C)

;2 , 4 4-Hydroxybenzaldehyde
/ 5
') 10 1o 14 6 18 2 (2.44 g, 20.0 mmol) was
8 /\/\/\/\/o 19 21 dissolved in EtOH (25 mL). A
7 ¢ (3 11 13 15 17 \©\/206 solution of NaOH (863 mg,
24 oNF 21.6 mmol) in water (10 mL)
23 25

was slowly added and the
mixture stirred for 15 min at room temperature. 1,8-Dibromooctane (1.88 mL, 10.0 mmol)
was added to the reaction mixture, which was then heated to reflux for overnight. The
mixture was slowly cooled to room temperature and then placed on an ice bath so that a
white solid precipitated from the solution. The solid was captured by filtration and rinsed
with cold water. It was then dried in vacuo to obtain the product as a white powder with an
83% vyield.

Rr: 0.56 (EtOAc/heptane 1:1)

1H NMR (400 MHz, CDCls, 8): 9.88 (s, C2-H + C25-H, 2H), 7.84-7.81 (d, J = 8.75 Hz, C4-H + C8-
H + C21-H + C23-H + 4H), 7.00-6.98 (d, J = 8.72, C5-H + C7-H + C20-H + C24-H, 4H), 4.06-4.03
(t, J = 6.47, C10-H + C17-H, 4H), 1.86-1.79 (m, C11-H + C16-H, 4H), 1.53-1.48 (m, C12-H +
C15-H, 4H), 1.43-1.39 (m, C13-H + C14-H, 4H).

13C NMR (100 MHz, CDCls, 6): 190.9 (C2 + C25), 164.4 (C6 + C19) 132.1 (C4 + C8 + C21 + C23),
129.9 (C3 + C22), 114.9 (C5 + C7 + C20 + C24), 68.5 (C10 + C17), 29.4 (C12 + C15), 29.2 (C11
+C16), 26.0 (C13 + C14).
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4,4'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))dibenzaldehyde (AL-O)

) 2 s A 4-Hydroxybenzaldehyde
O%\@i w0 12w 6 18 . (6.69 g, 54.8 mmol) was
8 . O/\/O\/\O/\/O 19 21 e dissolved in DMF (100 mL).
7 9 11 13 15 17 o NaOH (2.67 g, 66.8 mmol)
24 2N was slowly added to the

23 25

solution, which then stirred
for 15 min at room temperature. Tri(ethylene glycol) dichloride (4.28 mL, 27.4 mmol) was
slowly added to the reaction mixture, which was then heated to reflux for overnight. The
reaction mixture was cooled to room temperature before pouring onto ice chunks. A white
precipitate formed, which was captured by filtration and rinsed with cold water. The
material was further dried in vacuo to obtain the product as a beige powder with a 28%
yield.

Rs: 0.41 (EtOAc/heptane 1:1).

IH NMR (400 MHz, CDCls, 6): 9.87 (s, C2-H + C25-H, 2H), 7.81 (d, /=8.8 Hz, C4-H + C8-H +
C21-H + C23-H, 4H), 7.00 (d, J=8.7 Hz, C5-H + C7-H + C20-H + C24-H, 4H), 4.20 (t, / = 4.8 Hz,
C10-H + C17-H, 4H), 3.89 (t, J/=4.8 Hz, C11-H + C16-H, 4H), 3.76 (s, C13-H + C14-H, 4H).

13C NMR (100 MHz, CDCls, 8): 190.9 (C2 + C25), 163.9 (C6 + C19), 132.1 (C4 + C8 + C21 +
€23), 130.2 (C3 + C22), 115.0 (C5 + C7 + C20 + C24), 71.1 (C13 + C14), 69.7 (C11 + C16) 67.9
(C10 + C17)
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Chapter 5

Abstract

Covalent adaptable networks (CANs) have the potential to replace classical thermosets, as
their unique dynamic covalent bonds enable reprocessing and recycling of crosslinked
polymers. A challenge for CANs remains their creep susceptibility, which hampers their
application. Herein, we demonstrate an efficient strategy to enhance creep resistance of
CANs via metal coordination to dynamic-covalent imine groups. Crucially, the coordination
bonds not only form additional crosslinks inside the network, but also directly affect the
imine exchange properties due to metal coordination to the imines. The result of this dual
effect is that various material properties, e.g., the glass transition temperature (7g) and the
elastic modulus (G’) were enhanced. The robustness of metal coordination was
demonstrated by varying metal ion, counter anion, and coordinating imine ligand. All
variations in metal or anion significantly enhanced the material properties. The Tg and G’ of
the CANs could be correlated to the coordination bond strength, offering a tuneable handle
by which choice of metal can steer the material properties. Additionally, we observed large
differences in Tz and G’ for materials with different anions, which were mostly linked to the
anion size. This serves as a reminder that for coordination chemistry in the bulk, not only
the metal ion is to be considered, but also the accompanying anion. Finally, the reinforcing
effect of metal coordination proved largely insensitive to the metal-ligand ratio, which
furthers add to the robustness of our approach for tuning material properties.
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5.1 Introduction

Covalent adaptable networks (CANs) have gained a tremendous amount of interest in
recent years as the incorporation of dynamic covalent bonds in crosslinked polymer
networks enables reprocessability of thermosets, and introduces new adaptive features
such as stimuli responsiveness or self-healing behaviour.1® An ongoing challenge for CANs,
however, is related to their susceptibility towards creep.”!! Because of the bond exchange
reactions occurring in CANs, the materials can counter an imposed load via stress relaxation,
leading to permanent material deformation, i.e., creep. Ideally, however, the materials
should be mechanically stable at working temperatures, and only become malleable at
elevated temperatures.

Efforts to suppress creep and enhance overall material properties cover the combination of

dynamic and non-dynamic crosslinks,” 2 13,14

entrapping reactive groups, or inducing phase
separation (as also was discussed in Chapter 3 for imine-based CANs).}>° We envision that
the inclusion of metal coordination in CANs could also be used for enhancing material
properties. Previously, metal-coordination has been applied in linear or brush polymers,?®
2L since the metal-ligand (M-L) bonds can be considered as dynamic crosslinks (apart from
the permanent, covalent bonds)?* 23 that not only increase crosslinking density and reduce
chain mobility,?* but also enable self-healing behaviour.?> 26 Recent work by Bai and co-
workers on conductive nanocomposites also reported on the incorporation of dual
crosslinks of imine and Zn(ll)-amino coordination.?” They observed that the combination of
dynamic covalent bonds and coordination bonds significantly improved material properties
of the composites. Similarly, Hoogenboom and co-workers observed that crosslinking of
hydrogels with both dynamic covalent bonds and coordination bonds offered superior
mechanical properties.?® These examples, however, showed the inclusion of the two types
of dynamic bonds as individual reversible units. In our work we wish to apply the M—L bonds
to coordinate the metal ion directly to the dynamic covalent bond. This way, the metal-
coordination not only adds additional dynamic crosslinks, but also affects the
thermodynamic and kinetic behaviour of the dynamic covalent bond itself. The coordinated
metals can then either stabilise the dynamic covalent bonds and slow down bond exchange,
or act as internal catalysts to promote bond exchange reactions, independently of the
created M—L crosslinks.?>-31

To study this dual control by metal-coordination in CANs, polyimines are excellent
candidates as the dynamic covalent imine groups offer a broad range of tuneable properties

32-36

(as already presented in previous Chapters), and are known to coordinate to various
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metals.3”%° As the kinetics and thermodynamics of M—L interactions are broadly tuneable
(e.g., by varying metal, anion, or coordinating ligand),3® “° the introduction of metal-
coordination in CANs brings a new toolbox for tuneability —and control- of dynamic
mechanical properties. Also, inclusion of metal ions in polymers may enable new features:
e.g., capacity-based sensing or temperature-dependent luminescence. "3

Herein, we report on the metal-coordination of polyimine CANs (Figure 5.1) to significantly
enhance their material properties and creep resistance at working conditions, while
maintaining reprocessability at elevated temperatures. Apart from varying the metal-ligand
ratio (25, 50, 100, 200%), two different imine pincer ligands were selected: iso-imine and
pyr-imine. As the preferred geometry for M—L coordination is octahedral, we envision that
coordination to bidentate iso-imine is suboptimal compared to tridentate pyr-imine. As
such, we expect stronger M—L complexes for the pyr-imine materials, with concomitant
effect on the macroscopic material properties. Furthermore, we included six different metal
ions (Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*), and six different anions, including a divalent anion
(OTf, NTf27, BF47, ClO4~, NOs~, SO427). In particular, we hypothesised that by selection of the
appropriate metal ion, we could vary —in a systematic manner— the strength of the
crosslinks as well as the effect of the metal ion on the imine bond exchange.

NH, Metal-coordinated Metal-coordinated
| | 3 N NH, 1 ) iso-imine pyr-imine
o) o) ¢ N N
iso-al 3 Priamine 1071 H20 ‘H‘{ iso-imine \{H
or + NH, —4 or " N

8

)

» |
7NN TN
(o] "\-E/N N?’
pyr-al pyr-imine

Figure 5.1 Reaction scheme for the synthesis of iso-imine and pyr-imine networks from reaction of either iso-al or
pyr-al with Priamine 1071 (3:1 mixture of di- and triamine). In a second step, metal coordination to the imine
pincers is performed.

5.2 Results and Discussion

5.2.1 Synthesis of polymer networks

First, the non-coordinated polyimine networks were synthesised bearing either the

bidentate (iso-imine) or tridentate (pyr-imine) pincers (Figure 5.1). They were synthesised
by reaction of equimolar amounts of either isophthalaldehyde (iso-al) or
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2,6-pyridinedicarboxaldehyde (pyr-al) with Priamine 1071; a 3:1 mixture of biobased
flexible aliphatic di- and triamine. In a second step, the metal ions were introduced that
coordinate to the imine pincers in a 1:2 fashion. For the synthesis of metal-coordinated
polyimines, it is important that the metal-coordination is performed in a second step after
the formation of the polyimine network. In attempts to add the metal ions already in the
first step, the polymerisation reaction was compromised, resulting in only partial
conversions. The probable cause for this is that the metal ions interact with primary amines,
preventing initiation of the condensation reaction to form imines. To ensure full conversion
towards the imine product in the first step, formation of the polyimine networks was
monitored by following the appearance of imine-specific signals, both with *H NMR
(iso-imine: Himine = 8.29 ppm, pyr-imine: Himine = 8.40 ppm; in CDCls) and with FT-IR
(iso-imine: Aimine = 1647 cm™?, pyr-imine: Aimine = 1649 cm™2). All metal-coordinated and non-
coordinated materials were then individually characterized using rheology (see Section 5.5
for full details of the synthetic procedures and experimental setups).

5.2.2 Thermal mechanical properties and influence of the metal ion

To study the effects of the metal coordination on the dynamic-mechanical properties of the

polymer materials, temperature sweep experiments were first performed to determine the
glass transition temperature (Tg) of all polyimine materials (Figure 5.2). Without any metal-
coordination, low Tg values below 0 °C were observed for both iso-imine and pyr-imine.
However, upon metal coordination the Ty increased significantly. For iso-imine networks T
values up to 72 °C were obtained (Figure 5.2A), while for pyr-imine networks T values up
to 94 °C were found (Figure 5.2B). Pyr-imine materials generally showed higher T; values
than iso-imine materials, which is likely the result of the increased number of coordination
bonds per pincer. In the temperature sweep experiments, the non-coordinated materials
also showed a point at which tan(8) =1 (i.e., the crossover point between G’ and G”),
indicating that a phase transition from a rubbery phase into a viscous phase occurs. This
Teross Was observed at 119 °C for iso-imine and 136 °C for pyr-imine. The Fe?**-coordinated
iso-imine was the only metal-coordinated material for which this was also observed around
135 °C (see Figure 5.11 in Section 5.5.6). None of the other metal-coordinated iso-imine or
pyr-imine materials showed such a phase transition below 150 °C, indicating that a stable
rubbery state remained after passing the Tg. In this rubbery state thermomechanical
processing is possible, but creep is still limited unless substantial force is applied. As such,
hot-pressing the materials at 150 °C and a maximum force of 50 N was used as the default
for (re)processing the metal-coordinated materials.
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Figure 5.2 Glass transition temperatures (Tg) of different metal-coordinated polyimines: A) iso-imine and B)
pyr-imine. The non-coordinated materials are shown as the leftmost bar for comparison, and the metals are
ordered based on their atomic number.

The notable differences in T; between the different metal-coordinated materials
(Figure 5.2) can be attributed to two different factors. First, metal coordination of the
imines alters the stability of the imine bonds, and concomitantly the temperature-
dependent bond exchange kinetics. Because the binding strength between imine ligand and
metal ion is different for each type of metal, the stabilisation of the imine bond because of
the newly formed coordination bond is also different per type of metal. As such, the
temperature response of the dynamic covalent imine groups varies per metal. Second, the
M-L bonds, which form additional crosslinks in the network, also have a reversible
character, and the bond strength and dissociation constant (kq) are unique for each metal
ion. For example, Pignanelli et al. suggested that shorter or stronger M—-L bonds between
metal ions and ligands functionalised on the end groups of linear polymer chains cause
stronger association, resulting in more brittle materials.*® The same principle could apply to
the temperature response: a shorter or stronger M—L bond requires more energy (i.e., a
higher temperature) for dissociation, resulting in a higher Tg of the material.

To relate the T of the metal-coordinated polyimines to differences in M—L complex stability
we compared the observed Tg values of the differently metal-coordinated polyimines to
formation and dissociation constants (kf and k4, respectively) and the overall complex
stability (K ( = k¢ / kqa)) of analogous small molecule metal complexes, based on bipyridine
and terpyridine, for iso-imine and pyr-imine, respectively (see Section 5.5.6 in the
Supporting Information for all K, kf and kq values). From this analysis it followed that the Tg
of the metal-coordinated polyimines could be plotted as a function of the log(K) to establish
a general trend of increasing Ty of the polymer when the log(K) of the M-L complex
increased (Figure 5.3).

140



Metal Coordination in Polyimine Covalent Adaptable Networks
for Tuneable Material Properties and Enhanced Creep Resistance

80- 100 -
A 204 ENi ECU B EMn
ICO 901

__ 60y _ Ni
) E ¥2zn O ®Co
3 Mn S
£ 50 . 804 IF
@ o)} e
(5 -

40

EFe 204 LEZn

304 IC

20 — 60 +———

2 3 4 5 & 7 8 9 3 4 5 6 7 8 9 10 11 12

log(K} log(K)

Figure 5.3 T; of metal-coordinated polyimines plotted as a function of log(K) of analogues small-molecule bidentate
and tridentate metal complexes for A) iso-imine and B) pyr-imine, respectively.

For the iso-imine materials (Figure 5.3A), the observed trend in T; (Fe** < Mn?" < Zn%* < Co?*
< Ni%* ~ Cu?*) correlated relatively well to the log(K) of the corresponding small-molecule
(pyridine-based) bidentates,*” %> and followed the Irving-Williams series,*® with the
exception that Mn?* and Fe?* appeared to have shifted places. For the pyr-imine materials
(Figure 5.3B), the trend in Tg (Cu®* < Zn?** < Fe?* < Co*" < Ni** < Mn?%) was also in good
agreement with the small-molecule tridentate analogues,* with the exception that Mn?*
was again higher than expected.?” Looking at the krand kq of the pyr-imine-based complexes
individually, we also observed that an increase in each of the two resulted in a decrease in
Tg (see Section 5.5.7 in the Supporting Information). For the iso-imine materials, such
individual trends in kf and k4 were not clearly observed, although an overall trend in K was
seen. The relatively high T, for Mn?*-coordinated materials might be related to specific M-
L interactions between Mn?* and the selected pincer ligands. Reports in literature have
documented on exceptionally high coordination stability between Mn?* and specific ligands
with either large or rigid cavities.*® *° As such, the imine pincer ligands (potentially in
combination with the total polymer network structure) in our CANs could have a preference
for coordination to the Mn?* ions. The results depicted in Figure 5.3A (iso-imine) and
Figure 5.3B (pyr-imine) also suggest that such an effect appears to be more prominent for
the tridentate pyr-imine than for the bidentate iso-imine, which could also be related to
the more optimal coordination of the metal ion to the imine ligand in the former case.

For the elastic modulus (G’), a significant increase upon metal-coordination was observed
as well (Figure 5.4). For both iso-imine (Figure 5.4A) and pyr-imine (Figure 5.4B) materials
the G’ could be increased up to two orders of magnitude from the non-coordinated
polymers, reaching values around 100 MPa. This large increase is striking, but can be
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explained as a result of the increased crosslinking density. Before metal coordination the
crosslinking density is relatively low due to the long aliphatic monomers and lower amount
of triamine compared to diamine. However, once the metals coordinate to two imine
pincers, the formed M-L complexes act as extra crosslinks,*® which tighten the networks
structure and hamper chain mobility.3® As a result of the stiffer and denser network
structure, the modulus of the material increases rapidly.
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Figure 5.4 Elastic moduli (G’) of different metal-coordinated polyimines: A) iso-imine and B) pyr-imine. The
non-coordinated materials are shown as the leftmost bar for comparison, and the metals are ordered by their
position in the periodic table. All data were obtained at 20 °C.

By relating the small-molecule metal-complexation parameters to the G’ of the polymers,
we saw again a trend for the pyr-imine materials, but this time not for the iso-imine
materials (see Section 5.5.7 in the Supporting Information). For the pyr-imine, we observed
that materials derived from metals with a lower log(K) displayed a higher G’. At the same
time, we observed that both ki and ka4 (as expressed as their log value) increased for
networks with a higher G’. It was interesting to note that higher G’ correlated to lower
log(K), as we expected that a higher complexation constant would result in tougher polymer
networks. To explain the observed opposite trend, it is therefore likely that the coordination
of the different metals to the imines also affects the stability and kinetics of the imine bond.

Next, creep experiments were performed in which a constant stress of 10 kPa was applied
to the materials, and the strain was followed over time (Figure 5.5). The results showed that
the non-coordinated materials have relatively poor creep resistance as strains over 10%
were already seen within several minutes. The metal-coordinated materials, however,
showed much greater creep resistance. Even after 1000 s most materials still displayed
strains below 0.1%, and the differences between the differently metal-coordinated
materials were small. Due to these small differences in creep between the different metal
ions, no clear correlations could be drawn between the metal-complexation kinetics and
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creep of the materials (see Section 5.5.7 in the Supporting Information). However, the
observation that all tested variations in metal ion showed such good creep resistance,
emphasises the efficiency and robustness of the metal coordination to suppress creep.
Similar as for the G’, the M-L bonds enhance the stiffness of the materials, and as such their
resistance towards deformation. Moreover, the metal coordination seemed to “arrest” the
imines and prevent bond exchange reactions between (imine-containing) segments of the
polymer network at lower temperatures. However, thermal processing of these networks
was still possible: when heated above the T the materials started to undergo noticeable
stress relaxation (see Section 5.5). The observed stress relaxation at elevated temperatures
did however not show single Maxwell-type relaxation that would result in the typical
Arrhenius behaviour of vitrimer-like materials.> ! It is likely that multiple relaxation modes
(e.g., chain reptation, imine exchange, M—L dissociation) operate simultaneously, which all
contribute to the overall relaxation process.®*
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Figure 5.5 Creep curves of different metal-coordinated polyimines: A) iso-imine and B) pyr-imine. The grey line
shows the non-coordinated material. A constant stress of 10 kPa was applied (at 20 °C).

In short, the choice of metal ion can thus serve as a tuneable handle to control the T; of the
polymer over several decades, for which the T; generally increases with higher log(K) of the
corresponding M-L complex. Mn?* was the only exception to the rule, which might be
related to specific favourable coordination with the chosen imine ligands. We also observed
that the choice of metal ion could be used to tune the G’ of the pyr-imine materials, by
which a lower log(K) resulted in an increase in G’. This opposite trend we attribute to the
dual effect of metal coordination in our imine networks: apart from generating additional
crosslinks, metal-coordination also affects the kinetics of the imine exchange. The role of
the individual metal ions was harder to distinguish in the creep of the materials, as all tested
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variations in metal ion resulted in materials with high creep resistance, leaving little room
to unravel metal-specific effects. The observation that all tested variations in metal ion
resulted in such good creep resistance and other material properties underlines the
robustness of this method to enhance materials properties of CANs via metal coordination.

5.2.3 Role of the anion

We envisioned that also the anions could contribute to changes in the material properties,

as these ions remain in the polymer network as well. Depending on, for example, size or
aggregation potential, the anions could affect overall chain mobility. As an example, Cui et
al. showed that in imidazolium-based poly(ionic liquid)s the size of the counterion had large
effects on the Tg.°? The larger counterions acted as plasticisers and additionally formed
loose ionic aggregates, leading to weak crosslinks. Alternatively, anions could potentially
facilitate proton transfers, which are known to affect imine exchange.3® Overall, it is thus
likely that different anions in the system could alter the dynamic behaviour of the CAN
significantly.

To evaluate the effects of different anions, Zn?*-coordinated pyr-imine materials were
prepared with either triflate (OTf"), triflimide (NTf2"), tetrafluoroborate (BFs7), nitrate
(NO37), perchlorate (ClO47) or sulphate (S04%7) anions. The same rheological tests as before
were performed to determine the material properties (Figure 5.6).
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Figure 5.6 Overview of material properties for Zn?*-coordinated pyr-imine with different anions. A) glass transition
temperature T, B) elastic modulus G’ at 20 °C, and C) creep curves.

All variations in anions resulted in enhanced material properties when compared to the
non-coordinated material. However, we also observed large differences between materials
with different anions. First, we observed that the material bearing SO4?~ anions performed
relatively poor —in terms of Tg, G’ and creep resistance— compared to the other anions.
Because the sulphate has a—2 charge, it has a chelating effect and strong binding to the Zn%**
ions. As a result, the anions remain closer to the metal centre (i.e., diffusion of anions into
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the network is low), and might hamper efficient coordination of Zn?* to the imine ligands.
We also observed that the bulky triflimide anion underperformed compared to the other
anions, which is likely the result of the large size of the anion causing a plasticising effect,
as mentioned by Cui et al.>? The other anions showed similar values of G’ (Figure 5.6B), but
still noticeable differences in Tg (Figure 5.6A). As the triflate anion is still slightly larger than
the other anions, this might explain the lower T; compared to the three remaining anions.
The differences in Tz between BF47, ClO47, and NOs™ could less easily be accounted for by
only differences in size, molar mass, pKs or base hardness. Instead, a more complex
interplay of these factors could account for the observed trend (BFs~ < ClO4~ < NO3™). The
observation that the nitrate anions outperformed all other materials might be explained by
recent work by Mooibroek et al.,** who documented that nitrate anions could act as Lewis
acids in the solid state. If the anions act as Lewis acids to the imines, the kinetics of the bond
exchange reaction will be affected. Such an alteration in imine exchange kinetics could in
response also have its consequences for the material properties of the polymer.

5.2.4 Concentration of metal-coordination

Last, we investigated how the stoichiometry between metal ion and imine pincer in the
network affected the material properties. Since for all earlier mentioned materials full
coordination (100%) was selected, we now also prepared Zn(OTf)2 and Fe(OTf)2 coordinated
pyr-imine materials with only 25% and 50% of metal ions (in relation to the pincer complex).
In addition, materials were synthesised with an excess (200%) of salt. We envisioned that a
lower degree of metal coordination would result in mechanically weaker materials due to
the lower number of crosslinks.>® On the other hand, an excess of salt may cause a
lubricating effect, or they might (phase) separate out. Alternatively, excess of metal ions
might prevent formation of octahedral complexes due to lack of available ligands, and as
such, other coordination complexes could potentially be favoured.>

Starting from the non-coordinated pyr-imine, the material properties seemed to quickly
rise when increasing the concentration of metal ions. For materials with different
concentrations of Zn(OTf)2 (Figure 5.7), we observed that both T; and G’ increased rapidly
when going from 0% to 50%. After 50% of metal-coordination the material properties
already appeared robust, as by continuing to 100% and 200% the Tg no longer increased and
the G’ only increased slightly. Similar trends in T and G’ were observed for different
concentrations of Fe(OTf).. However, the glass transition of 50% Fe(OTf), showed a
remarkable result. A long glass transition process was observed in which two distinct stadia
were noticed: around 35 °C and 80 °C (see Figure 5.27 in Section 5.5.5). Since the Tz at 100%
Fe(OTf)2 was also observed around 80 °C (see Figure 5.28 in Section 5.5.5), we suggest that
the flow at 80 °C is likely caused by M—-L dissociation. The earlier transition around 35 °C is
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then most likely caused by loss of crystallinity in the organic part of the polymer.3 For the
50% Zn(OTf)2-coordinated material, a similar elongated glass transition was observed
(Figure 5.23, Section 5.5.5), although the splitting into two phases was less prominent here.
The creep resistance at lower concentrations (25% and 50%) of either Zn(OTf). or Fe(OTf)2
was already in the same order as the 100% materials (see Section 5.5), again accentuating
the power of the metal coordination to reduce creep. Full coordination of imines would thus
not per se be required to gain desired material properties, but depending on specific
applications one could consider adjusting the concentration of metal ions.
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Figure 5.7 Material properties of Zn?* (green) and Fe?* (yellow) coordinated pyr-imine materials with different
concentrations of metal (relative to the ligand). A metal coordination of 100% corresponds to the optimal 1:2
metal:ligand ratio. A) shows the glass transition temperatures, and B) shows the elastic moduli. *Note that at 50%
coordination, it appeared that the glass transition proceeded over two stadia. The temperature represented in this
figure is that of the most prominent transition observed from the tan(6) curves (full temperature sweeps at
provided in Section 5.5.5 in the Supporting Information).

When increasing the concentration of salt to 200% for either Fe(OTf)2 or Zn(OTf)2, by simply
looking at the Ty and G’, the material properties did not appear to change significantly,
suggesting that the excess of salt did not drastically affect the material properties. From
these observations it is thus not likely that the octahedral coordination of two imine pincers
to one metal ion is obstructed, but rather that the excess ions blend within the polymer
matrix with little effect on the mechanical properties. However, when looking at the full
temperature sweeps of the 200% Zn(OTf)> material, it was noticed that once the T was
crossed, the material started to flow more rapidly than was seen at 100% (see Figure 5.25
in Section 5.5.5). This suggests that once the glassy phase is lost, the excess of ions might
cause a lubrication effect, but below the Ty the particles are “locked” within the material.
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5.3 Conclusion

In conclusion, we found that the material properties and creep resistance of polyimine CANs
could be significantly enhanced via metal coordination to the dynamic covalent imine
groups. We were able to synthesise materials with T values over 100 °C, as well as G’ values
over 100 MPa. More specific material properties were obtained by varying the type and
concentration of the metal ion, the corresponding anion, and the nature of imine pincer.
We found that the effects of the metal ions correlated relatively well to the stability of
analogous small-molecule metal-ligand complexes, and as such could serve as tuneable
handles for controlling desired material properties. For example, it was observed that the
Tg of the polymer material increased when the log(K) of analogous small-molecule M-L
complexes was higher. We also noticed that changes in anion had a pronounced effect on
the material properties. While small anions showed the best material properties, poorer
results were observed when the size of the anion was increased. This serves as a reminder
that for coordination chemistry in the bulk, not only the metal ion is to be considered, but
also the accompanying anion. Finally, the robustness of the approach was further
demonstrated by the fact that also outside the preferred 1:2 metal:ligand ratio, the
reinforcing effect of metal coordination could be observed.

5.4 Acknowledgements

Croda Nederland B.V. is acknowledged for kindly providing the Priamine 1071.

147



Chapter 5

5.5 Supporting Information

An overview of the most important Supporting Information is provided in the following
sections. The full Electronic Supporting Information can be accessed from:
https://doi.org/10.1002/marc.202200790.

5.5.1 Synthesis of iso-imine and pyr-imine networks

Iso-imine and pyr-imine networks were prepared by addition of either isophthalaldehyde

or 2,6-pyridinedicarboxaldehyde to a solution of Priamine 1071 in THF (Figure S1). The
materials were constructed such that an equimolar amount of aldehyde group reacted with
amine group. Priamine 1071 consists of a 0.75 to 0.25 ratio of the diamine and triamine, as
pictured in Figure S1. As such, the Priamine mixture had an average molecular weight of
601.37 g/mol, while averaging 2.25 mol of amine. And since dialdehydes are used, this
translates to 1.125 mol of either isophthalaldehyde or 2,6-pyridinedicarboxaldehyde.

An example of the preparation is then as follows:

Priamine 1071 (601.4 mg, 2.250 mmol amine) was dissolved in 5 mL THF. Then either
isophthalaldehyde (150.9 mg, 1.125 mmol) or 2,6-pyridinedicarboxaldehyde (152.0 mg,
1.125 mmol) was added, and the mixture was shaken until all material had fully dissolved.
The reaction mixture was poured into a petri dish and left for overnight at room
temperature to evaporate most solvent to air. The obtained polymer films were further
dried in a vacuum oven at 50 °C for one day. Conversion into the relevant imines was
confirmed by 'H NMR (iso-imine Himine = 8.29 ppm, pyr-imine Himine = 8.40 ppm; in CDCl3)
and FT-IR (iso-imine Aimine = 1647 cm™, pyr-imine Aimine = 1649 cm™).
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Figure 5.8 Reaction scheme for the formation of iso-imine and pyr-imine networks from Priamine 1071 and either
isophthalaldehyde or 2,6-pyridinedicarboxaldehyde. The reaction was performed in THF. Water is formed during
the reaction, which was removed by drying the polymer films in a vacuum oven.
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5.5.2  Metal coordination of polyimine networks
Metal-coordinated polymer networks were synthesised by first dissolving either the iso-

imine or pyr-imine material in chloroform (typically 20 mL solvent per 1 gram polymer).
This process is very slow, and may take up to several hours before the material is fully
dissolved. The process could be sped up a little by carefully warming up the mixture. Once
fully dissolved, the mixture was poured into a petri dish. Then a second solution was
prepared of the metal salt in ethanol (typically 1 gram salt per 20 mL). This solution was also
poured into the same petri dish and the new mixture was stirred manually with a stirring
rod for roughly one minute. Then it was left for overnight to let most of the solvent
evaporate to air. The newly obtained polymer film was further dried in a vacuum oven at
50 °C for one day. The dried materials could be hot-pressed at 150 °C into desired shapes
for further analysis.

5.5.3 Experimental procedures for rheological measurements

See Chapter 2, Section 2.5, for full details on the experimental setup.

Sample preparation
All polymer samples were hot-pressed into disks with a 10 mm radius and 0.5 mm thickness.

The temperature at which the hot-pressing was performed varied between 100-150 °C,
depending on the specific sample, and a maximum force of 40 N was applied. Hot-pressing
generally worked best at least 10 °C above the estimated glass transition temperature.

Temperature sweeps
Temperature sweep experiments were performed on polymer disks with a 10 mm diameter

and 0.5 mm thickness. An oscillatory strain of 0.1% was applied at a frequency of 1 Hz, and
a temperature ramp was set to heat with 1 °C per 20 s. The storage (G’) and loss (G”’) moduli
were followed over time. The damping factor (tan(8)) was determined as G”’/G’, and also
plotted as a function of the temperature in the same plot. The glass transition temperature
(Tg) was determined from the top of the tan(é) curve. If observed, the crossover
temperature (Tcross) Was determined at the point for which tan(6) exceeded a value of 1.

Creep

Creep experiments were performed on polymers disks with a 10 mm diameter and 0.5 mm
thickness. The films were exposed to a contant stress of 10 kPa, and the strain was followed
over time up to 1000 seconds.
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Stress relaxation

Stress relaxation experiments were performed with a rheology setup polymer on polymer
disks with a 10 mm diameter and 0.5 mm thickness. A strain of 1% was applied to the
materials, and the relaxation modulus (G(t)) was followed over time at various
temperatures.

5.5.4 OQverview of rheological data

Rheological data for different metal-coordinated iso-imine polymers

Table 5.1 Tabulated rheological data of different metal coordinated iso-imine polymers. Tz and Tcross are reported
in °C. G’ is reported in MPa at room temperature. The strain after 1000 s at a stress of 10 kPa (y) is reported in %,
and was also determined at room temperature.

None Mn? Fe?* Co* NiZ* Cu? Zn?
Tg -16+1 52+4 375 64+4 72+1 71+3 55+2
Teross 119+1 >150 135+8 >150 >150 >150 >150
G’ 0.47 £0.01 43 +10 35+11 116 +3 112+3 82+1 62+10
y 52+6 0.06+0.01 0.16+0.01 0.03+0.01 0.03%0.01 0.10+0.01 0.15%0.02

Rheological data for different metal-coordinated pyr-imine polymers

Table 5.2 Tabulated rheological data of different metal coordinated pyr-imine polymers. Tg and Tcross are reported
in °C. G’ is reported in MPa at room temperature. The strain after 1000 s at a stress of 10 kPa (y) is reported in %,
and was also determined at room temperature.

None Mn? Fe? Co?* Ni2 Cu? Zn%*
Tg -11+2 94+3 79+3 83+1 85+4 68 +3 724
Teross 136+3 >150 >150 >150 >150 >150 >150
G’ 1.95+0.02 163+1 100+7 78+1 44 +2 114 +5 89+5
v 12+3 0.02+0.01 0.04+0.02 0.03+0.01 0.03+0.01 0.03+0.01 0.21+0.04
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Rheological data for Zn**-coordinated pyr-imine materials with different anions

Table 5.3 Tabulated rheological data of Zn?*-coordinated pyr-imine polymers with different anions. Tz and Tcross are
reported in °C. G’ is reported in MPa at room temperature. The strain after 1000 s at a stress of 10 kPa (y) is
reported in %, and was also determined at room temperature.

“OoTf “NTf, “BFs “NO; “ClO,4 SO4%
Te 72+4 401 83+3 116 +8 93+2 2+2
Teross >150 >150 >150 >150 >150 >150
G’ 89+5 7.7+0.4 90+4 68+1 758 13+11
v 0.21+0.04 1.12+0.08 0.03+0.01 0.05+0.01 0.03+0.01 0.30+0.02

Rheological data for materials with different stoichiometries of metal-coordination

Table 5.4 Tabulated rheological data of Zn?*-coordinated pyr-imine polymers with different stoichiometries of
metal-coordination. Tz and Teross are reported in °C. G’ is reported in MPa at room temperature. The strain after
1000 s at a stress of 10 kPa (y) is reported in %, and was also determined at room temperature.

0% 25% 50% 100% 200%
Tg -11+2 29+1 72+1 72+4 66t4
Teross 136+3 >150 >150 >150 101+4
G’ 1.95+0.02 42+1 68 +2 89+5 108 +18
1% 12+3 0.29 £0.02 0.04 +£0.01 0.21+0.04 0.09 +£0.04

Table 5.5 Tabulated rheological data of Fe?*-coordinated pyr-imine polymers with different stoichiometries of
metal-coordination. Ty and Teross are reported in °C. G’ is reported in MPa at room temperature. The strain after
1000 s at a stress of 10 kPa (y) is reported in %, and was also determined at room temperature. *The 50% sample
appears to have a two-step glass transition, for which the first transition was observed around 35 °C, and the
second was observed around 81 °C (see also the temperature sweeps in Section 5.5.5).

0% 25% 50% 100% 200%
T, -11+2 5%2 35+#5/81+3* 79+3 81+3
Teross 136+3 >150 >150 >150 >150
G’ 1.95+0.02 16 +£2 51+4 100+7 122+1
1% 12+3 0.21+0.01 0.05 +0.01 0.04 +0.02 0.03£0.01
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5.5.5 Temperature sweeps

T sweeps of non-coordinated polyimines
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Figure 5.9 Temperature sweeps of iso-imine (left) and pyr-imine (right).

T sweeps of different metal-coordinated polyimines
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Figure 5.10 Temperature sweeps of Mn(OTf), coordinated iso-imine (left) and pyr-imine (right).
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Figure 5.12 Temperature sweeps of Co(OTf), coordinated iso-imine (left) and pyr-imine (right).
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5.5.6 Analogous small-molecule metal-ligand complexes

Several examples of the kinetic and thermodynamic stability of metal-coordinated
bipyridine and terpyridine can be found in literature.** 4> 4756 These provided preliminary
insights into the behaviour of the imine pincer complexes in our polyimine materials. To
relate the kinetic and thermodynamic details of small-molecules to the data of our metal-
coordinated polyimines, we looked at the formation (kf) and dissociation (kd) constants of
the M—-L complexes, as well as the thermodynamic equilibrium constants (K). The kinetic
and thermodynamic parameters of bipyridine (Table 5.6) and terpyridine (Table 5.7)

complexes are presented below.

Table 5.6 Kinetic and thermodynamic parameters of small-molecule metal-coordinated bipyridine complexes. @ As
documented by Holyer et al.** ® As documented by Irving et al.*> ¢ calculated by combining data from Holyer and

Irving, since K = ki / ka. 9No kinetic data was presented for Mn?*.

Metal ion Log(ki) Log(kd) Log(K)

(M-s7Y) (s) (M)
Mn2+ d d 2.6b
Fe? 5.2° 0.9¢ 4.3°
Co? 4.8° -0.9° 5.7°
NiZ 3.2° -4.32 7.1b-7.52
Cu? >7.0° >-1.1° 8.1°
Zn% 6.0 1.2° 4.82-5.2°

Table 5.7 Kinetic and thermodynamic parameters of small-molecule metal-coordinated terpyridine complexes,
documented by Holyer et al.** *The k; for Cu?* was determined at 5 °C, whereas all others were determined at 25
°C. K for Cu®* was documented for 5-methyl-1,10-phenantroline by McBryde et al.>” The k4 of Cu®* was then
calculated by combining data from Holyer and McBryde.

Metal ion Log(ks) Log(ka) Log(K)

(M- s7) (s?) (M)
Mn?* 5.0 0.6 4.4
Fe?* 4.9 -2.2 7.1
Co* 4.4 -4.0 8.4
Ni2* 3.1 -7.6 10.7
Cu* 7.3 1.4 5.1
Zn%* 6.1 0.1 6.0
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5.5.7 Comparison of material properties with metal-complex stability
The material properties of metal-coordinated iso-imine and pyr-imine CANs were

compared to the metal-complex stability of small-molecule complexes (Figure 5.30). To do
so, the glass transition temperature (Tg), elastic modulus (G’) and creep (y, expressed as the
strain at 1000 s and 10 kPa stress) of the polymers were plotted as a function of the log(k:),
log(kd) and log(K) of analogous small-molecule complexes (see Table 5.6 and Table 5.7 in
Section 5.5.6). The individual plots can be found in Figures 5.31-5.36 on the following pages.

bipyridine terpyridine

Figure 5.30 Structures of the small-molecule metal-ligand coordination complexes of bipyridine (left) and
terpyridine (right) ligands.

T. of polymers versus log(k;), log(kq) and log(K) of small-molecule analogues
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Figure 5.31 T; of metal-coordinated iso-imine materials versus A) log(kf), B) log(kq), and C) log(K) of analogous
small-molecule complexes.
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Figure 5.32 T, of metal-coordinated pyr-imine materials versus A) log(ks), B) log(ks), and C) log(K) of analogous

small-molecule complexes.
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Figure 5.33 G’ of metal-coordinated iso-imine materials versus A) log(k:), B) log(kd), and C) log(K) of analogous
small-molecule complexes.
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Figure 5.34 G’ of metal-coordinated pyr-imine materials versus A) log(ks), B) log(kd), and C) log(K) of analogous

small-molecule complexes.
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Creep of polymers versus log(ks), log(kq) and log(K) of small-molecule analogues
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Figure 5.35 Creep of metal-coordinated iso-imine versus A) log(k:), B) log(kd), and C) log(K) of analogous small-
molecule complexes. The creep is expressed as the strain after exposure to a constant force of 10 kPa for 1000 s.
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Figure 5.36 Creep of metal-coordinated pyr-imine versus A) log(ks), B) log(kd), and C) log(K) of analogous small-
molecule complexes. The creep is expressed as the strain after exposure to a constant force of 10 kPa for 1000 s.
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Abstract

Covalent Adaptable Networks (CANs) have the potential to replace current thermoset
materials, as the dynamic covalent bonds in CANs enable reprocessability and recycling of
crosslinked polymer networks. A current limitation of CANs is, however, that they are
generally susceptible towards creep, as the bond exchange reactions facilitate stress
relaxation. As such, CANs would benefit from developments in creep reduction at operating
temperatures, while still enabling malleability at elevated temperatures, by means of
shielding or deactivation of the dynamic covalent bonds. In this Chapter, we propose the
use of internal hydrogen bonding in polyimine CANs as an efficient tool to enhance creep
resistance and further control the dynamic mechanical properties of the material. We were
able to show on a small-molecule level that ortho-substituted hydroxy groups stabilise the
dynamic covalent imine bonds as a result of the internal hydrogen bond that is formed
between the hydroxy and imine group. Furthermore, we show that polyimine CANs with
incorporated ortho hydroxy groups have significantly enhanced material properties, as was
seen in the glass transition temperature (Tg), elastic modulus (G’) and creep resistance.
While we also considered additional and steric effects that might have arisen due to
installation of the hydroxy groups, we found that the stabilising effect of the internal
hydrogen bond was primarily dictating the material performance. In short, we show that
the internal hydrogen bond between ortho hydroxy and imine demonstrates the concept of
shielding the dynamic covalent bond in order to suppress creep and enhance material
properties of CANs.
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6.1 Introduction

Covalent adaptable networks (CANs) have shown in recent years that they are capable of
replacing traditional poorly-recyclable thermosets and elastomers for the development of
more sustainable polymer materials.> Many studies have elaborated on the development,
enhancement and tuneability of material properties of CANs,®° but a major challenge still
lies in their susceptibility towards creep.'®'2 CANs contain dynamic covalent bonds, which
enable the materials to release stress via bond exchange reactions to rearrange the polymer
network.'? This feature enables reprocessability of the materials. However, this is also what
facilitates creep when a material is exposed to a (large) loading force at the working
temperature.’ It is thus key to develop a CAN that resists strongly to deformation at low
temperatures, but still enables reprocessability at elevated temperatures.

Different strategies to control and enhance the material properties of CANs have been
documented recently. This was, for example, achieved by inducing phase separation (see

also Chapter 3),"> which was seen for block-copolymer vitrimers,¢-18

or by grafting
functional groups that are incompatible with the polymer backbone.® 2° Other means to
enhance material properties as a result of the network structure are to build in (a small
degree of) static crosslinks within the dynamic network,?" 22 or a secondary reversible
bond.?>?7 Alternative ways to control the dynamic mechanical properties are by targeting
the dynamic covalent bonds specifically, for example, via neighbouring group participation

or internal catalysis.% 2832

In this chapter, we describe an efficient method to control and enhance material properties
of polyimine CANs by stabilising the dynamic covalent imine bonds via internal hydrogen
bonding. First, the internal hydrogen bond between an imine and 2-hydroxy group on the
same aromatic ring (Figure 6.1) is expected to suppress the nucleophilicity of the nitrogen
end of the imine bond, increasing the energetic barrier to initiate bond exchange (provided
the installed 2-hydroxy group does not prevent imine formation due to additional
stabilisation of the corresponding aldehyde starting material). Furthermore, the 2-hydroxy
group enables imine-enamine tautomerisation,* which will result in loss of the double bond
character of the imine bond. Finally, the internal hydrogen bond prevents rotation of the
C—C bond between the imine and benzene ring to hold it in one plane,?* and as such may
enable 77 stacking interactions that can further stabilise the material 3
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Figure 6.1 The 2-hydroxy group on the aromatic ring facilitates a strong internal hydrogen bond between the imine
and hydroxy group (shown as a red dotted line). Additionally, imine-enamine tautomerisation is possible.

Internal hydrogen bonding of imines has been studied well for small molecules, 33 covalent
organic frameworks (COFs),3* and enzymatic derivatives,3® but to the best of our knowledge,
has not been applied for CANs. Some examples of hydrogen bonding in CANs have been
documented,3**! but these generally refer to intermolecular hydrogen bonding between

42-45

polymer chains, rather than intramolecular hydrogen bonding to stabilise or entrap the

dynamic covalent bonds.

To study the effects of internal hydrogen bonding in imine-based CANs, polyimine networks
were synthesised from substituted terephthalaldehyde monomers (Figure 6.2). The
aldehydes (TA-R) were reacted to imines using a flexible TOTDDA diamine monomer and
TREN as a triamine crosslinker, using a similar synthetic procedure as reported in previous
Chapters.*® First, we compared the results for non-substituted materials (PI-H) with the
hydroxy-substituted materials (PI-OH). Second, we also compared the hydroxy-substituted
materials to materials with different substituents to rule out underlying effects of the
hydroxy substitution, such as electronic*®*® or steric*® effects. The methoxy-substituted
material (PI-OMe) was included in our studies since the OMe group has a similar electronic
effect as the OH group,®® but is not able to provide the internal H-bond.

NWAN/\/\O/\/O\/\O/\/\N/ R
HZN/\/Q\O/?SV\NH2 R NN
R TOTDDA
\;@fo Crosslinked polyimine network N
Ox R (PI-R) =
NH,
TA-R TREN R
R = H, OH, OMe R o .
N N \DfN/\/\O/\/ N0 N
2 2
LN R

Figure 6.2 Reaction scheme for the preparation of polyimine networks (PI-R) from dialdehyde (TA-R), diamine
(TOTDDA), and triamine crosslinker (TREN). Dialdehydes and polyimines are named correspondingly to the
respective R group being either H, OH, or OMe.
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6.2 Results and Discussion

6.2.1 Small-molecule studies
Before analysis of the polymer materials, the effects of internal hydrogen bonding on the

stability and dynamics of the imine bonds were first analysed on small-molecule analogues.
First, the structure of the ortho-OH imine was evaluated computationally for three potential
structures: 1) as imine with hydrogen bonding, the conformation that we hypothesised to
be most stable, 2) as keto-enamine with hydrogen bonding, 3) as imine without hydrogen
bonding (Figure 6.3). The calculations showed that structure 1 had the lowest free energy
(see Section 6.5.5 for further details on the calculations). Tautomerisation to structure 2
showed a relative AG of +2.35 kcal/mol, whereas rotation of the C—O bond to point the OH
group away from the imine (i.e., breaking the hydrogen bond) to structure 3 showed a
relative AG of +9.83 kcal/mol, making formation of this structure unlikely. Also note that
structure 1 and 2 should be fully flat, which might give rise to additional 77 stacking
stabilisation.

Figure 6.3 Structures of (2-hydroxyphenyl)imine with hydrogen bond (1), keto-enamine tautomer with hydrogen
bond (2), and 2-hydroxyphenyl)imine without hydrogen bond (3).

To further evaluate the effects of the internal hydrogen bonding, a competition experiment
was performed, in which one equivalent of benzaldehyde and one equivalent of either
2-hydroxybenzaldehyde, 3-hydroxybenzaldehyde or 4-hydroxybenzaldehyde were
dissolved together in CDCls. Then, one equivalent of propylamine was added, which
immediately reacted with half of the available aldehydes. As only half of the total amount
of aldehyde groups is able to form imines, an equilibrium is formed (Figure 6.4). Via
integration of the imine and aldehyde signals in the NMR spectra, the equilibrium constant
K could be determined (see Section 6.5 for full experimental details).
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Figure 6.4 Equilibrium reaction of aldehyde versus imine formation for benzaldehyde and hydroxybenzaldehydes
with their corresponding imines.

First, the reaction with 2-hydroxybenzaldehyde (5a) was evaluated, and a K value of
6.31 + 0.61 was found. This means that the equilibrium is pushed in favour of formation of
(2-hydroxyphenyl)imine (7), although the K'is lower than expected for a stabilisation of 2.35
kcal/mol. The reason for the observed K value can, however, be best explained based on
differential H-bond strengths, as we compare the H-bond strengths between the ortho
hydroxy group and either the aldehyde of 5 or the imine of 7. We calculated that the
difference in H-bond strength was 1.91 kcal/mol, whereas a AG of -1.98 kcal/mol was
calculated for the overall reaction (see Section 6.5.5 for further details on the calculations).
This thus shows that the difference in H-bond strength nearly fully drives this reaction: i.e.,
the 2-hydroxy group more strongly stabilises the imine than the corresponding aldehyde.

Next, also the meta and para-substituted hydroxybenzaldehyde —that are unable to form
internal H-bonds— were evaluated. For the reactions with 3-hydroxybenzaldehyde (2b) and
4-hydroxybenzaldehyde (2c) K values of 0.281 + 0.001 and 0.247 + 0.002 were determined,
respectively. This means that the equilibrium actually disfavours the formation of the
hydroxy-substituted imine (7). As the 2-hydroxy group is the only one that facilitates
internal hydrogen bonding, the large difference in K between the 2-hydroxy with the other
two thus supports our hypothesis that the internal hydrogen bonding promotes formation
of the imine.

6.2.2 Synthesis of polyimine CANs
To study the effects of internal hydrogen bonding of imines on the material properties of

CANs, polyimines were synthesised as pictured in Figure 6.2. Either of the substituted
dialdehydes was added to a solution of TOTDDA and TREN in dichloromethane (DCM), such
that the total amount of aldehyde to imine groups were on an equimolar amount. The
solution was then poured into a petri dish, and left for overnight at room temperature. Most
of the solvent was able to evaporate to air, but to fully dry the materials and remove water
that forms during the reaction, the obtained polymer films were further dried in a vacuum
oven at 50 °C for at least one day. Conversion of all aldehydes into imines was confirmed by
NMR and FT-IR spectroscopy. In addition, for the PI-OH material, the IR spectrum revealed
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that no “free” OH signals (¥3600 cm™) or intermolecularly hydrogen bonded OH signals
(3200-3600 cm™) were observed,’ but it did show an OH signal that is typical to
intramolecular hydrogen bonding (~2800 cm™),°! which confirmed that indeed the internal
hydrogen bonding is present in the polymer. Before further analysis with rheology, the
materials were hot-pressed at 150 °C into the desired shape. Further experimental details
are provided in the Supporting Information (Section 6.5).

6.2.3 Thermal mechanical properties of the polyimine CANs
The polyimine materials were first analysed for their material properties by performance of

a temperature sweep experiment from 0-150 °C (the same procedures as mentioned in
Chapter 2 were used). The storage modulus (G’), loss modulus (G”) and damping factor
(tan(0) = G”’/G’) were plotted as a function of the temperature (Figure 6.5). From the
obtained curves, we could derive the moduli of the glass and rubbery phases of the material,
as well as find the glass transition temperature (Tg). As the Tg of the PI-H material was very
close to 0 °C, an additional temperature sweep was performed from -20 to +20 °C to
determine the Ty more accurately (Figure 6.5B).
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Figure 6.5 Temperature sweeps of polyimine materials (all shown in duplo). Storage modulus (G’, blue), loss
modulus (G”, red), and damping factor (tan(d), grey) are plotted as a function of the temperature. A) shows the
temperature sweep results of PI-H from 0 to 150 °C, and B) shows an additional T sweep from -20 to +20 °C to
more accurately determine the T at the top of the tan(d) peak. C) and D) show the T sweep results from 0 to 150 °C
for PI-OH and PI-OMe, respectively.
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From the temperature sweeps we first compared the T values, which were derived from
the top of the peak from the tan(d) curves. It was found that the T; for PI-H was only
-1+ 1 °C, but for PI-OH and PI-OMe the Tgincreased to 17 + 3 °C and 25 + 4 °C, respectively.
As the Tgincreased for both the hydroxy- and methoxy-substituted materials, we could not
yet establish what the effect of the internal hydrogen bond was. Since the OH and OMe
groups typically have similar electronic effects,® 52 which are known to affect the material
properties of CANs (as presented also in Chapter 2),%° the observed increase in Tg for both
materials might thus be related to electronic effects of the substituents. For non-substituted
PI-H also a crossover point (Tcross), Where G’ = G” (i.e., tan(o) = 1) was observed at 118 + 4
°C, Indicating that the material transitions from a viscoelastic solid to a viscoelastic liquid
(i.e., the material starts to flow).5*>* For neither PI-OH or PI-OMe this was observed below
150 °C, reaching the limits of our setup.

From the temperature sweeps we also noticed that in the glassy phase all materials had a
similar G’ around roughly 200 MPa, indicating that in this frozen state of the network the
materials behave similar. The G’ of the rubbery phase was, however, not the same for all
materials. Where for PI-H and PI-OH a G’ was observed in the range of 1 MPa, for PI-OMe
the G’ was roughly an order of magnitude lower at 100 kPa. The size of the substituents
might be the cause for the drop in G’, as the methoxy group was the largest of the three.
Sun et al. also observed that larger steric groups in CANs cause looser arrangements, making
molecular chains move easier along the stretching directions under external force.*? As a
result, the tensile strength decreased when the size of the steric bulk increased. For PI-OH,
the small steric effect of the hydroxy group might either not be sufficient to affect the
material properties, or potential steric effects might be compensated for by the internal
hydrogen bonding.

6.2.4 Creep experiments
To get a better understanding of the effects of the internal hydrogen bonding on the

material properties of our polyimine CANs, we performed several creep experiments. The
same materials as before were now exposed to a constant stress of 10 kPa, and the creep
of the material was followed over time. We performed the experiment at different
temperatures (20, 60 and 100 °C) to see if the materials would be able to resist creep at
higher working temperatures, which is especially important in the rubbery phase of the
material in light of potential applications. All creep experiments were performed in triplo,
and are presented in Figure 6.6.
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Figure 6.6 Creep curves of PI-H (blue), PI-OH (green), and PI-OMe (blue), at A) 20 °C, B) 60 °C, and C) 100 °C. Note
the different scales used in A, B and C. All measurements were performed in triplo.

At 20 °C (which is around the T value for PI-OH and PI-OMe), we already see clearly that
PI-OH showed very good creep resistance, as over time the observed strain hardly goes
beyond 0.1%. For PI-H and PI-OMe we see a creep at roughly one order of magnitude
greater than was observed for PI-OH. This already gives a good indication that the internal
hydrogen bonding supresses the susceptibility towards creep. However, an even greater
result was observed at elevated temperatures. When increasing the temperature to 60 °C
and even 100 °C (for above the T of all materials), the creep resistance of PI-OH remained
rather good, as at both temperatures the creep was similar and remained below 3% in the
given time interval. For PI-H and PI-OMe a much higher creep was observed at the elevated
temperatures. Where the creep of PI-OH only slightly increased at 60 °C, for PI-H and
PI-OMe the increase was almost two orders of magnitude, nearing 100% strain after 100 s.
When increasing the temperature even further to 100 °C, we observed that no notable
difference was observed for PI-OH, but the creep for PI-H and PI-OMe became highly
problematic. These results thus clearly indicate that the internal hydrogen bond in the
PI-OH materials significantly suppress the susceptibility towards creep, even at elevated
temperatures where analogous materials without internal hydrogen bonding will flow
drastically.

6.2.5 Stress relaxation and kinetic activation energy
Stress relaxation experiments were performed at several different temperatures to

construct Arrhenius plots (see Figure 6.7), in order to calculate the kinetic activation energy
(Ea) and gain more insights in the dynamics of the bond exchange reactions for the
differently substituted materials (see the Supporting Information, Section 6.5, for full
experimental details).
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Figure 6.7 Normalised stress relaxation curves (left) and Arrhenius plots (right) of A) PI-H, B) PI-OH, and C) PI-OMe.
The horizontal line pictures the value of 1/e. The point at which each of the relaxation curves reaches this point
represents the corresponding relaxation time (7), which is used to derive the Arrhenius plots. In the corresponding
the Arrhenius plot a linear trendline was fit to derive the Ea. See Section 6.5.4 in the Supporting Information for

the non-normalised relaxation curves.

From the three polyimine materials, PI-H had the highest E; of 68 kl/mol. The E. of PI-OH
was only slightly lower (58 kJ/mol), but the Ea for PI-OMe was much lower (21 kJ/mol). The
decrease in Ea for PI-OH and PI-OMe can be explained by the electronic effect of the
functional groups, as expressed by the Hammett parameter (o). In Chapter 2 we showed
that an increase in o (i.e., more electron-withdrawing substituent) resulted in a decrease
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in E2.%® Given that hydrogen has a Hammett parameter of 0.00, whereas OH and OMe both
have Hammett parameters for meta substitution (om) of 0.12,%° it was in line with earlier
work that the PI-OH and PI-OMe materials showed a lower E.. Note, however, that in the
previous work in Chapter 2, the substituents were positioned on the aniline monomer
instead of the aldehyde monomer, and that we now used the value for metasubstitution
(om), whereas in our earlier work we used the parasubstitution (op), corresponding to the
position of the substituents on the aromatic ring. In the current work, technically, the
functional groups are present at both ortho and meta position with respect to either of the
two aldehyde groups on the aromatic ring, given the symmetrical appearance of the
dialdehyde monomers. However, Hammett parameters are only available for meta and
para substitution.> This is for reasons that at the ortho position, it is experimentally
impossible to determine the electronic effect of a particular substituent without any
interfering effect of the steric bulk imposed by that substituent.*® It is, however, noted that
the OMe has a larger steric bulk than the OH group, and that at the ortho position OH and
OMe would have a more electron donating character compared to an electron withdrawing
character at the meta position.

With this in mind, the relatively large difference in Es between PI-OH and PI-OMe was thus
quite striking as OH and OMe have similar Hammett parameters for the meta substitution
(om=0.12 for both).*° It would, however, fit the hypothesis of internal hydrogen bonding in
PI-OH. As the internal hydrogen bond stabilises the imine bond, the required energy to
activate bond exchange increases, expressing the observed increase in Ea when comparing
PI-OH to PI-OMe.

6.2.6 Solvent resistance

The solvent resistance of the polyimine CANs was tested for THF, water and MeOH. A small
piece of polymer materials was soaked in the respective solvent for 48 h at room
temperature. Then, the liquid and remaining solid were separated, and the dissolved and
non-dissolved fractions were determined (see Section 6.5 for further experimental details).
The solvent resistance, expressed as remaining fraction, for each of the materials in every
solvent is pictured in Figure 6.8.

From the results in Figure 6.8 can be concluded firstly that the solvent resistance towards
THF and MeOH is far greater for PI-OH compared to PI-H and PI-OMe, indicating that the
internal hydrogen bonding in the PI-OH also enhances solvent resistance. Especially the
solvent resistance of PI-OH towards MeOH (~90%) was striking, as MeOH can form
hydrogen bonds with the polymer material as well. The good resistance against MeOH of
PI-OH can be seen as evidence that intermolecular hydrogen bonding of PI-OH with
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methanol cannot compete with the intramolecular hydrogen bonds within the polyimine
structure. We also, importantly, observed that all materials resist relatively well to water
(~90%), which shows that the imines do not easily hydrolyse in aqueous environments.
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Figure 6.8 Solvent resistance of polyimines, showing the remaining fraction (%) of polymer after soaking for 48 h
at room temperature in the respective solvent.

6.3 Conclusion

The introduction of hydroxy groups on the ortho position of the aromatic imines enables an
internal hydrogen bond between the hydroxy and imine groups. The increased stability of
the imine as a result of the internal hydrogen bond was first shown in small-molecule
experiments. Next, polymer materials were synthesised with either hydrogen, hydroxy or
methoxy groups on the ortho position of the aromatic rings. These results showed that the
hydroxy groups, facilitating the internal hydrogen bonds, could significantly reduce creep of
the materials, especially at elevated temperatures. Furthermore, we showed that the glass
transition temperature (Tg), elastic modulus (G’), kinetic activation energy (Ea) and solvent
resistance of the polyimine CANs were also positively affected by the internal hydrogen
bonding. We foresee that intramolecular stabilisation or deactivation of dynamic covalent
groups in CANs, such as the described internal hydrogen bond between 2-hydroxy and imine
groups, may form a promising basis for the further development of tuneable, high
performance, and creep-resistant CANs.

176



Internal Hydrogen Bonding of Imines to Control the
Dynamic Mechanical Properties of Covalent Adaptable Networks

6.4 Acknowledgement

Ellen Dautzenberg is thanked for help with regards to the synthesis and useful discussions.
Prof. Han Zuilhof is thanked for performing the computation calculations and for the related
discussions.

6.5 Supporting Information

An overview of the most important supporting information is given in the following section.
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See Chapter 2, Section 2.6, for the experimental setups of rheology, NMR and FT-IR.

6.5.1 Small molecule studies

To investigate the effect of the internal hydrogen bond on the stability of the imine bond, a
small-molecule competition experiment using NMR was performed. In this experiment,
1 equivalent of benzaldehyde (0.50 mmol) and 1 equivalent of a hydroxybenzaldehyde
(either 5a, 5b or 5¢; 0.50 mmol) were dissolved together in CDCl3 (0.5 mL) in and NMR tube.
To the solution, 1 equivalent of propylamine (0.50 mmol) was added, and the mixture was
shaken briefly. As the two different aldehydes compete for the available amine, an
equilibrium is formed (see Figure 6.4 in the Result and Discussion, Section 6.2.1). This
equilibrium was generally reached within several minutes. After 30 minutes, the equilibrium
constant (K) was then determined via integration of the NMR signals of relevant aldehydes
and imines as:

[aldehyde 6][imine 7]

[imine 4][aldehyde 5]

An overview of the used NMR signals is given in Table S6.1.
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Table 6.1 Overview of NMR signals of aldehyde and imine groups, used for integration to determine K values of
the equilibrium reaction shown in Figure 6.3. All signals are noted in ppm using CDCls as the solvent.

Aldehyde (ppm) Imine (ppm)
Benzaldehyde 10.02 8.29
2-OH 9.90 8.33
3-OH 9.89 8.19
4-OH 9.81 8.14

6.5.2 Synthesis of 2,5-dihydroxyterephthalaldehyde (TA-OH)
Dimethoxyterephthalaldehyde (0.987 g, 5.06 mmol) was dissolved in 200 mL dry DCM, and
cooled to 0 °C. Under N2 atmosphere, BBrs (3.9 mL, 41 mmol) was added dropwise while

keeping the temperature at 0 °C. Afterwards, stirring was continued for 16 hours. The
reaction was quenched by slowly adding 50 mL water to the mixture. Then another 100 mL
water was added, and the mixture was extracted 4x with 50 mL DCM and 1x with 100 mL
EtOAc. The combined organic phase was washed with brine, dried over MgSQy, filtered, and
dried in vacuo. The product (0.480 g, 2.89 mmol) was obtained as a beige powder with a
57% yield.

'H NMR (400 MHz, DMSO-ds, 6): 10.31 (s, 2H), 10.27 (s, 2H), 7.23 (s, 2H).

13C NMR (100 MHz, DMSO-ds, 8): 190.7, 153.3, 128.1, 115.6.

6.5.3 Synthesis of polyimine networks

4,7,10-trioxa-1,13-tridecanediamine  (TOTDDA) (0.15 mL, 0.70 mmol) and
tris(2-aminoethyl) amine (TREN) (0.030 mL, 0.20 mmol) were dissolved in 2 mL DCM. A
second solution was prepared of the corresponding aldehyde (1.00 mmol) in 5 mL DCM.

Then, the two solutions were mixed and poured into a petri dish. The petri dish was left
open to air for overnight so that the solvent was able to evaporate. The obtained polymer
films were further dried in a vacuum oven at 50 °C for overnight. *H NMR and FT-IR were
used to confirm the transformation from aldehyde to imine (Table 6.2). Typical conversion
rates varied between 95-100%, as could be determined from H NMR analysis. Before
analysis with rheology, the polyimines were hot-pressed at 150 °C into disks with a 10 mm
diameter and 1.0 mm thickness.
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Table 6.2 Characteristic *H NMR and FT-IR signals of aldehyde and imine groups.

R Aldehyde (ppm) Imine (ppm) Aldehyde (cm™) Imine (cm™)

10.0 8.3 1686 1641
OH 9.9 8.3 1660 1627
OMe 10.4 8.7 1670 1630

6.5.4 Stress relaxation curves

For the stress relaxation experiments, a strain of 1% was applied to the materials, and the

relaxation modulus (G(t)) was followed over time (see Chapter 2, Section 2.5, for extensive
details on the experimental setup). The experiments were performed at several different
temperatures within the rubbery domain of the material. From the stress relaxation curves,
the relaxation times (7) were determined at the point where the normalised relaxation
modulus (G/Go) was 1/e (=0.37). Plotting the relaxation time as a function of the inverse
temperature revealed that the stress relaxation nicely followed the Arrhenius law, which is
typical for vitrimer-like materials.® 57 As such, we could derive kinetic activation energies
(Ea) from the Arrhenius plots. The normalised stress relaxation curves and Arrhenius plots
of PI-H, PI-OH and PI-OMe are presented in Figure 6.7 in the Results and Discussion (Section
6.2.4), and the non-normalised stress relaxation curves are shown below in Figure 6.9.
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Figure 6.9 Stress relaxation curves of PI-H (left), PI-OH (middle), and PI-OMe (right).

6.5.5 Computational calculations

All structures were first optimised in Gaussian16 using ®B97XD/6-311+G(d,p) calculations
(in vacuo), and subsequently optimised using the (large) QZVPP basis set, using an SMD
solvent model representing chloroform. Once the optimised geometry vibrational
frequency calculations were performed, the free energy was determined using internal free
energy corrections.
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Abstract

The solubility of covalent adaptable networks (CANs) has been a topic of discussion ever
since their first developments. CANs are polymer materials that are covalently crosslinked
via dynamic covalent bonds. As such, the crosslinked polymer network is not expected to
show solubility, as can be seen for traditional thermosets. However, in recent years, it has
become apparent that —under certain conditions— both dissociative and associative CANs
can be dissolved in a good solvent. For some applications, solubility of CANs can be
problematic, but (selective) solubility of CANs can also be used advantageously. For
example, in recycling or post-synthetic modification of the materials. In this chapter, we
provide results and insights related to the solubility of imine-based CANs. We observed that
selected CANs could be fully dissolved in a good solvent without observing any dissociation
of the imine bonds. For the polyimines, only in an acidic environment (partial) dissociation
of imines was observed, which could be reverted to the associated state when the acid was
neutralised via addition of base. By adjusting the network composition, we were able to
either facilitate or hamper solubility of the CANs in specific solvents. We furthermore
studied the size of dissolved CAN particles, and found that higher diluted states (i.e., lower
concentration of polymer in the solvent) resulted in a decrease in size of the dissolved
particles. We also observed that decreasing the crosslinking density resulted in smaller
dissolved particles. Last, we showed that we could use the solubility of the CANs as a means
for chemical recycling. The CANs could be fully dissolved, without observing dissociation of
imines bonds, and the solution could be cast into a new mould. By evaporation of the
solvent, a newly recycled polymer film was formed that showed similar material properties
as the pristine material. Based on our results, we further comment on the wider implications
of our work in relation to the question of solubility of CANs.
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7.1 Introduction

Thermosets are widely applied materials because their covalently crosslinked polymer
structure enables superior strength and toughness when compared to linear or branched
thermoplastics. The permanent covalent network structure of thermosets, however, comes
with certain drawbacks. Probably the most prominent drawback is that recycling and
reprocessing are no longer possible once the material is made. Once the polymer network
is set, it is permanent. A solution to this problem was presented by the development of
covalent adaptable networks (CANs). 2 CANs are thermoset polymers by nature, as they
have the same covalently crosslinked network structure, although with the exception that
dynamic covalent bonds are incorporated in the network. These dynamic covalent bonds
can perform bond exchange reactions,® which effectively means that polymer chains within
the network can be exchanged to create a molecular flow within the material.*> In order to
activate this flow in the material, the bond exchange requires some sort of activation or
stimulus. This can, for example, be achieved by heating and/or with a catalyst,® which can
even be internal.”® A break-through for these dynamic polymer systems was when Leibler
and co-workers (2011) documented on polymer networks that exchange bonds via
transesterification reactions, showing Arrhenius type behaviour in their temperature
dependence of the viscosity, similar to vitreous silica, and therefore coining the term
vitrimer.* Since then, many researchers have expanded the field, and different types of
dynamic covalent bonds have been studied for their inclusion in CANs and vitrimer-like
materials. Some promising chemistries include dioxaborolane exchange,®!3

17,18 or anilinium salts,* %

21-27

transesterifications,* ® 46 1 2 3-triazolium sulphur-based

exchange such as from disulphides and thioesters, or amine-based exchange such as

33,34 35-39

from guanidines,?® vinylogous urethanes,?*3? diketoenamines, and imines.

7.1.1 Solvent resistance versus solubility

The covalently crosslinked network structure of thermosets is what generally protects these

materials against the influence of solvents. Many thermosets are still able to swell in good
solvents, but fully dissolving them is inherently not possible. Current efforts have, however,
been made regarding controlled degradation of thermosets by means of solvolysis.*® For
CANs, the effects of solvent resistance, swelling and solubility are not as trivial. First, CANs
tend to swell more than classical thermosets as bond exchange reactions and cleavage can
take place during swelling.**** Here, the mechanism of the bond exchange reaction is
crucial. In general, we can distinguish each exchange reaction to be either dissociative or
associative.* % For the dissociative exchange mechanism (elimination/addition), a bond is
first broken before a new bond is formed, leading to a temporary decrease in crosslinking
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density. For the associative mechanism (addition/elimination) a new bond is formed before
the old bond breaks, leading to a temporary increase in crosslinking. From this perspective
it could be postulated that the dissociative mechanism would increase the possibility to
dissolve respective CANs (when heated),*® as the network could be broken down back to
soluble monomers or oligomers. Meanwhile, this would not be the case for CANs relying on
associative bond exchange as the network would never break down.** As such, associative
networks (vitrimers) were initially expected to never fully dissolve in any solvent.*’
However, there has recently been debate on the solubility of both dissociative and
associative CANs,*® which will be addressed below.

Normally, initial exposure of a freshly made thermosetting material — or vitrimer for that
matter —to a good solvent would always result in a small soluble fraction containing either
unreacted monomers and/or small fragments or chains that were not connected to the rest
of the network structure (e.g., small loops or terminated oligomers). However, the main
polymer network would not dissolve and only swell to some degree. With a so-called
theoretical “patchy particle model”, Smallenburg, Leibler and Sciortino (2013) were able to
further characterise this swelling behaviour for vitrimer materials.*® Their model suggested
that addition of a good solvent to a vitrimer system would favour the formation of a dilute
phase consisting of small clusters. However, their calculations demonstrated that the
vitrimer would never fully dissolve, as was initially proposed on the basis of experimental
results.* Instead they noted that only monomers and smaller clusters escape into the
solvent, while the majority of the bulk network remains as a whole, emphasising that
separation into dissolved or non-dissolved state is driven purely by entropy. Here, it is
important to note that bond exchange reactions enable that both small clusters can
separate from a bigger whole, while also small clusters may assemble and recombine via
bond exchange reactions to other clusters (Figure 7.1). In theory, this can be seen as an

equilibrium reaction.

Figure 7.1 Schematic representation of the continues merging and separation/splitting of dynamic polymer
clusters (pictured in orange) facilitated by solvent (pictures as blue dots). Note that both merging and separation
progress via dynamic covalent bond exchange reactions.

Simulations from the patchy particle model, however, showed that assembly of smaller
particles to a bigger aggregate is thermodynamically favourable,* which is in favour of the
postulate against full solubility of vitrimers. However, although the theoretical model shows
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good coherence to the description of vitrimer-like behaviour,” & * some questions
regarding the full extent of swelling and solubility remain. Some understudied parameters
are, for example, the type of solvent (e.g., polar/apolar, protic/aprotic), the crosslinking
density of the polymer network, the concentration of dynamic covalent bonds, or kinetics
of the dynamic covalent bonds.

First, different solvents may have different interactions to the materials, which could apply
to both the chemical nature of the network, and to the dynamics of the bond exchange
reactions. Second, by addition of large amounts of solvents, one could prevent the likeliness
of small cluster to meet and reassemble into bigger clusters (Figure 1). As a consequence,
this would result in a shift in the equilibrium from non-soluble bulk to soluble small particles.
This could, in theory, be extended to the point at which even the largest remaining mass
would be considered as a dissolved particle. Based on the size (distribution) of the particles
in the solvent one could, however, still question whether to call the solvent-polymer
mixture either a solution, colloid or suspension. It is also important to note that
transparency of the mixture does not always mean full dissolution.>® >! Typically, a mixture
is considered a solution when the dissolved particles are smaller than 1 nm, a colloid when
particle sizes are in between 1-1000 nm, and a suspension when particle sizes are bigger
than 1000 nm.>? For this reason, true solutions do not scatter light as the particles are too
small, whereas colloids do scatter light. The scattering of visible light by colloidal particles
is also known as the Tyndall effect.

Since CANs combine properties of both classical thermosets and thermoplastics, it is always
good to compare the dynamics of both systems when describing the behaviour of a CAN.
As such, the principle of solvent diffusion, chain disentanglement and diffusion of

disentangled chains in linear polymers,*

may apply similarly to CANs. For example, the
splitting off of smaller particles as a result of bond exchange in CANs shows similarities to
disentanglement or unfolding processes in linear polymers in which weaker bonds (e.g.,

hydrogen bonds or Van der Waals forces) are broken.>?

The influence of temperature on the solubility of vitrimers (associative CANs) is generally
not considered to be of mayor concern. Even though higher temperature increases the bond
exchange kinetics, the vitrimer network would never dissociate and remains intact.>
However, as a result of more efficient topological rearrangements at higher temperatures,
higher swelling ratios can be expected.*” On the other hand, CANs relying on dissociative
bond exchange are expected to show a better solubility at elevated temperatures as a result
of full network dissociation, driven by entropy and dilution.?’ A recent study by Kalow and
co-workers did, however, also show a temperature-dependent solubility of block copolymer
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vitrimers relying on associative vinylogous urethane exchange.>® Their results showed that
the vitrimers remained largely intact at lower temperatures, but when heated to 110 °Cin
a sealed vessel swelling and fragmentation was observed in THF. No quantitative
degradation occurred, but rather nanoscale particles in the sol were observed with DLS. This
observation of dissolution at higher temperatures thus suggests that stimulating faster
bond exchange could realise the dissolution of vitrimers.

Other factors affecting solubility apply to the chemical nature and composition of the
materials. For example, Tellers and co-workers noticed a trend of poorer solubility at
increasing crosslinking densities for vinylogous urethane CANs.>® Where highly crosslinked
materials showed to be only partially soluble, leaving few gel-like residues, the lower
crosslinked materials were able to fully dissolve within several hours. This result was
expected as the lower crosslinking density of the material facilitates easier penetration of
the solvent into the network.*>>7 Since the vinylogous urethane is considered an associative
dynamic bond,3" % the results of both Tellers’ and Kalow’s studies thus show that
associative CANs can be dissolved.

7.1.2 Solvent-assisted dissolution

An existing technique to fully dissolve both associative and dissociative based CANs is by
solvent-assisted dissolution, which has been applied in several studies as a means of
chemical recycling.”®®® The solvent-assisted dissolution works somewhat different than
simple dissolution, as here the polymer network is essentially depolymerised into small
molecules or oligomers. A schematic image in the case of an ester-based CANs is pictured
in Figure 7.2 below. A specific solvent is chosen (here ethylene glycol) that can perform
bond exchange with the dynamic bonds in the polymer.*® As a result, the polymer network
is broken down into smaller end-capped pieces. To reverse this depolymerisation
(repolymerisation) the volatile solvent can be evaporated again, and as a consequence the
network structure will be reformed. Such solvent-assisted dissolution has already been
applied for various types of CANs. For example, ester-based CANs could be dissolved using
alcohols as solvent,%%® disulphide-based CANs could be dissolved by using thiols as the
solvent,®” ® and imine-based CANs could be dissolved using primary amines as the
solvent.3” %70 As mentioned before though, this technique of solvent-assisted dissolution
does, by definition, not dissolve the actual polymer, but rather cuts it into small soluble end-
capped pieces or monomers. It could therefore perhaps better be described as a practise of
degradation or depolymerisation.”
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Figure 7.2 Schematic representation of solvent assisted dissolution of ester-based CANs. The solvent (ethylene
glycol) gradually breaks down the polymer network in smaller soluble parts. Image adapted from Yu et al. 2017.%8

7.1.3 Dissolution of polyimine CANs

In this thesis, research has focussed on imine-based CANs. An interesting feature of imines
is that they can perform both associative and dissociative bond exchange.”?>7* Three ways
of imine exchange are considered: hydrolysis, transimination, and metathesis (Figure 7.3).
The hydrolysis (and reformation via condensation) has a dissociative mechanism (Figure
7.3A), whereas the transimination (Figure 7.3B) and metathesis (Figure 7.3C) are considered
associative. The underlying mechanisms of the imine exchange have been studied
thoroughly for a long time,”>® however, a full understanding, especially regarding the
metathesis reaction,% 82 is still a topic of discussion and requires further investigations.”

_R? , H,0

C) g R+

Figure 7.3 Overview of bond exchange mechanisms of imines: A) condensation and hydrolysis of aldehyde and
amine, B) transimination of imine and amine, and C) imine metathesis of different imines.
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Even though imines are able to perform bond exchange via both dissociative and associative
mechanisms, methods have been developed to push the exchange to either one of the two.
For example, by increasing the stability of the imine bond (e.g., via aromatic conjugation)
the dissociative hydrolysis reaction can be suppressed (see Chapter 2).3° Conversely, the
availability of acidic protons can stimulate the dissociative exchange mechanism via
hydrolysis and condensation.

The mode of bond exchange of imines is important for the consideration of solubility of
polyimine CANs. Imines networks can be dissolved by all three exchange pathways. First,
aqueous acidic environments are known to promote the hydrolysis of imines, leading to
depolymerisation into soluble particles or monomers.®3 Second, via means of solvent-
assisted solubility (see Figure 7.2), primary amines can be added that would perform
transimination.3”  7° Third, small imine-containing molecules can be added that could
perform metathesis in order to break the network down into smaller end-capped pieces,
although this method is not commonly used.

More importantly, however, recent work pointed out that polyimine CANs can be dissolved
in good solvents without the addition of acid, primary amines or imines.?* 8 For example,
Liu and co-workers noticed good solubility of polyimines in either THF or DMSO, depending
on the network structure of the polyimines.®* Similarly, Fang and co-workers observed
solubility of polyimine CANs in chloroform, for which a Tyndall effect was noticed when
exposed to red laser light.®> Potential hydrolysis of imines could easily be ruled out via NMR
analysis as imine signals remained and aldehyde signals were not observed, indicating that
no net dissociation occurred. Dynamic light scattering (DLS) was applied to reveal that
dissolved nanoparticles with sizes of 2.0 and 11.7 nm were formed, for which the sizes were
related to the different types of used monomers. They speculated that the fast imine
exchange enables efficient rearrangement from polymer network into soluble
nanoparticles.

In this work, we will further address the solubility of imine-based CANs. We will look further
into what factors determine the solubility, and try to gain insight in what happens when the
CANs are being dissolved. We will look into the nature of the polymer network to study
whether specific linkers could cause either enhanced or decreased solubility in specific
solvents. Furthermore, we address what effects the network composition has on the size of
the soluble polymer particles. Last, we test the potential of chemical recycling of the CANs
via dissolution.
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7.2 Results and discussion

To study the solubility of polyimine CANs, we started with the preparation of a polymer
network from terephthalaldehyde (TA), 4,7,10-trioxa-1,13-tridecanediamine (TOTDDA) and
tris(2-aminoethyl)amine (TREN) (Figure 7.5). A stoichiometric amount of aldehyde to amine
groups was used, where 30% of amines were from TREN and 70% from TOTDDA, hence the
abbreviation PI-30 was used. The synthesis was performed according to the methods
described in Chapter 2.
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Figure 7.5 Reaction scheme for the polymerisation of polyimine networks from TA, TOTDDA and TREN.

7.2.1 Solubility of polyimines
The solubility of the polyimine material was studied for several solvents that are commonly

used to dissolve organic molecules (see Figure 7.6). The solubility was determined by
dispersing 100 mg of polymer in 10 mL solvent and leaving it for 10 days at room
temperature in a closed vial. Then, the liquid and solid phases were separated and dried to
determine the dissolved and non-dissolved fractions. The dissolved fractions in each solvent
are shown in Figure 7.6, and are ordered from most polar (left) to most apolar (right)
solvent. Most solvents offered relatively poor solubility towards the polyimine material, and
few showed reasonable solubility. Chloroform was the only solvent that was able to fully
dissolve all material. MeOH, THF and EtOAc still had a reasonably high solubility (>50%).
Interestingly, the solubility did not seem to be polarity dependent, nor was there a clear
trend between protic and aprotic solvents. This was rather unexpected, as other studies
have highlighted correlations between imine exchange and solvent polarity,® as well as
network polarity (see Chapter 3).36 The dynamics of the bond exchange might therefore not
directly correlate to better solubility, but instead the network structure may play a larger
part here, as the nature of the polymer network may affect the penetration of specific
solvents.®” Also note that long soaking times were required to dissolve all material. Even in
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chloroform, several hours were required before full solubility was observed. This indicates
that the penetration of solvent molecules into the polymer network is a slow process. It was
observed that material first underwent swelling, and only afterwards the actual dissolution
process started, rather than the material being broken down from the outside inwards.
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Figure 7.6 Dissolved fractions of PI-30 in several common solvents, determined by the addition of 100 mg of
polymer material to 10 mL of the respective solvent (performed in triplo). Only for CHCIs full solubility (100%) was
observed. As such, it does not contain an error margin (indicated by the *). Solvents were ordered from most polar
(left) to apolar (right).

Next up, five additional polyimine networks were prepared with diamines of similar length,
but different chemical nature (Figure 7.7A). The aldehyde (TA) and triamine (TREN)
monomers were held constant for all materials. We hypothesised that chemical differences
in the chains of the network structure would affect the solubility of the polyimine materials,
and with the chosen variations we envisioned to gain a better understand of which chemical
groups would facility better solubility or solvent resistance. We expected the effects of the
different diamine linkers to be mostly minimal, as their chemical structures were relatively
similar. Only the diethylenetriamine (DETA) is expected to potentially affect the imine
kinetics, as a result of the polarity of the chain or the potential to form hydrogen bonds with
the imines.3® 3° A similar solubility test as before was performed for all five polyimine
materials, using chloroform, methanol, THF and EtOAc as solvents. From the results
(Figure 7.7B) some clear conclusions could be drawn by relating solubility to the chemical
structure of the diamine chains. First was observed that the xylylene (Xyl) groups showed
significantly higher solvent resistance than any of the other materials for each of the tested
solvent. This can be expected, as xylylene groups have been applied in other materials to
create though networks.”” 88 Next, by comparing the Cad and MeP materials, we observed
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that branching of the diamine structure significantly improved solubility of the materials for
all tested solvents. This observation could be explained as branching of polymer chains
generally results in a more flexible network and loss of crystallinity,? which could facilitate
better penetration of solvent molecules within the polymer. A similar effect was also
observed for the Cy material, as the cyclohexane structure would result in more amorphous
materials compared to the Cad material. Last, we noticed significantly improved solubility
of DETA in methanol, which is likely related to the hydrogen-bonding potential of the
secondary amine groups with the solvent,3® although we cannot rule out the effect of the
secondary amine on the imine exchange kinetics.3®
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Figure 7.7 A) Chemical structures of the different diamine monomers, including full name and abbreviation. B)
dissolved fractions of the polyimine materials synthesised from each of the pictured diamines (together with TA
and TREN, with a crosslinking of 30%).

Given the observations from the solubility tests (see Figure 7.7), some speculations can be
made regarding the mechanisms involved in the dissolution. We observed that penetration
of solvent molecules into the network is essential for the dissolution. However, it remains
challenging to study what happens once the material is in its swollen state. We
hypothesised that when solvent molecules penetrate the network structure, the network is
being stretched outwards, firstly resulting in a swollen state. In order to compensate this
outwards force, bond exchange reactions could cause the network to rearrange, similar to
stress relaxation mechanisms. These rearrangements could, in turn, cause rupture of (small)
parts of the network. Once these small parts are released from the network, they can diffuse
into the solvent. Over time, when more of these small particles separate from the bulk into
the solvent, the material is essentially being dissolved. The exchange of polymer chains can,
in theory, proceed via associative exchange. However, in a (very) short frame in time, the
imines could potentially also dissociate into aldehyde and amine (given that water is present
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in the system), and immediately react again on a different location. This was, however, not
observable with e.g. NMR, as the time interval in which this mechanism occurs would be
extremely short.

7.2.2 Solubility of V-Ureas

To transfer the observations made for our polyimine CANs to other CANs, a similar solubility
experiment was performed for vinylogous urea (V-Urea) networks. V-Urea networks have a
similar synthetic design as imines, but during the synthesis the aldehyde is replaced by an
acetoamide. The V-Urea networks perform bond exchange via transamination, which
occurs via an associative mechanism.®® Note, however, that for V-Ureas an excess of amine
is required to facilitate the transimination reaction, which is not the case for imines, as they
are generally synthesised from stoichiometric amounts of aldehyde and amine. For our
synthesis of V-Urea networks, the same amine monomers were used as for the imine
networks. They were then reacted with ethylenediamine-N-N’'-bis(acetamide) (EDABA) to
construct V-Urea networks (Figure 7.8A). The synthetic procedure was similar as to the
polyimines, except DMF was used as the solvent, and a temperature of 80 °C was required
(see Section 2.5 for further experimental details).
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Figure 7.8 A) Synthetic overview for the preparation of V-Urea networks from EDABA, TREN and a variable diamine
monomer. B) Dissolved fractions for the different V-Urea networks in several common organic solvents.

After successful synthesis of the V-Urea networks, they were soaked in either chloroform,
MeOH, THF or EtOAc using the same procedure as before for the imine CANs. The dissolved
fractions were again determined (Figure 7.8B). We observed that generally the V-Urea
networks showed greater solvent resistance than the imines. We do, however, clearly see
that dissolution is observed in MeOH. Particularly the V-Urea networks with DETA as
diamine showed very good solubility (~90% dissolved fraction). By adding more solvent, all
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material eventually dissolved. In chloroform, we also observed some solubility for Cad and
Cy V-Ureas, but all other tested solvents and materials showed high solvent resistance
(<10% dissolved fractions). Likely, the hydrogen bonding potential of MeOH might thus
facilitate better solubility of the V-Urea networks, whereas for the other, non-protic
solvents this is lacking. Specifically for DETA, the extra secondary amine in the chain
facilitates even more hydrogen bonding potential with the solvent, resulting in enhanced
solubility as was also seen for the polyimines. Apart from the network effects, the hydrogen
bonding potential of MeOH with the V-Ureas might also cause enhanced bond exchange,
resulting in better solubility of the V-Ureas in MeOH.

In short, although we do observe generally good solvent resistance of the associative V-Urea
networks, when choosing a specific solvent (this time MeOH), we can facilitate solubility of
the material. As such, when a CAN exchanges via an associative mechanism, this does not
automatically imply that the CAN is insoluble. And although the mechanism of the bond
exchange may play an important role in the possibility to dissolve a CAN, the nature of the
polymer network also significantly affects the solubility.

7.2.3 NMR analysis of dissolved polyimine CANs
When dissolving the polyimine CANs, it was necessary to make sure that we indeed

dissolved polymers, and not dissociate the polymers back to monomers. To check if indeed
the polymers stay intact and do not dissociate, NMR analysis was used. First, we examined
the PI-30 material discussed before (see Figure 7.5). To check if imines would hydrolyse
upon dissolution, a small amount of PI-30 was allowed to dissolve in CDClz in an NMR tube,
and 'H NMR spectra were recorded. The *H NMR spectra of the dissolved polymer were
then analysed and compared to all individual starting materials (Figure 7.9). The NMR
spectra showed that the imines (8.1-8.4 ppm) stayed intact and no dissociation back to
aldehydes (10.1 ppm) and amines (1.0-1.5 ppm) was observed. This observation, in
combination with the fact that the network does dissolve, implies that the polymer network
reorganises into small soluble particles such as loops or vesicles,’® rather than dissociating
back to monomers. This is an important result, as it shows that soluble polymeric structures
can be formed via bond exchange of the CANs without degrading the material back to
monomers. *H NMR spectra of the Cad, MeP, DETA, Cy and Xyl imines were also measured,
which all showed that imine groups stayed intact, and no dissociation back to aldehyde had
occurred during the dissolution (see Section 7.5.4).
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Figure 7.9 From top to bottom: stacked *H NMR spectra of the dissolved PI-30 (after immersion for 24 hours in
CDCls) (purple), TA (blue), TREN (green), and TOTDDA (red). All spectra were measured in CDCls (solvent signal at
7.26 ppm) with TMS as a reference (signal at 0.00 ppm).

Dissociation of imines can, however, be achieved by addition of acid. To test this for PI-30,
acetic acid was added to a solution of the dissolved polymer in CDClz. We observed that
after the addition of acid, a partial dissociation of imines was noticed (see Section 7.5.5). An
equilibrium between imine and aldehyde was observed, which shifted more towards the
dissociated products when the concentration of acid was increased. Neutralising the
solution by addition of triethylamine, however, showed to fully push the equilibrium back
towards the imine formation (see Section 7.5.5).

7.2.4 Size of dissolved particles

To further study how the dissolved polyimines behaved in solution, dynamic light scattering

(DLS) was used to determine the size of the dissolved polyimine particles. Three solutions
of PI30 were prepared with concentrations of 0.1, 1.0 and 10 g/L in chloroform. In addition,
a new polyimine material was synthesised, for which the TOTDDA monomer was replaced
with a longer poly(ethylene glycol) chain with an Mw~ 1500 g/mol. This material was named
PEGI30. The same synthetic procedure as for PI-30 was used (see Section 7.5) As a result of
the much longer PEG chain, the crosslinking density of the material is much lower. After the
synthesis of this material, also three solutions were prepared with concentrations of 0.1,
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1.0 and 10 g/L in chloroform. All solutions were kept at room temperature for 4 days before
they were analysed with DLS to make sure that a stable size distribution was obtained. The
sizes of dissolved particles for PI30 (Figure 7.10) showed a clear trend for which a lower
concentration result in smaller particles sizes. For the PEGI30 material, the difference
between 10 and 1 g/L solutions was relatively small, but at the lowest concentration of 0.1
g/L the size of the dissolved particles decreased more clearly. The results of smaller particle
sizes at lower concentrations are in favour of the hypothesis that when diluting (i.e., ratio
of polymer to solvent decreases) the chance of dissolved particles meeting and
reassociating is smaller. As such, the equilibrium shown in Figure 1 in the introduction is
pushed to the right. From the DLS results it was also observed that PEGI30 showed smaller
particles sizes compared to PI30, which implies that a lower crosslinking density results in
smaller particles sizes. The most probable cause for this event is that a lower crosslinking
density facilitates easier penetration of solvent molecules into the polymer,*® and as such
facilitates easier dissociation of large polymer particles into smaller ones. It should however
also be noted that by using the longer PEG chains compared to the shorter chains, that the
relative amount of dynamic covalent imine groups in the material decreases. As such, fewer
bond exchange reactions might take place, affecting the overall dynamic behaviour.
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Figure 7.10 Size of dissolved polyimine particles for PI30 and PEGI30 for concentration of 10, 1 and 0.1 g/L in
chloroform. The average hydrodynamic radius is given in black, and the mean is given in red.

The same DLS experiment was then also performed for the polyimines synthesised from
different pentane diamine structures, as presented in Figure 7.7A, with a concentration of
1 g/L. These results showed that the dissolved particles of Cad, MeP and DETA had similar
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sizes with a hydrodynamic radius around 50 pum (Figure 7.11). Larger particles were
observed for Cy (67 um) and Xyl (104 um). It is likely that the bulkiness of the diamine chain
has an effect here, as the chain lengths are relatively similar, but the bulkiness is not: Cad,
MeP and DETA have similar bulkiness of the chains, but Cy and Xyl contain larger
cyclohexane and benzene rings, respectively. The variations in size of the dissolved particles
might thus not per se be related to the difference in solubility for these specific cases, but
rather in terms of size of the monomeric units within the polymer. Together with the
previously observed results from PI30 and PEGI30 (Figure 7.10), we thus expect that
concentration, crosslinking density and bulkiness of the monomer units are the most
important factors that determine the size of the dissolved particles.
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Figure 7.11 Hydrodynamic radius of dissolved polyimines synthesised from different pentane diamines. All

measurements were performed in chloroform at a concentration of 1 g/L. *Since the Xyl material did not fully
dissolve and the remaining mass remained on the bottom of the flask, only the dissolved particles were observed.

7.2.5 Recycling via dissolution

An important application for the solubility of CANs can be found in chemical recycling. As
such, recycling of PI30 materials via dissolution was investigated. First, pristine materials
were synthesised and analysed. The materials were then cut into pieces and fully dissolved
in THF. Evaporation of the solvent then resulted in the formation of a new recycled polymer
film. The newly obtained film was analysed and compared to the pristine material (see
Section 7.5.6 for further experimental details). From temperature sweep experiments (see
Figure 7.19 in Section 7.5.6), we concluded that the elastic (G’) and viscous (G”’) moduli of
pristine and recycled materials showed comparable values over a temperature range from
20-100 °C. In addition, the crossover temperature (Tcross), where G’ and G” cross,®” %3 was
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comparable for pristine (78 £ 2 °C) and recycled (74 = 2 °C) materials. Frequency sweep
experiments (see Figure 7.19 in Section 7.5.6) also showed that both pristine and recycled
materials reached a constant plateau in G’, indicating that both materials showed a constant
crosslinking density at elevated temperatures, even above the Tcross.

The results from the dissolution-based recycling show that the materials do not significantly
suffer from the dissolution. However, thermomechanical reprocessing of CANs is in most
cases still preferred, as it generally requires less effort and prevents the use of (large
amounts of) solvent. In cases where the requirement of high temperatures causes problems
to the materials, however, recycling via dissolution can offer a way out.® Alternatively,
“wetting” of the materials can be applied to increase the efficiency of vitrimeric welding.%
This wetting can serve as an energy efficient method to lower the amount of required
energy for thermal reprocessing, and can be a more sustainable alternative, especially when
low-toxicity and greener solvents (e.g., bio-ethanol) can be used. The varying solubility of
specific CANs can also prove useful in solubility-based separation processes of different
plastics and other contaminants in waste streams.

Last, we would also like to discuss the potential to perform post-synthetic modifications to
the CANs while in either the dissolved or swollen state. In previous work, we observed that
phase separation of polyimine CANs could be reverted by swelling the phase-separated
materials in solvent, to which additional monomers were added (see Chapter 3). The new
monomers were able to penetrate the dynamic network, by which the overall chemical
nature of the network could be altered. In another example, metal-coordination of the
dynamic covalent imines was performed via dissolution of polyimine networks, to which
metal salts were then added to significantly enhance the material properties of the CANs
(see Chapter 5). From the perspective of durability, it can also be more feasible to enhance
the material properties of old, weak or damaged materials via this dissolution and addition
of new components, rather than simply making an entirely new material while discarding
the old one. However, since many applications still require materials with high solvent-
resistance, tuning CANs to only (selectively) dissolve in a specific solvent while keeping high
resistance towards other solvents may be required.

7.3 Conclusions

As CANs are crosslinked polymer structures, they were initially not expected to be soluble
in organic solvents. However, bond exchange reactions within the CAN enable the material
to swell and rupture to eventually rearrange into smaller soluble particles. Depending on

201



Chapter 7

the chemical composition of the polymer network and the dynamics of the bond exchange
reaction, the penetration of solvent molecules into the polymer network and splitting off
soluble parts can be either suppressed or stimulated. In addition, adjustments to the
network structure may affect how the dissolved CAN particles behave in solution. We
observed that higher crosslinked materials formed larger (but still soluble) particles when
dissolved in a good solvent. We also observed that the size of the dissolved particles
decreased when the concentration of dissolved CAN particles was reduced (i.e., a higher
solvent/polymer ratio). Although good solvent resistance might be required for some
applications, the (selective) solubility of CANs can also be used advantageously. For
example, in chemical recycling or post-synthetic functionalisation of the materials.
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7.5 Supporting Information

For the used materials and methods, see also Chapter 2, Section 2.5.

7.5.1 Synthesis of polyimine networks

All polyimine networks were prepared by dissolving terephthalaldehyde (TA, 4.00 mmol),
tris(2-aminoethyl)amine (TREN, 0.80 mmol) and either of the specified diamines
(2.80 mmol) in a small amount of THF (typically ~5 mL per gram material). The solution was
briefly mixed until a homogenous mixture was obtained. It was then poured into a glass
petri dish, which was left for overnight. Most of the solvent evaporated to air, and a wet
polymer film resulted. The film was further dried in a vacuum oven at 50 °C for at least one
day.

7.5.2 Synthesis of V-Urea networks
Ethylenediamine-N-N’-bis(acetamide) (EDABA, 4.00 mmol), TREN (0.80 mmol) and either of
the specified diamines (2.80 mol) were mixed together in 10 mL DMF. The mixture was

carefully heated with a heat gun, while swirling the flask, to dissolve all material. Then, the
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mixture was poured into a petri dish, which was placed in an oven at 80 °C for at least 24
hours. The obtained polymers were further dried in a vacuum oven at 50 °C for overnight.

7.5.3 NMR analysis of acidic solution of PI-30

Solutions of PI-30 were prepared by dissolving PI-30 (5 mg) in 0.5 mL CDCls. When the
polymer was fully dissolved 2.9 pL (0.050 mmol; for 0.1 M solution) or 29 pL (0.50 mmol;
for 1.0 M solution) acetic acid was added to the mixture. The solutions were briefly shaken

and several 'H NMR spectra were recorded up to 30 min after addition to check whether
equilibrium had been reached. The imine (8.2-8.5 ppm) and aldehyde (10.0-10.2 ppm)
regions were integrated to determine the ratio of imine : aldehyde.

Next, to neutralise the 1.0M acetic acid solution an equimolar amount of triethylamine
(70 pL, 0.50 mmol) was added. The mixture was briefly shaken and *H NMR spectra were
recorded every 10 minutes. After 30 mins only trace (<1%) signal of aldehyde was observed,
which indicated that the equilibrium was again fully pushed towards the imines.

7.5.4 NMR spectra of dissolved polyimines

The *H NMR spectra of polyimines networks with different diamine structures are presented
below.
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Figure 7.12 Full *H NMR spectrum of PI-30 in CDCls. A close inspection of the imine region of the spectrum
(8.1-8.4 ppm) revealed 4 different imine signals (that to some degree overlap). This can be explained as the TA
monomer can form an imine on both aldehyde ends, which can either be formed with two molecules of TOTDDA
or TREN, or with one of each. In the last case, both ends have a different chemical nature, bringing the total to 4
different imine signals. A similar splitting of signals was also noticed for the hydrogens on the benzene ring. The
assigned chemicals shifts of imines from the formation of TA with either amines were as follows: TREN on both
ends (8.18 ppm), TREN and TOTDDA each once (8.25 and 8.29 ppm), and TOTDDA on both ends (8.30 ppm).
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Figure 7.13 *H NMR spectrum of Cad30 in CDCls.
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Figure 7.14 'H NMR spectrum of MeP30 in CDCls.
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Figure 7.15 *H NMR spectrum of DETA30 in CDCls.
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Figure 7.16 *H NMR spectrum of Cy30 in CDCls.
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Figure 7.17 *H NMR spectrum of XyI30 in CDCls.
Note the poor signal intensity due to the very low
solubility. Signals originating from traces of water
(1.56 ppm) and THF (3.76 ppm, 1.85 ppm) are
therefore also overexpressed in the spectrum.
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7.5.5 Reversible dissociation of dissolved polyimines by addition of acid
The dissociation of imines is known to be catalysed by acid, and as such we investigated if

the polyimines would hydrolyse in more acidic environments. When decreasing the pH to
stronger acidic environments we noticed that the imines started to partially dissociate to
form a new equilibrium between imine and aldehyde and amine (Figure 7.18). Solutions
were prepared of 0.1 M and 1.0 M acetic acid in CDCls, to which the polyimine material was
added (see Section 7.5.3). 'H NMR analysis showed that an equilibrium between imines and
hydrolysed products formed instantly, where a higher concentration of acid resulted in the
equilibrium being shifted more towards the dissociated products. These results show that
in acidic conditions the imines do not fully dissociate, but instead the equilibrium between
dissociation and formation of imines is shifted. We then also investigated if we could push
the equilibrium back towards formation of the imines. For this, an equimolar amount of the
base triethylamine was added (see Section 7.5.3), and indeed the equilibrium was pushed
back towards formation of the imines, as only trace amounts (<1%) of aldehyde remained.

Aldehyde region Imine region

( | \

PI1-30 in CDCl, (10 mg/mL)

P1-30 in CDCl, + acetic acid

PI-30 in CDCl, + acetic acid + triethylamine

103\102 101 100 §9 98 97 96 95 94 93 92 91 90 89 88 87 86\85 84 83 82/ 81
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Figure 7.18 *H NMR spectra of PI-30 in CDCls (top), after addition of acetic acid (middle) and when neutralised with
triethylamine (bottom). The spectra indicate that after addition of the acid the imines partially dissociate back to
aldehyde, but after neutralisation with triethylamine the equilibrium is again pushed fully towards imine
formation.
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7.5.6 Recycling via dissolution of PI-30
For the recycling experiment, a pristine PI-30 material was first synthesised. A temperature
sweep experiment was performed to determine the Tecross (Where tan(8) = 1),%2 giving the

temperature at which the material transitions from a rubbery to a viscous (malleable)
state.®® Next, frequency sweep experiments at several temperatures were performed to
check for a constant plateau of the storage modulus (G’), indicating that the crosslinking
density remains constant at elevated temperatures.” & * Next, the pristine material was
fully dissolved in THF. The solution was then poured into a petri and the solvent was slowly
evaporated to air overnight. The newly obtained polymer film was further dried in a vacuum
oven at 50 °C for one day. The same rheology tests as for the pristine materials were
performed to compare the material properties of the pristine material to the recycled
material (Figure 10).
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Figure 7.19 Top: temperature sweeps of pristine (left) and recycled (right) polyimine material. In blue the storage
modulus (G’), in red the loss modulus (G”), and in grey the tan(6). The Teross Was determined at tan(6) = 1. Bottom:
frequency sweeps of pristine (left) and recycled (right) polyimine material. In blue the storage modulus (G’) and in
red the loss modulus (G”), where a darker shade of the colour indicated a higher temperature.
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Chapter 8

8.1 Introduction

The general subject of this thesis was to develop imine-based CANs, in which was focussed
on molecular tuneability of the materials. Each individual chapter described a different
approach to gain control over the material properties, and to enhance the material’s
performance, or steer it into a desired direction for specific applications. To summarise, we
have discussed tuneability of material properties via electronic effects (Chapter 2), phase
separation (Chapter 3), polarity (Chapter 4), metal coordination (Chapter 5), and internal
hydrogen bonding (Chapter 6). Additionally, in Chapter 7 the solubility of CANs was
discussed, which was also linked to the molecular composition of the materials. For every
study, a relation was observed between the molecular behaviour of the monomeric building
blocks and the material properties on the macroscopic level.

The results of the different studies mentioned in this thesis were promising for the
development of tuneable CANs with high-end material properties. However, many different
strategies can be thought of and are being developed. Numerous reports in literature
document on alternative strategies to gain control over the material properties of CANs or
reduce potential downsides that are common to certain polymers.}® Additionally, other
(smart) features of CANs are being discovered and further developed,”® of which some
promising prospects will be discussed in this Chapter.

8.2 Control over the bond exchange

In this thesis, several approaches have been proposed on how to target dynamic covalent
groups within CANs in order to tune and enhance material properties. It was also shown
that this could be achieved either intramolecularly (e.g., steric or electronic effects)®*? or
intermolecularly (e.g., by changing the content and nature of catalyst).!® Various works have
shown that control over the kinetics of the bond exchange prove to be an efficient method
to tune the material properties of the CAN.> As such, it is highly expected that future work
on CANs will focus further on different approaches to target and control the bond exchange
reactions within the materials.

As an example, a strategy that has not yet been discussed before, is based on imine-halogen
bonding. In a recent study, Schmidt and co-workers described the synthesis of
supramolecular networks based on imine-halogen bonding,!* which stimulated the
proposal to introduce imine-halogen bonds into our polyimine networks. The imine-halogen
bond would both act as an additional reversible crosslink, as well as alter the kinetics of the
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imine bond, similarly to the metal coordination described in Chapter 5 of this thesis. In order
to include the imine-halogen bonding, first a polyimine network should be synthesised, to
which then a halogen bond donor molecule should be added. In Figure 8.1, this idea is
schematically presented, in which a known 1,4-diiodotetrafluorobenzene halogen bond
donor molecule® is used to form the imine-halogen bonding crosslinks. It is, however,
known that the imine-halogen bond is a relatively weak bond compared to, for example,
metal-ligand bonding or hydrogen bonding.® As such, the effect of the imine-halogen bond
is expected to be more subtle than was, for example, seen in the metal-coordinated CANs

oy
aeass

Figure 8.1 Concept of imine-halogen bonding in polyimine CANs using 1,4-diiodotetrafluorobenzene to bind two

in Chapter 5.

imine groups and create an additional dynamic crosslink, as well as alter the imine stability.

8.3 Stimuli-responsive materials

Adding responsive features to CANs can be very useful in the development of functional
materials. As such, different studies focus on the incorporation of different responsive
units.> 1718 A current hot topic is the development of light-responsive materials.?® 2° Zheng
and co-workers showed that polyimine CANs could be developed that respond to near-
infrared (NIR) light by building in photo-responsive aniline trimer (ACAT) units.?! When
irradiated by NIR light, the ACAT units convert light into heat. As a result, the bond exchange
kinetics are enhanced, leading to accelerated healing and more efficient welding. In
addition, the NIR trigger enabled photoinduced shape memory properties. Other works on
the inclusion of ACAT in ester-based CANs also showed that the ACAT enables
responsiveness to redox reagents and electrical fields,?> which highlight the potentials to
further develop multi-responsive CANs for future applications, such as sensors or
actuators.?>24

An example of polyimine-based sensors was presented by Kathan and co-workers, who
developed a photo-programmable amine sensing device.?° They made use of a photo-
switchable aldehyde monomer, which enabled reversible imprinting of custom-designed
patterns on the surface of the material with (sun)light. This way, information could be
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stored in a non-invasive way. When amine vapours were present, however, penetration of
these amines into the material occurred, leading to liquification of the polymer. This caused
the imprinted pattern to be lost over time. Via this methodology it was therefore possible
to use these materials as amine sensor devices, as loss of the patterns clearly indicated
when amines vapours are present in the environment.

In our own attempts to construct light-responsive polyimine materials, we proposed to
build diazobenzene structures into our polyimine networks. Diazobenzenes are known to
switch between cis and trans configuration when light of certain wavelength is applied (see
Figure 8.2).2> 26 Upon radiation with UV light, the cis configuration is formed. Under visible
light or via thermal relaxation, the configuration is switched back to trans. Our hypothesis
was that by including these diazobenzene structures within our polyimine CANs, that a
physical response to light of different wavelengths would result. To this end, we started
from the P-XDA polymers, described in Chapter 2 of this thesis, and used an azodianiline as
the XDA monomers (Figure 8.2).

H2N trans HaN cis NH,

Figure 8.2 Cis-trans configuration switch of azodianiline. Under UV light, the cis configuration is formed, and after
thermal relaxation (under visible light) the trans configuration is reformed.

In our first attempts, we synthesised P-XDA materials with 20% of the azodianiline
monomer, similar to the procedures described in Chapter 2.2” We then tried to look for a
physical response of the material when they were exposed to UV light. Unfortunately, no
physical response was observed, either by eye or under the rheometer. We then
hypothesised that because of the turbid appearance, the UV light was not able to penetrate
well into the material. Another attempt was made by incorporating the azodianiline into a
PDMS network, but here miscibility problems arose. From there on, no further attempts
were made.

However, since we now have more knowledge of the phase separation of the dianilines in
the P-XDA materials (as discussed in Chapter 3), this study can be picked up again. By
varying the concentration of the azodianiline, new polymers can be synthesised that either
phase separate or not. As a result, we can design the material in such a manner that the

216



General Discussion and Future Prospects

azodianilines pack together in phase-separated domains, or randomly distribute in a non-
phase-separated polymer matrix. As was discussed in Chapter 3, phase-separated materials
appeared turbid and non-phase separated materials were transparent. As such, prevention
of phase-separation might be required as (UV) light might not be able to efficiently
penetrate through the turbid phase-separated materials. Lowering the concentration of the
azodianiline might thus be required to prevent phase separation. However, if the
concentration becomes too low, this might result in too little of the light-responsive units
to see any noticeable physical change. Another possibility might then be to add sterically
bulked groups to the azodianiline monomers to prevent phase separation. This way, a
higher concentration of the azodianiline can be built into the polymer material, resulting in
a more efficient light response.

8.4 Materials with a dual dynamic response from the
combination of dynamic chemistries

In the introduction of this thesis, the combination of different dynamic (covalent)
chemistries has already been shortly introduced, and several examples have been
documented in literature.’® %30 Among these is the combination of imines with disulfides.3""
341n our P-XDA polyimine systems (see Chapter 2), we have also made our first attempts to
combine reversible imine and disulfide chemistries. For this, a 4,4’-dithiodianiline monomer
(Figure 8.3) was included as the XDA monomer in the P-XDA polymer systems described in
Chapter 2. The 4,4’-dithiodianiline monomer already includes the disulfide group in its
structure, while the imines are formed during the polymerisation reaction with aldehydes.

NH, | Amines used
to form imines

Disulfide as additional
HzN dynamic covalent bond

Figure 8.3 Monomer structure of 4,4’-dithiodianiline, used for constructing dual dynamic disulphide-imine CANs.
The monomer was incorporated into a P-XDA network, as described in Chapter 2.
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From initial rheological experiments we could observe that both the kinetic activation (Ea)
and crossover temperature (Tcoss) Were significantly lower when compared to a similar
material using 4,4-thiodianiline (TDA, with only a singular sulfur atom as the bridge between
the anilines). This indicates that the addition of the disulfides into the system enhanced the
overall bond exchange. It is possible that the combination of imines and disulfides might
add up in the total amount of bond exchange reactions in the material. In addition, a
synergistic mechanism between imine and disulfide exchange may be present as well. To
further speculate on this, more investigations into the exact mechanisms of bond exchange
are however still required.

In addition to the above, the proposed dual dynamic systems also appeared to phase
separate. As such, there is also an interest in locking of the different dynamic chemistries
within the different phases. Since the disulfides are only present in the dianiline parts, it is
very possible that the disulfide exchange is limited to the phase-separated domains where
the dianilines stack (see also Chapter 3). Further investigations of the effects of different
dynamic domains within the same material are therefore recommended.

8.5 Phase separation

The phase separation behaviour of our polyimines (see Chapter 3), in addition to other
works and phase separation in dynamic polymer networks (see also Section 1.6.7 in
Chapter 1), has really intrigued us to look further into the underlying dynamics that cause
the phase separation. We also envision to extend our work with the previously discussed
dianilines in our polyimine networks to other structures and networks as well.

8.5.1 Use of different aniline(-like) monomers

As an example that is currently being investigated, we seek to include the use of different
aromatic moieties to trigger the phase separation to see how stacking or organisation of
the aromatic moieties proceeds within the matrix. In Chapter 3 was discussed how aromatic
dianiline moieties are the probable cause to induce phase separation. Therefore, in future
work we proposed several similar structures (see Figure 8.4) that could induce phase
separation via similar mechanisms. In Chapter 3, we mainly focussed on the use of different
dianiline (XDA) monomers, in which either the aniline bridge moiety (X) was adjusted, or
steric bulk (R) was introduced on the aniline rings (see the XDA structure in Figure 8.4). Our
results suggested that phase separation was only observed when the steric bulk was
minimal. Additionally, when the length of the bridging moiety (X) was increased from a
methylene to an ethylene group, the phase separation did still occur, but to a lesser degree.
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From these initial results, we propose to extend the research towards additional structures,
like the benzidine and fluorene diamine (see Figure 8.3), to gain a better understanding into
the mechanism of stacking of these moieties to induce phase separation. With the given
structures we could, for example, deduce the preferred shape of the aromatic monomers
for efficient stacking.

R X R
. v (0
H,N @[NHZ 2 2 HzNNHz
R R

XDA Benzidine Fluorene diamine

Figure 8.4 Structure of XDA monomers, as described in Chapter 2 and Chapter 3, and different related structures
(benzidine and fluorene diamine), to use in future studies on the origin and mechanism is phase separation in
polyimine CANs.

8.5.2 Other mechanisms for phase separation

In addition to the work on phase separation in P-XDA CANs, we also wish to study different
supramolecular interactions that could cause phase separation. These include, for example,
fluorophobic effects®® and intermolecular hydrogen bonding.3® 37 Such investigations are
particularly interesting for studying the relations between different length scales of
chemistry and physics that operate within the same polymeric system. To study
fluorophobic effects, our current plans consist of making use of fluorinated aldehydes
(Figure 8.5), which can be built into polyimine networks. By varying the ratio between
fluorinated and non-fluorinated components, we hypothesise to find a trigger point at
which phase separation is induced, much like the studies into the threshold concentration
of dianilines (as seen in Chapter 3). If such phase separation can be concluded, the next
steps will involve further studies into the mechanism of phase separation and the effect on
material properties of the CANs.
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Figure 8.5 Molecular structure of proposed fluorinated dialdehyde monomers to induce phase separation via
fluorophobic effects.
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8.6 Bio-based materials

We have seen that CANs are excellent candidates for the development of more durable and
sustainable thermosets and elastomers due to their efficient recycling methods. However,
if we wish to fully close the cycle of sustainability, we would also prefer to build our
polymers out of materials from sustainable sources.3*° Currently, most materials are still
gathered or produced on a petrochemical basis, which means that they come from fossil
sources such as oil. In recent years, there have luckily been more examples of bio-inspired
sources, from which monomers can be gathered or produced.*

Specifically for polyimines, some very promising process has been made in the application
of bio-sourced materials.*>*® In a recent review by Liguori and Hakkarainen, they highlight
some of the most promising polyimine materials that have been synthesised from bio-based
monomers.*” Among these bio-based polyimine materials, vanillin is commonly applied.*®
52 vanillin is well known for its use as a flavouring ingredient, causing the typical vanilla
flavour and odour. It can be gathered from different plant-based sources, but on an
industrial level, it can nowadays be produced from breaking down of lignin.>*%> Vanillin is
especially interesting for the production of polyimines due to its aldehyde functionality,
which is used to form the imine. Furthermore, the alcohol group can also be used to link
either two or more vanillin molecules together to create a monomer, or for addition of other
functionalities. Another great example of a bio-based aldehyde was presented by Avérous
and co-workers, who derived furan dialdehyde monomers from naturally occurring
sugars.”® >’ Apart from the aldehydes, nature also provides numerous sources of amines.
Some simple examples of naturally occurring diamines are putrescine, cadaverine or
spermidine-like compounds. Alternatively, amine monomers can also be synthesised from
amino acids or fatty acids. As an example, the Priamine 1071 monomer mix, used in
Chapter 5 of this thesis, is also derived from conversion of fatty acids.

Apart from these examples, more developments in bio-based materials are currently being
investigated or upscaled for industrial applications. We envision that in the foreseeable
future more bio-sourced materials will be studied and produced. Especially the use of lignin
as a biological source for polymer building blocks has been highlighted frequently,>3 58-60
due to the large availability of the material and increasingly better methods to derive useful
materials from this otherwise commonly seen waste product.>> ® 62 QOther current
investigation document on the application of various biologically available oils, such as
castor oil,**% sunflower oil,%¢ soybean oil,5” or other vegetable oils,®® which show promising
prospects for the future development of bio-based products.
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8.7 Application in safe materials and electronics

8.7.1 Flame-retardant materials

Flammability is a major problem for many existing thermosets, which hampers their
application in many fields that are prone to fire hazards, such as in electronic devices or the
automotive industry.®® Therefore, flame retardants are often added to the thermosets to
reduce their susceptibility towards inflammation. Previously, halogenated fire retardants
were commonly utilised, however, these were recently banned by the European Union due
to their toxicity. A safer and more environmental friendly alternative for these materials
was found to be in phosphorus-containing materials instead.”®’? A good example of such a
phosphorus-containing monomer is tris(4-formyl-2-methoxyphenyl)phosphate (TFMP),
which can be synthesised from a reaction of vanillin and phosphorus oxychloride
(Figure 8.6). Wang et al. used this TFMP trialdehyde, in combination with several diamines,
to synthesise high-performance polyimine materials with excellent flame resistance.”
Furthermore, the materials showed a high malleability, were reprocessable within several
minutes, and were able to be broken down again to the TFMP monomer when immersed
in an acidic solution. Recovery rates up to 70% of the initial TFMP content could be achieved
under relatively mild conditions. A drawback of the materials was mentioned, however, as
side reactions during the remoulding process occurred. Additionally, the rapid relaxation of
the materials is in favour of fast recovery, although it limits the application at high

temperatures.
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Figure 8.6 Synthetic pathway of the TFMP monomer for flame-retardant polyimine CANs.

Although the phosphorus in the structure was hypothesised to be the main flame-retardant
part of the polymer, the imines may also contribute to the flame resistance. The radical
scavenging properties of the dynamic imine bond is one reason that supports this
hypothesis.”* Secondly, with the use of aromatically linked imine structures, excellent
thermal stability can be achieved due to resonance of the imine bond with the conjoining
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aromatic rings.”® This hypothesis was consistent to the results obtained by Wang et al. from
comparing the materials that included aromatically linked imines (similar to the MDA
materials discussed in Chapter 3 of this thesis) with those that had aliphatically linked
imines (Figure 8.7A).7® Similarly, in a study by Fang et al.,’® three imine-containing flame
retardant copolymers were synthesised (Figure 8.7B), of which the aromatically linked imine
structures showed best flame-retardance results compared to their aliphatic counterparts.
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Figure 8.7 Overview of the tested monomers for flame retardant polyimines A) by Wang et al.,”® and B) by Fang
et al.’® In both cases, materials with added aromatic amines showed improved flame resistance.

Further developments and highlights on flame-retardant CANs were also recently discussed
in a review by Rashid et al.,”” that pointed out the need for recyclable flame-retardant
thermosets. Especially applications in the automotive-, railway- and aircraft industries, as
well as electronics and batteries, in general, are in need of good flame-resistant materials.
We envision that polyimine CANs are excellent materials for this, thanks to their tuneable
material properties, good recyclability and self-healing behaviour (as seen throughout this
thesis), as well as the potential to synthesise them from bio-based components (see
Section 8.6). In terms of applications for our own developed polyimine CANs, for future
work, it would thus be interesting to include flame-retardant structures, such as the
discussed phosphates (e.g., by replacing the commonly used terephthalaldehyde (TA) by a
phosphate-linked aldehyde monomer), into the polymer network.
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8.7.2 Safer self-repairing batteries and electronics

A specific application of (flame-retardant) CANS lays in the production of safer and more
durable batteries. Batteries (in particular lithium-ion batteries) have an important role in
current society to store and transport energy. Inside these batteries liquid electrolytes are
commonly included, which pose potential fire hazards, especially in the event of a short
circuit or mechanical damage to the battery. A way to overcome the use these hazardous
liquid electrolytes is to use solid polymer electrolytes (SPEs).”® When CANs are applied as
these SPE polymers, it is however also possible to include many other advantageous
features to the batteries. Not only can CANs be used to construct light-weight and highly
conductive systems, but the dynamic covalent bonds also provide self-repairing
properties.”8! As such, cracks or other damages in the battery, which could otherwise
cause potential safety hazards, are easily recovered.*® In addition, such vitrimeric
electrolytes can be more easily recycled compared to traditional SPEs.8? Combining all the
advantageous features of CANs, their application can thus enhance lifetime durability and
safety of the batteries. Further development of our polyimine systems into the direction of
SPEs is therefore an interesting future prospect. Some important parameters which need to
be discussed and tested beforehand include the conductivity of polyimines or other
electronic properties.

The use of (polyimine) CANs in electronical devices has already been partially addressed in
literature.® The versatility of such applications for polyimine CANs was nicely shown by Zou
and co-workers, who developed an electronic skin (e-skin) using a polyimine network as the
key material, which was doped with conductive silver nanoparticles.?* Their designs resulted
in the production of e-skin that was able to be fully recycled, but also showed self-healing
behaviour, enabling the material to self-repair damages. Furthermore, the e-skin was able
to sense pressure, flow, temperature and humidity. These features essentially mimic that
of biological human/mammalian skin. The prospects of the developed e-skin are envisioned
to stimulate durable, economical and eco-friendly technologies in applications such as (soft)
robotics, prosthetics, or other human-computer related healthcare products.?* In important
note for further application of polyimine CANs, especially in healthcare, regards the toxicity
of the materials. Although many (polyimine) CANs are generally considered safe to use, not
much is known about their long-term toxicity. As such, before widespread applications,
more extensive toxicity testing may be required.
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8.8 3D printing

A nice feature of the tuneable heat-induced malleability of CANs also includes its use in 3D
printing.8>88 3D printing is becoming more relevant for current industrial applications, as it
enables on-demand in-house manufacturing of a wide range of customisable products. In
addition, the amounts of generated waste are generally lower than for other moulding
methods.? The use of CANs for 3D printing is very desirable for two reasons. First, CANs
generally show better material properties than other thermoplastic filaments. Second, they
can easily be recycled once used. It is thus possible to print an object, which can later be
recycled into new filament, enabling it to be printed again into a new product.?” As such, it
would be interesting to study if our tuneable imine-based CANs are suitable for application
in 3D printing. In order to test the suitability, we may first need to extend the synthetic
procedure towards production of filaments, rather than films (as has mostly been the case
up till now). Next, a setup is required that enables “melting” of the polyimine filaments, by
which they can be printed. Last, it is probably also of importance to study the cooling
mechanism of the materials, as they are printed when hot, and may creep once printed if
the cooling proceeds too slow. We do, however, envision that the broad tuneability of
polyimine CANs, as discussed in this thesis, would provide plenty of space to develop
materials that are suitable for applications in 3D printing.
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Summary

Summary

Plastics are among the most applied materials in current society. They come in many forms,
and can have very different properties. Traditionally, plastics are classified into two
different categories: thermoplastics (soft plastics) and thermosets (hard plastics). The main
difference between the two is that thermoplastics flow when heated (they melt), while
thermoset stay set when heating (their structure is permanent). The permanent structure
of a thermoset is favourable for many applications, as it gives the material high strength. A
downside of thermosets is, however, that they cannot be recycled or repurposed once they
have been made. As current society more and more demands the use of recyclable

products, we thus need to find a solution to overcome the recyclability issues of thermosets.

One of the most promising current methods to solve this issue is by incorporating dynamic
covalent bonds within the polymeric structure of a thermoset. Dynamic covalent bonds are
by definition just as strong as classical covalent bonds, which means that if these bonds are
included in a polymer material, the material remains robust. However, the dynamic
covalent bonds have an additional special feature: they can perform bond exchange
reactions. This means, that even if the material appears solid, on the molecular level there
is still exchange of polymer chains, with bonds between polymer chains continuously being
broken en formed. Such materials are generally referred to as covalent adaptable networks
(CANSs).

In general, the dynamic covalent bonds respond to heat, which means that at low
temperatures they do not easily perform their bond exchange. This results in the material
to be static at lower temperatures. Only when heated up, the bond exchange becomes more
efficient and prominent, resulting in the material to become malleable. In this heated

malleable state, the material can be reshaped into a new product.

In this thesis, we focus on the development of CANs that rely on dynamic covalent imine
bonds. Imines are well-known chemical structures in the (bio)chemical world, and their
applications cover a wide range of possibilities. The main reasons why we chose to work
with imines are: 1) they are easy to make from commercially available molecules, and 2)

they offer a broad range of tuneability.
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For industrial purposes the ease in the synthesis of polyimine CANs is very advantageous,
but from a fundamental (scientific) point of view, the tuneability that is offered from imine

structures is more interesting.

The main objective of this thesis was to use the high degree of tuneability of imine bonds
and use them in tuneable CANs. Every chapter discusses a different approach or strategy
that enabled tuneability of material properties in order to produce high-performance

materials with on-demand specialty properties.

In Chapter 2, it was discussed how molecular tuneability was achieved via electronics
effects, as expressed by the Hammett parameter. Here, we developed a model in which we
could predict material properties based on the electron withdrawing or donating effects in

one of the monomers that make up the network (i.e., the dianiline monomer).

In Chapter 3, continued studies were presented on the polymeric structures of the materials
discussed in Chapter 2. More specifically, phase separation within the material on the
micrometre scale was studied. It was observed that, based on the structure and
concentration of aromatic dianiline monomers, we could either suppress or induce phase
separation. As a result of the phase separation, the materials showed enhanced material
properties. As such, we could use this principle of phase separation to further tune desired
properties of our materials. Furthermore, we introduced imaging based in Raman

spectroscopy as a new and efficient tool to visualise and analyse the phase separation.

In Chapter 4 a different technique to tune material properties based on network effects was
discussed with a specific focus on the polarity of the polymer network. By studying the
kinetics of the imine exchange on both molecular and macroscopic level, we could conclude
that the presence of polar groups in the polymeric structure enhanced imine exchange. As
a result, the materials became more dynamic and malleable. On the other hand, when
apolar chains were used the imine exchange was suppressed and the polymer network
become more rigid. This resulted in stiffer and harder materials. We also observed that we
could distinguish the overall network dynamics into three different domains: 1) movement
of polymer chains (reptation), 2) local imine exchange of imines that are within close range,

and 3) diffusion of imine groups through the network.

In Chapter 5, the fields or organic and inorganic chemistry were combined by applying metal

coordination to polyimine CANs. The metal coordination of the dynamic covalent imine
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groups was initially used to enhance the stability of the imines, and as such suppress the
bond exchange at lower temperatures to prevent creep. This methodology proved efficient
as superior material properties were obtained once the metal-coordination was applied. In
addition, different metal ions were tested for coordination, which showed that a correlation
was present between the stability of the metal-ligand complex and the material properties
of the metal-coordinated CAN. Also, by testing different anions that remained in the
polymer network, we observed that inclusion of smaller anions resulted in better

performing materials when compared to those with large anions.

In Chapter 6, another approach to reduce the high dynamicity of imines was presented by
using internal hydrogen bonding. The internal hydrogen bond between imine and a hydroxy
on the ortho position on an aromatic ring enhances the stability of the imine bond, making
it less prone to initiate bond exchange. This way, a higher energy barrier is required to
activate the imine. As a result, the materials are less prone creep. We observed that the
creep reduction at room temperature was already enhanced significantly compared to
materials without his internal hydrogen bond. Moreover, even at elevated temperatures
(up till 100 °C) the hydrogen-bonded material still showed good creep resistance, whereas

other similar materials without internal hydrogen bonding started to flow rapidly.

In Chapter 7, a perspective was provided on the solubility of polyimine CANs. For the
application of CANs as thermosets, it is often required to have materials with high resistance
to (organic) solvents. However, we discussed that (selective) solubility of CANs can also be
desirable. For example, when CANs can be redissolved in a good solvent, this offers new
approaches towards recyclability or recovery of raw materials. In addition, having a material
that is resoluble in a good solvent enables easier post-synthetic functionalisation. This

effectively means that a material can always be adjusted at a later stage.

In Chapter 8 the results from the previous chapters were addressed in a broader context.
In addition, an outlook was provided for future and ongoing research on (imine-based)
CANs. Several new and potential applications of CANs will also be discussed, which

emphasise the great potential of CANs.
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Samenvatting

Plastics behoren tot de meest toegepaste materialen in onze huidige maatschappij. Ze
komen in vele vormen en kunnen hierom ook erg verschillende eigenschappen hebben. Dit
maakt ze interessant voor allerlei verschillende toepassingen. Oorspronkelijk kunnen
plastics worden onderverdeeld in twee categorieén: de thermoplasten (zachte plastics) en
thermoharders (harde plastics). Het grootste verschil tussen de twee is dat thermoplasten
kunnen vloeien wanneer zij worden verhit (ze smelten), terwijl thermoharders hard blijven
bij verhitting (hun structuur is permanent). Deze permanente structuur is voordelig voor
verschillende toepassingen omdat het extra sterkte verschaft aan de materialen. Een groot
nadeel is echter dat ze hierdoor niet gerecycled kunnen worden. Omdat onze huidige
maatschappij steeds meer verlangt naar recyclebare materialen moeten we dus een

oplossing vinden voor het probleem van niet-recyclebare thermoharders.

Een veelbelovende methode om recyclebare thermoharders te produceren is door
dynamisch covalente bindingen in te bouwen in de structuur van de thermoharder.
Dynamisch covalente bindingen zijn per definitie net zo sterk als andere covalente
bindingen, wat betekent dat de sterkte van het materiaal behouden blijft. De dynamisch
covalente bindingen hebben echter een extra speciale eigenschap: ze kunnen
uitwisselingsreacties ondergaan. Dit betekent dat hoewel het materiaal zijn vaste vorm
behoudt, er op moleculair niveau continu uitwisseling plaatsvindt tussen de
polymeerketens. Dit soort dynamische materialen worden covalent adaptable networks
(CANSs) genoemd.

De meeste dynamisch covalente bindingen reageren op hitte, wat betekent dat ze bij lage
temperaturen significant minder actief zijn (minder uitwisselingsreacties). Hierdoor zijn
CANs bij lage temperaturen vaak hard en statisch. Alleen wanneer zij verhit worden, worden
de dynamische bindingen geactiveerd, waardoor uitwisselingsreacties plaatsvinden en het
materiaal zachter en vervormbaar wordt. In deze geactiveerde, zachtere staat kan het
materiaal opnieuw gevormd — en dus gerecycled — worden. Wanneer het materiaal weer

afgekoeld wordt, heb je een nieuw gerecycled product.

In dit proefschrift ligt de voornaamste focus op het ontwikkelen van CANs die gebruik
maken van dynamisch covalente imine groepen. Imines zijn bekende chemische structuren

in de (bio)chemische wereld, en ze worden breed toegepast. De voornaamste redenen
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waarom wij hebben gekozen om te werken met imines zijn: 1) ze zijn gemakkelijk te maken
vanuit commercieel verkrijgbare materialen, en 2) ze bieden grote ruimte en mogelijkheden

voor design en ontwerpbaarheid.

Voor industriéle toepassingen het is met name interessant dat de materialen snel, makkelijk
en goedkoop geproduceerd worden, maar vanuit fundamenteel wetenschappelijk oogpunt

zijn juist de eigenschappen met betrekking tot (moleculair) ontwerp interessanter.

Door dit proefschrift heen loopt er een rode draad met betrekking tot deze moleculaire
ontwerpbaarheid. leder hoofdstuk gaat in op een specifieke manier waarop de
materiaaleigenschappen van CANs kunnen worden gecorreleerd aan de moleculaire
samenstelling van het materiaal. Hierdoor hebben we vele verschillende materialen kunnen
maken met specifieke eigenschappen. Verder kunnen we onze kennis gebruiken om te
voorspellen hoe een materiaal zich zal gedragen als we weten wat de moleculaire
samenstelling is. Daarnaast kunnen we via de omgekeerde weg zelf een formulering maken
van welke moleculaire bouwstenen nodig zijn om een materiaal te produceren met de

gewenste eigenschappen voor een specifieke toepassing.

In Hoofdstuk 2 is er gekeken naar hoe materiaaleigenschappen van imine netwerken
kunnen worden beinvloed en gecontroleerd aan de hand van elektronische effecten in de
moleculaire structuur. Dit is gedaan met behulp van de Hammett vergelijking, die aangeeft
of een chemische groep elektronen aanzuigt of juist duwt. Door dianiline monomeren te
gebruiken, waarin chemische groepen verschillende waarden hebben waarin zij elektronen
duwen of trekken, kon de imine uitwisseling beinvloed worden. Als resultaat veranderen

hiermee de fysische eigenschappen van het materiaal.

In Hoofdstuk 3 is er dieper ingegaan op de micro- en macroscopische structuur van deze
materialen. Met behulp van Raman spectroscopie hebben we kunnen kijken naar de
structuur van het materiaal op de micrometer schaal, en hieruit zagen we dat sommige
materialen fase-scheiden in domeinen van enkele micrometers groot. Vervolgens werd
geobserveerd dat materialen die dit soort fasescheiding vertoonden, significant sterker en
stabieler waren. Daarnaast is er gekeken naar hoe het komt dat sommige materialen wel-
of niet fase-scheiden. Hierin kwamen we tot de conclusie dat dit voornamelijk te maken had
met interacties tussen de aromatische dianiline bouwstenen die we in het netwerk

inbouwen en hoe deze zich “stapelen” in de netwerkstructuur.
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In Hoofdstuk 4 is er gekeken naar aan andere aanpak om de materiaaleigenschappen te
beinvloeden, waarbij de focus lag op de samenstelling van het polymeernetwerk zelf. We
hebben hier voornamelijk gekeken naar de rol van polariteit in het netwerk. Door de
kinetiek van de imines te bestuderen op zowel moleculair als macroscopisch niveau hebben
we kunnen concluderen dat polaire groepen de imine uitwisseling bevorderen. Als gevolg
daarvan worden de materialen dynamischer en zachter. Apolaire ketens zorgen juist voor
een verminderde imine uitwisseling en een stug netwerk, waardoor het materiaal harder
wordt. Daarnaast werd geobserveerd dat de dynamiek in deze CANs kon worden
onderverdeeld in drie domeinen: 1) beweging van polymeerketens (reptatie), 2) lokale
imine uitwisseling tussen imines die dicht bij elkaar liggen, en 3) diffusie van de imine
groepen door het netwerk heen. Deze kennis kan vervolgens worden gebruikt om te
voorspellen hoe aanpassingen aan het polymeernetwerk zullen resulteren in veranderingen

in materiaaleigenschappen.

In Hoofdstuk 5 zijn wetenschapsgebieden van de organische en anorganische chemie
gecombineerd door metaal coordinatie toe te passen in onze polyimine CANs. De metaal
coordinatie met de dynamisch covalente imine groepen was in eerste instantie bedoeld om
de stabiliteit van de imines te verhogen en hiermee hun hoog dynamische karakter iets te
verlagen. Hierdoor kunnen we het kruipgedrag (vervorming) bij lage temperaturen
voorkomen. Onze initiéle resultaten lieten zien dat de metaal codrdinatie inderdaad een
efficiénte methode was om dit te realiseren. Daarna hebben we verder gekeken naar de
toepassing van verschillende metalen, en kwamen tot de conclusie dat de
materiaaleigenschappen van de CANs grotendeels konden worden gerelateerd aan de
stabiliteit van de metaal-imine codrdinatiebindingen. Verder is er ook nog gekeken naar de
rol van anionen omdat de metaalionen altijd samen komen met corresponderende anionen,
die ook in het polymeernetwerk achterblijven. Hierin kwamen wij tot de conclusie dat
toepassing van kleinere anionen resulteerde in betere materiaaleigenschappen. Wanneer
grotere anionen werden gebruikt zagen we daarentegen dat de sterkte van het materiaal

afnam.

In Hoofdstuk 6 is een andere methode gebruikt om de hoge dynamiciteit van de imines te
controleren: het gebruik van interne waterstofbruggen. De aanwezigheid van een interne
waterstofbrug tussen een imine en een in nabijheid aanwezige hydroxyl groep (op de ortho
positie van de aromatische ring) stabiliseert de imine groep. Hierdoor is het imine minder

gevoelig om uitwisselingsreacties te ondergaan, en is er een hogere energiebarriere om de
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uitwisseling te activeren. Als gevolg zagen we dat deze materialen beter weerstand boden
tegen vervormbaarheid. We zagen dat bij zowel lage temperaturen (20 °C) als hogere
temperaturen (tot 100 °C), de weerstand tegen vervormbaarheid significant hoger was dan

vergelijkbare materialen zonder deze interne waterstofbruggen.

In Hoofdstuk 7 is een nieuw perspectief besproken over de oplosbaarheid, dan wel
oplosmiddel-resistentie, van CANs. Voor de meeste toepassingen van CANs vereist men
materialen die een goede weerstand bieden tegen (organische) oplosmiddelen. We
beargumenteerden hier echter dat oplosbaarheid van CANs ook juist voordelig kan zijn.
Wanneer een materiaal her-oplosbaar is, dan kan dit bijvoorbeeld gebruikt worden voor
efficiéntere recycling, of om de gebruikte bouwstenen terug te winnen uit afval. Daarnaast
kan het her-oplossen van materialen worden gebruikt om op een later punt aanpassingen
aan het materiaal te maken door bijvoorbeeld nieuwe componenten in te bouwen. Dit kan
erg nuttig zijn, omdat een oud materiaal opnieuw gebruikt kan worden om een verbeterd

product te maken, in plaats van het oude materiaal weg te moeten gooien.

In Hoofdstuk 8 zijn gezamenlijk de resultaten van de voorgaande hoofdstukken besproken
en in een breder perspectief geplaatst. Er is bijvoorbeeld in gegaan op hoe we de kennis die
we hebben, kunnen gebruiken om nieuwe ontwikkelingen te stimuleren. Ook is besproken

wat voor (nieuwe) toepassingen voor CANs er nog staan te wachten in de toekomst.
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