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Abstract

The dissertation is about the design, synthesis and characterization of materials comprised of

covalent adaptable networks (CANSs). There are three chapters within this dissertation.

Chapter 1 contains a short overview of conventional thermosets and thermoplastics. A new
strategy of combining advantages from thermosets and thermoplastics is utilizing dynamic
covalent chemistry (DCC) for material design. Dynamic covalent bonds are able to undergo
dynamic exchange which allow the material to adapt to a new state when under stimuli such as
stress or strain. Material comprised of such reversible networks is called covalent adaptable
networks (CANSs). These types of reversible covalent bonds followed two types of exchange
mechanisms: dissociation and association. A review of dissociative-pathway-based materials
includes retro-Diels-Alder, [2+2] and [4+4] cycloaddition, boronate ester, and alkoxyamines.
CANSs followed associative mechanism including radical addition fragmentation chain transfer
reaction, anionic disulfide exchange, and transesterification are also reviewed. Lastly, a general
consideration in designing CANs includes the importance of each experiment, the information

obtained from the experiments, and general experimental procedures.

Chapter 2 is about the design, synthesis and characterization of solvent-swelled polyimine
networks. The presence of reversible imine bond exchange was found to influence the dynamical
properties of the polymer networks. Investigation of the imine bond exchange kinetics and
characterization of the creep and stress relaxation properties of the polyimine networks have been
conducted. A correlation was found between the relative imine bond exchange rate in different
solvents and the relative stress relaxation rate of the solvent-swelled networks. The polyimine

networks can also be re-mended and recycled by hydrolysis.
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Chapter 3 is focused on CANSs based on aminal linkage. The thermodynamics and Kinetics
of the aminal dissociation as well as transaminalation reaction have been investigated using model
compounds. Temperature-dependent stress relaxation behavior of the polyamine networks have
also been characterized by dynamic mechanical analysis (DMA) method, allowing for an
assessment of the activation energy of the transaminalation in the network. Aminal exchange was
found to occur by a dissociative mechanism that requires the presence of catalytic protic sources
to facilitate the formation of iminium intermediates. The polyaminal networks can be reprocessed
as a viscoelastic solid (above the gel point) rather than a viscoelastic liquid. These materials were

shown to be elastomers and can be thermally reprocessed and re-mended.
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Chapter 1 : Introduction of Conventional Thermosets, Thermoplastics and
Thermosets based on CANs
1.1 Introduction of conventional thermosets

Traditional thermoset plastics are crosslinked by permanent covalent bonds. The
permanent crosslinking significantly increases the strength, stiffness and dimensional stability of
thermosets along with increasing glass transition and melting point temperature. These advantages
have led to many applications. They have been used for electrical insulating, packaging, and
coating. One of the earliest thermosets is cross-linked phenol-formaldehyde used as an adhesive
during World War I1. Other examples are epoxies, acrylic, or thermally cured polymers which are
all traditional thermosets. Alternatively, many modern thermosets such as dental materials,*
contact lenses,? and coatings® are cured by a light-driven process, with fast curing at room

temperature and are energy efficient.*

As traditional thermosets are polymer networks connected by permanent covalent bonds,
they cannot be reshaped, processed or recycled after curing. As a result, these materials tend to be
elastic (no creep behavior) with high mechanical strength and modulus when under strain
deformations. In recent developments, there are various stimuli responsive thermosets like shape
memory materials where polymers are frozen at a non-equilibrium state below their glass transition
temperature. Upon heating above its critical switching temperature, a polymeric network relaxes
to its equilibrium states. Despite this unique behavior conventional thermosets have been used in
numerous applications such as mechanical actuators, sensors, and self-deployable structure;® these
permanently crosslinked networks cannot be further modified or re-molded once cured. In 2012,

millions of tons of rubbers were produced to accommodate the need of human lives. Around 800



million tire wastes were produced each year. In order to minimize the rubber waste problem, one

of the strategies is to develop thermosets that are reprocessable and recyclable.

1.2 Introduction of thermoplastics

In contrast to thermosets, thermoplastics can be reprocessed by extrusion and recycling in
many different ways. Thermoplastics are comprised of many polymer chains with potentially
different architectures (e.g., linear or branch polymers) that are held together by non-covalent
interactions in contrast to the conventional thermosets. The noncovalent interactions can include
hydrogen bonds, ©-n stacking, ionic interactions or van der Waals interactions. Thermoplastics are
capable of macroscopic flow or plastic deformation because these noncovalent interactions can be
easily perturbed by environmental triggers (e.g., heating). Above the glass transition or melting
transition temperature (Tg or Tm), linear polymer chains can freely move past one another.
Thermoplastics can be remolded thermally due to the noncovalent interactions that hold the
polymer chains together and thus is considered healable. The physical properties of thermoplastics
are highly tunable and strongly dependent on both the macromolecular structure and non-covalent

intermolecular interactions.

Various types of thermoplastics are made for specific applications. High performance
thermoplastics have been developed such as polyphenylene sulfide (PPS), polyetherimide (PEI)
for applications that require a high degree of thermal stability. More sophisticated thermoplastics
including thermoplastic elastomers (TPEs) provide materials with elastomeric properties.®
Thermoplastic elastomers are flexible and low modulus that can be used in a wide range of
applications, from automotive interiors and heat resistant tubing to soft touch grips. Biodegradable
thermoplastics utilize renewable sources such as amino acids’ and starch® as a building block and

are made to solve issues from traditional non-degradable petro-based thermosets and non-



environmentally friendly thermoplastics. Furthermore, thermoplastic composites use fibers such
as glass, Kevlar, carbon, or polyethylene to reinforce the mechanical properties and possess a high
degree of durability.® Their mechanical properties are often stronger than steel but the weights are

much lighter.

1.3 Introduction of thermosets based on CANs

1.3.1 Dynamic covalent chemistry

A new approach of designing materials that combines advantages from both thermosets
and thermoplastics is by introducing dynamic covalent chemistry (DCC) in the design of polymeric
networks. The bonds involve reversible formation and breaking of covalent bonds and produce
products that are a result of thermodynamic equilibration under the experimental conditions
defined by Lehn?®. Dynamic covalent chemistry deals with stronger covalent bonds as compared
to noncovalent interactions, e.g. hydrogen bonds. Some key requirements for DCC to be used in
the design of polymer networks are that the lifetime of a given covalent bond cannot be too short
(t <1 ms) or too long (t > 1 min) so that the network structure can be maintained while still
undergoing topological rearrangement by dynamic bond exchange.!! In addition to the kinetic
aspects, the exchange reaction is desired to occur under mild conditions so that the structural
integrity of the material will not be compromised under the conditions. Lastly, for different
applications, it is also beneficial to have an exchange reaction that can be mediated by pH or by
different catalysts.'? Recent polymer networks based on DCC including transesterification,*®
Diels-Alder reaction,** photodimerization,*® radical reaction,'® and boronate ester,!’ all have been
shown to exhibit dynamic behavior. Among the known reversible covalent bonds, imine,

hydrazones, and oximes are widely used due to the various monomers that are readily available



from commercial sources or obtainable by facile synthesis. These exchange reactions occur under

mild conditions without the need of external catalysts.

Polymer networks comprised of dynamic covalent bonds are called covalent adaptable
networks (CANS).!® Networks are capable of topological rearrangement via covalent bond
exchange under certain stimuli. The characteristics of CANs was first observed in the 1940s, by
polysulfide networks that exhibit creep behavior under stress. The continuous deformation
behavior is caused by disulfide exchange.!® The major difference between CANs and the
previously mentioned polymers is the dynamic covalent bonds provide rearrangement at the
molecular level to achieve flow in the macroscopic level, resulting in stress relaxation. During the
stress relaxation, the rate of deformation is associated with the rate of the exchange reaction which
can be tuned by external or environmental stimulus (e.g., heat). This creep characteristic was

impossible from the conventional thermosets.

The unique chemistry and material properties of CANs have formed a bridge between
conventional thermosets and thermoplastics. Covalent adaptable networks can be made through
different types of reversible covalent bonds, and often exhibit different stress relaxation and bond
exchange mechanisms. They are used in healable materials,?® imprinting,? shape changing
polymers,?? and remoldable or recyclable materials.?® Covalent adaptable networks can be
classified into two sub-categories based on the mechanism of dynamic covalent bond exchange:
(1) reversible addition, condensation reaction or (2) bond exchange reaction (Scheme 1.1). The
former two involve a dissociative pathway, whereas the latter occurs by an associative mechanism.
The dynamic properties of the polymer network are influenced by the type of bond exchange

mechanism, as well as the equilibrium constant and exchange kinetics of the reversible reactions.



Some examples of dynamic covalent bonds utilized in CANs are shown in Table 1.1. Imine

exchange and hemiaminalation will be discussed in Chapter 2 and 3, respectively.

Addition

A + B— — }—AB—

Condensation
A +B— = }—AB—5+C
Exchange

i—A-B'— + B — §—A-B"3 + B'—

Scheme 1.1. A general reversible reaction diagram of addition, condensation and bond exchange
reaction. Reproduced from Ref. 16 with permission from American Chemical Society.

Table 1.1 Examples of DCC that have been used in CANSs.
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1.3.2 Dynamic covalent bond exchange by a dissociative mechanism
Dynamic covalent bond exchange can occur by a dissociative pathway, as shown by the

addition and condensation reactions in Scheme 1.1. The bond-breaking reaction lowers the cross-



linking density that negatively impacts on the shear modulus of the polymer network. Depending
on the equilibrium constant for the reaction, the extent of crosslinking and polymerization varies,
which can affect the state of polymers (e.qg., gel or sol). Polymeric networks comprised of linkages
based on the Diels-Alder (DA) reaction is a classic example of CANs that undergo dynamic
rearrangement by a dissociative pathway (Scheme 1.2, top). For example, the [4 + 2] cycloaddition
reaction between furans and maleimides is only mildly exothermic (5-10 kcal mol™?), indicating
that bond dissociation equilibrium can be significantly perturbed by heating. A variety of polymer
backbone bearing side chains of furans and maleimides are used for cross-linkers including linear
polymer,2* networks,** % hydrogels,?® and dendrimers.?” When heating above the gel point
temperature, the retro-DA reaction is accelerated more than the D-A reaction, shifting the
equilibrium toward monomers and thus resulting in depolymerization of the polymer network.
Upon cooling, the polymer network will reform. The dynamic equilibrium between the DA and
retro-DA reaction confers the polymer network with remendability, recyclability, and healing

ability. These properties are not accessible in conventional thermosets.

Reversible Addition Rearrangement
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Reversible Exchange Rearrangement
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Scheme 1.2. Examples of dynamic covalent bond exchange that occurs by a dissociative (e.g., D-
A reaction) or an associative mechanism (e.qg., transesterification reaction). Reproduced from Ref.
16 with permission from American Chemical Society.
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In addition to using heat to induce the bond dissociation in CANs (e.g., Diels-Alder
networks), photo-irradiation has also been investigated to induce dissociative bond exchange in
polymer networks. Covalent adaptable networks comprised of photo-reversible networks behave
as conventional thermosets when light sources are not available. No creep behavior is observed in
the absence of photoirradiation. Photo-reversible covalent bonds only become activated with
exposure to irradiation. The bond breaking and reforming leads to stress-relaxation and creep
behavior. There are two types of photo-reversible mechanisms. One type is bond cleavage with
one wavelength and reforms with a different wavelength. This requires the sample to be irradiated
with both wavelengths at the same time to achieve dynamic bond exchange. Several photo-
triggered moieties follow this mechanism in polymers including coumines,?® cinnamates,?
anthracenes,?®> % and thymines.3! When irradiated at a certain wavelength, coumarin and

anthracene undergo [2 +2] and [4 + 4] cycloaddition (Scheme 1.3).®

Scheme 1.3. Photoinduced dimerization of coumarin and anthracene within polymer network.
Reproduced from Ref. 16 with permission from American Chemical Society.

Understanding dynamic behaviors at the molecular level (e.g., the thermodynamic and
kinetics of the bond exchange reaction) can provide information of dynamic properties of polymer
networks at the macroscopic level. This structure-property relationship is highly valuable for the

rational design and development of smart polymeric materials for targeted applications. An
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increased variety of dynamic covalent bonds have been investigated in the design and synthesis of
polymer networks. Examples of selected DCC chemistry used in the design of CANs are

highlighted below.

1.3.2.1 CANs based on boronate ester.

Boronic acid and diol produced a reversible boronate ester. One of the advantages is that
the exchange reaction requires no catalyst. VVarious responsive hydrogels especially sugars have
incorporated boronic acids as a way to create cross-linking sites. Tarus et al. demonstrates the
synthesis of biocompatible polysaccharide hydrogels based on the boronate ester bond.
Carboxylate containing polysaccharides are modified with phenylboronic acid and maltose. The
hydrogels are able to adapt and self-heal in mild acidic conditions or simply by adding more
glucose. Another benefit of this design is that soft hydrogels have potential applications for drug

delivery.

1.3.2.2 CANs based on alkoxyamines.

Covalent N-O bonds in alkoxyamines can form a stable free radical when heating at high
temperatures (Scheme 1.4). The thermally activated CANs are similar to a retro-Diels-Alder
reaction except that alkoxyamines rearrange through radical intermediates. Polymer chains bearing
2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO)-based alkoxyamine moiety can undergo dynamic
grafting upon heating. The degree of grafting is dependent on the concentration of the molecules
targeted for grafting.3? Furthermore, Sato et al. have used this strategy to cross-link two polymer
chains with different alkoxyamines.®® The cross-linking density can be tuned by the amount of
small molecule alkoxyamine present. By adding an excess of small molecule alkoxyamine and

heating at 100 °C for 48 h, the equilibrium shifted to the initial polymers. This class of reversible



covalent bond is water stable and has been incorporated in water soluble polymers for making

R N heat RO o.
‘: +
R

Scheme 1.4. Thermally reversible alkoxyamines produce radical intermediates upon heating.

hydrogels.

1.3.3 Dynamic covalent bond exchange by an associative mechanism

The dynamic bond exchange in CANSs can also occur by an associative pathway (Scheme
1.1). In this mechanism, the bond exchange is enabled by a sequence of first covalent bond-forming
and then bond-breaking events (Scheme 1.2, bottom). The cross-linking density does not decrease
during the topological rearrangement in the network via the bond exchange. The first associative
CAN:Ss is based on the photo-mediated free radical addition fragmentation chain transfer reaction.®*
Allyl sulfides have been used as efficient RAFT agents, as shown in Scheme 1.5. The intermediate
is transformed into an initial functionality and radical. Tsarevsky and Matyjaszewski have
introduced a more sophisticated disulfide moiety in the design of a self-healing polyurethane
(Figure 1.1a). The thiuram disulfide undergoes exchange in the presence of visible light, in air,
and at room temperature.®® Due to the nature of low T4 (-50 °C to -34 °C) materials, they are
capable of self-healing even at room temperature in the absence of solvent (Figure 1.1b). The
Young’s modulus of the original polymer sample is 544 kPa, and the mended one is 612 kPa,
comparable modulus indicating the disulfide exchange reaction regenerates polymer networks.
Despite facile preparation of photo-induced CANSs, the lifetime of radical exchange is limited due
to unavoidable termination reactions. Non-radical dynamic covalent bonds by an associative

mechanism are desired in the CAN design to avoid radical termination.



Scheme 1.5. Associative mechanism based on the photo-mediated RAFT.
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Figure 1.1. Visible light-induced thiuram disulfide exchange with (a) two possible mechanisms
and (b) damaged polymers containing thiuram disulfide are healed over 24 h. Reproduced from
Ref. 35 with permission from Advanced Materials.

Thermally activated associative CANs are called “vitrimers” which describes a polymer
network that can undergo thermally stimulated bond exchange by an associative pathway.
Leibler’s group demonstrated the first polyester vitrimer that underwent the topological
rearrangement in the network by a transesterification reaction.®® Vitrimer networks show a gradual
drop of viscosity upon heating above the vitrification temperature (Tv, see below), following the
Arrhenius law. This unique characteristic is similar to vitreous silica.3” At temperatures above Ty,
the vitrimer still exhibits a finite and constant storage modulus, indicative of the unperturbed
crosslinking state of the network. This is in contrast to thermoplastics which undergo a more
precipitous drop of viscosity with temperature following the Williams-Landel Ferry model (WLF)
relationship and turn into viscous fluids above the glass transition temperature (Tg). The WLF

viscosity behavior is dictated by the diffusion of polymer chains.®® Covalent adaptable networks
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that undergo dissociative bond exchange behave like thermoplastics once a ceiling temperature is
reached. This distinctive feature of vitrimers sets them apart from the CANs that undergo
dissociative bond exchange. Vitrimers behave like conventional thermosets below Ty and become
thermally mendable above Ty, making them attractive as a replacement for conventional

thermosets.

The detailed viscosity dependence of vitrimers on temperature is dictated by two thermal
transitions in the network. The first transition is the glass transition temperature, Tq. The movement
of polymer chains is limited below T4, which significantly slows down or inhibits any bond
exchange to occur within the network. The network behaves as a conventional thermoset and
shows no creep or stress relaxation. The second transition, as introduced by Leibler et al., is the
topology freezing transition temperature Ty. At this temperature, the rate of bond exchange is fast
enough for the material to be processed efficiently. This is when the material changes from a
viscoelastic solid to a viscoelastic liquid with the viscosity dropping to 10*2 Pa s, commonly used

to define the glass-liquid transition in silicates.3% *°

The order of the two thermal transitions, i.e., Tgand Ty, play an important role for designing
CANs. When Ty is lower than Ty, the material will change from a glassy state to a rubber state first
before any bond exchange takes place (Figure 1.2a).*° This transition is also dependent on the gap
between T4 and Ty. For example, material will exhibit deformation at Tg if Ty is relatively close to
Tg; however, when Ty is much higher than Ty, the network will maintain its topology due to a slow
exchange reaction. Material is simply an elastomer, and it showed no or limited creep behavior
within this temperature range. After heating above the Ty, the flow behavior is fully dependent on
the rate of bond exchange. In contrast, materials that have Tg higher than T, will behave differently

than the previous scenario (Figure 1.2b).*° This means the bond exchange can occur below the Tg,
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but it is rendered impossible due to freezing of the long-range polymer motion. As a result,
materials still behaved as thermosets even if the temperature has reached Ty. The most intriguing
finding is that after heating to Tg, the WLF viscosity is observed in the beginning. That is, the bond
exchange reactions are too fast at Tg when the polymer chains motion is initiated. The rate of the

exchange reaction will start to take over and follow an Arrhenius law with a further increase in

temperature.
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Figure 1.2. Viscosity dependence on temperature for vitrimers having either (a) Tq < Tv and (b) Tq
> Ty. Reproduced from Ref. 40 with permission from Chemical Science.

The order of two transitions T4 and Ty are important for designing CANs, as described
previously. The cross-linking density, rigidity of monomers, and the rate of the exchange reaction
can all be manipulated in order to control T4 and Ty. Ideal vitrimers will behave as thermosets
within a temperature window for specific applications. The exchange process can be easily

triggered by external stimuli (heat) when needed for reprocessing, recycling and repairing.

1.3.3.1 Vitrimer based on disulfide.

Disulfide exchange is one of the earliest reactions used in DCC. The chemistry has been
well studied. Disulfide bonds can be found in biological systems such as in protein folding.*
Disulfide chemistry can have both dissociative and associative mechanisms. Disulfides can form
two thiols and then oxidize again.*? Alternatively, disulfides can be photolytically cleaved under

UV irradiation.*® Both reactions are a dissociation process. Associative disulfide exchange can be
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achieved by a thiolate anion nucleophilic attack on another disulfide bond and reformed to make
a new thiolate anion (Scheme 1.6).** This reversible reaction is pH sensitive and can undergo
dynamic exchange under a basic condition. Canadell et al. have demonstrated self-healing
materials based on disulfide bonds.**® They incorporated a disulfide moiety in the network. Base
catalyzed disulfide exchange is responsible for the self-healing properties. From tensile testing,
mechanical properties of pristine and mended polymers are fully restored. Materials can be
fractured and then healed multiple times when heating above T4 with only a minor decrease of

modulus.

S /R3 /R3 S
/S + /S -8 _— /S -8 + /S
R1 R2 R1 R2

Scheme 1.6. Associative disulfide bond exchange reaction.

1.3.3.2 Vitrimer based on transesterification.

Transesterification is one of the reversible reactions that are commonly categorized in a
thermally activated associative mechanism. The exchange reaction occurs between an ester bond
and an alcohol (Table 1.1). Ring-opening polymerizations such as lactide and caprolactone are
polymerized by alcohol initiators.*®* Furthermore, vegetable oil such as sunflower oil
transesterification with alcohol species produces fatty acids that can be used in foods, textiles,
cosmetics, and rubber.*® The reaction is generally conducted under acid or base catalyzed
conditions; other catalysts such as Sn and Zn have also been used for transesterification.*’ Leibler
et al. have used metal-catalyzed transesterification for healing and assembling highly cross-linked
polyester thermosets. The rate of healing is controlled by the rate of transesterification. Elevated
temperature increased the rate of the exchange reaction which leads to a faster healing process.

Other parameters like changing the amount and nature of the catalyst will affect the activation
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energy and Ty. For example, activation energies for 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD),
zinc(I)acetate (Zn(OAc)2), and triphenylphosphine (PPhs) are 106, 86 and 43 kJ mol™
respectively. Transesterification vitrimers are relatively straightforward to make due to the
availability of monomers and facile reactions. The kinetics of the exchange reaction are also easy

to control by catalysts.

1.4 Considerations in designing CANs
1.4.1 Choice of monomer

Manipulation of the monomer structure is the most common strategy to control the material
properties such as the glass transition temperature and mechanical properties. Glass transition
temperature is the most important transition in CANs design. Topological rearrangement in CANs
can only occur when the exchange reaction is activated and unrestricted by the segmental motions
associated with Tg in the entire network. In general, crosslinking density is proportional to Ty,
which means materials that have a higher cross-linking density will have higher Tq. There are
many strategies to tune the cross-linking density such as changing the number of functional groups
per monomer. For example, step-growth polymerization of tetra-aldehyde and diamine will result
in a higher cross-linking material than tri-aldehyde and diamine, assuming that all functional
groups have equal reactivity. Further consideration is necessary when the polymerization reaction
contains monomer A and B or more, and the reactivity of monomer A toward monomer B is
important. Low reactivity will influence the polymerization conversion, which will affect the
overall cross-linking density. Mono-functional model compounds can be used to determine the
relative reactivity of monomers toward each other. Monomer A and B produce high Keq and high
yield with less side product and are most suited for synthesizing vitrimers. In addition, changing

the molecular weight, stiffness and steric hindrance of monomers are all useful parameters to
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control the Ty. It is often difficult to precisely predict a priori the properties of a given polymer
having a particular monomer structure. A systematic investigation of the structure-property
relationship is therefore important to guide the search of monomers and polymers having a specific

property profile for targeted applications.

1.4.2 Dissociation constant (exchange reaction follows a dissociative pathway)

For CANs that undergo dissociative covalent bond exchange, understanding the
dependence of the dissociation constant (Kqg) on temperature is important to fully assess the
efficiency of bond exchange. Some reversible covalent bonds have a Kq that is strongly dependent
on the temperature, such as a retro Diels-Elder (rDA) reaction. This reaction of a model compound
has a Kq value of 1.7 M at 120 °C. With such a high dissociation constant at this temperature
(greater than gel point temperature), the polymer network changed from a viscoelastic solid to a
viscoelastic liquid.*® In comparison, oxime exchange showed less dependence on temperature with
a Kg of 3.2 x 10 M at 120 °C.*® A reversible reaction with small dissociation constant means the
rate of bond reforming is faster than the bond breaking. Thus, the oxime-based CANs can be
remolded, reprocessed and recycled with a fairly wide temperature window without going through
the gel-to-sol transition. Figure 1.3. shows a simulation of equilibrium constants derived with low
enthalpy and high enthalpy values as a function of temperature. The Keq is less dependent on the
temperature when AH is less negative, whereas temperature has a greater influence on the Keq
when AH is more negative. The case of oxime exchange reaction is shown as a blue curve, and the
red curve is a simulation rDA reaction for its thermally dependent Kgq, resulting in an abrupt gel-

to-sol transition.
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Figure 1.3. Simulation of the effect of temperature on the equilibrium constant with low and high
AH values.

The Kg can be measured using a model compound by NMR analysis of the reaction
equilibrium at different temperatures. The equilibrium constant is temperature dependent. For an
exothermic reaction (AH°<0), the equilibrium constant decreases with increasing temperature,
whereas the opposite is true for an endothermic reaction (AH°>0). Analysis of Kq at different
temperatures using the Van’t Hoff equation will afford the enthalpy (AHq4) and entropy (ASq) of

the bond dissociation.

1.4.3 Kinetic and activation energy study

Kinetic study of bond exchange from molecular studies can estimate how quickly the
material can be deformed under a constant stress. Especially when comparing conditions, a
reversible bond will behave differently under different parameters such as temperature effects,
catalyst effects, and pH effects. Additives including acids, bases, or catalysts are added to
investigate the reaction kinetics in organic media. Depending on the nature of the dynamic covalent
bond, additives will indicate the conditions to either facilitate or hinder the exchange reaction. We
can optimize the conditions for a specific application by studying the kinetics of bond exchange.

Two model compounds should be chosen that have a similar chemical structure as the cross-linked
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network. Their chemical shift should also be differentiated easily from *H-NMR. The kinetics of
the exchange reaction is measured from a collection of *H-NMR spectra obtained over different
times. The activation energy of the exchange reaction can be calculated by measuring the kinetics
at different temperatures, and then an Arrhenius plot is made. Initial linear rates are normally used
for preparing an Arrhenius plot. The rate can be obtained at a higher temperature if the exchange

rate is too slow at a lower temperature. We can also measure the activation enthalpy (AH*) and

entropy (AS*) from an Eyring plot.

1.4.4 Synthesis of linear polymerization

Molecular characterization of cross-linked polymers is challenging. To gain an
understanding of the polymerization reaction, synthesis of linear polymers is often attempted.
Characterization of the soluble linear polymers by spectroscopic methods (e.g., NMR and MS)
will provide information regarding the molecular structure of the polymers. Nuclear magnetic
resonance provides information of the degree of polymerization, from which Keq and AG®° of bond
formation equilibrium can be determined based on certain assumptions. Mass spectrometry can
further provide information regarding the polymer structure, end-group structure, average

molecular weight and molecular weight distribution.

1.4.5 Synthesis of Cross-linked polymerization

Cross-linked polymer networks are prepared with monomers that contained an average
functional group number (f) greater than two. For step-growth polymerization, the functional
groups between monomers have to be equivalent in order to achieve high conversion. For example,
the functional groups for 3 moles of monomer A (fa = 2) and 2 moles of monomer B (fs = 3) are

stoichiometrically balanced.
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Fourier-transform infrared spectroscopy is the most direct structural characterization tool
of cross-linked polymers. Depending on the type of DCC, each covalent bond has a unique
vibrational band associated to their functional group. For example, polyimine has a distinct C=N
stretching band (vc=n) at 1650 cm™ for imine functionality. The extent of polymerization can be
quantified by monitoring the disappearance of monomer over time. For example, the conversion
of aldehyde can be tracked by the decreases of the C=0 stretching band (vc=0) at 1720 cm™.
Thermal properties of the polymers can be analyzed by differential scanning calorimetry (DSC) to
obtain the glass transition (Tg), melting temperature (Tm) and crystallization temperature (T¢), and

by thermogravimetric analysis (TGA) to acquire the thermal decomposition temperature (Tq).

The theoretical gel point corresponds to the extent of reaction threshold for a step-growth
polymerization system with a certain average functionality (fayg) to reach infinite molecular
weight. There are two theoretical descriptions commonly used to estimate the gel point: Carothers
theory or Flory-Stockmayer statistical theory. Carothers theory followed equation 1 if
stoichiometrically is in balance. The parameter of pc is the theoretical gel-point conversion and fave
is the average functionality of a mixture of monomers. The second way is a statistical approach by
Flory-Stockmayer theory. From equation 2, r is the stoichiometric ratio of the functional groups
(i.e., r = 1 for a stoichiometrically balanced composition), and the parameter of fy is the weight-
average functionalities of individual monomer. Gelation (sol-gel transition) occurs when the
experimental conversion is above the estimated conversion, pc. In a case when pc is above 100 %,
it means this monomer composition will never reach gelation. A gel is considered to be a giant
molecule that is insoluble in all solvents before degradation. Therefore, insoluble gel content has
been commonly interpreted as polymer molecules that are cross-linked to each other. Gel content

can be quantified by a solvent extraction experiment. This involves the extraction and separation
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of the soluble polymer portion and gravimetric quantification of the gel portion. The ratio of

polymer sample mass before and after the extraction is referred to as gel content.

1

Equation 2: Pc =

Equation 1: Pec =
’ favg Monomer A and B \/r(fw,A - D(fwp — 1)

1.4.6 Dynamical behavior of CANs

Dynamic mechanical thermal analysis (DMTA) of CANs measures the change in the
storage (elastic) modulus (G”) and loss (viscous) modulus (G”) as a function of temperature.
Storage modulus is a measure of the material’s elasticity whereas loss modulus is a measure of the
material’s ability to dissipate energy. Tan delta is the ratio of loss modulus to the storage modulus.
When Tan delta is less than 1, this indicates elastic dominance or solid behavior, whereas values
greater than 1 indicate viscous dominance or liquid like behavior. The G”/G’ =1 is described as
the sol-gel transition point. The temperature dependence of the storage modulus can determine
various thermal transitions (e.g., Tg, Tm) that occur in a polymer. It is an alternative method to
DSC thermal analysis. The experimental crosslinking density (ve) can be calculated from equation

3, where R is the universal gas constant, and T is the temperature.

Equation 3: G'(T) = 3RTv,

Stress relaxation analysis (SRA) can be used to characterize the rate of dynamic bond
exchange within the network, resulting in a controlled macroscopic relaxation under a constant
strain. The relaxation behavior has a direct relationship with the kinetics of bond exchange. For
dissociative CANS, relaxation happens when network connectivity is broken and reformed
subsequently to restore the cross-linking network. The individual rate of bond breaking (ky) and

bond forming (ks) dictate the viscoelastic properties. That means when the Keq < 1, the polymer
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network will stay as a viscoelastic solid. Alternatively, the polymer becomes fluid when Keq > 1.
As the rate of bond breaking dominates in the exchange process, the cross-linking density is
insufficient to maintain gelation (below the gel point). By comparison, associative CANs do not

have this issue. [Write a sentence to set up equations below]

Kp
A =B + C
Ks
kp
Keg =3 Keg<1 Koo > 1

From stress relaxation analysis (SRA) of CANSs, activation energy can be calculated from
monitoring stress decay as a function of time at different temperatures. Based on the Maxwell
model for viscoelastic fluids, the relaxation time (t*) is defined as the time when the normalized
stress decays to 37 % (1/e) of its original value. Analysis of t* versus temperature using the
Arrhenius relationship (Equation 4) will afford the activation energy barrier for the bond exchange
in CANs. The t* value is the stress relaxation time, 1o iS the relaxation time at infinite (constant),
Ea is the activation energy, R is the universal gas constant, and T is the temperature at which the

SRA was performed.

Eq
Equation4:  t°(T) = 14e /RT

Combining DMTA and SRA will provide further information about the topology of the
freezing transition temperature, Ty, described by Leibler et al. The Ty is the temperature transition

from a viscoelastic solid to a viscoelastic liquid as the viscosity (1 ) of the material drops to 10*2

Pa s. The relaxation time (t*) at this viscosity (10*? Pa s) that corresponds to Ty can be calculated
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by equation 5, where parameter G’ comes from the DMTA experiment. The relaxation time t*

obtained from equation 4 can plug into equation 5 to determine Ty.

Equation 5: n Z%G’ *T"

1.4.7 Mechanical properties of CANs
The definition of modulus (Pa) is stress (Pa) over strain %. Since strain is unitless, the unit
of modulus and stress are identical. This value can be measured directly by a tensile test from a
stress-strain curve. This curve is a representation of the behavior of a material under force. From
this curve, we can classify the material in the following categories, based on their performance:
elastomer, brittle material, or ductile materials. The initial linear region from the stress-strain curve
is called the elastic region that is normally referred to as the Young’s modulus. It describes tensile
elasticity of an object to deform. The stress and strain at break is called the yield point, sometimes
reported as yield modulus. Moreover, the stress-strain curve can demonstrate the healing properties
of CANs when comparing tensile properties of pristine and thermally mended samples. Stress-

strain curves with multiple healing cycles are conclusive evidence of self-healing behavior.
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Chapter 2 : Dynamic Covalent Polymer Networks Based on Degenerative
Imine Bond Exchange: Tuning the Malleability and Self-Healing Properties by
Solvent

J PEG
. PEG. S
» NN HN

PEG—}

2.1. Introduction

Imine bond, often referred to as Schiff bases are synthesized from condensation of a ketone
or aldehyde with a primary amine (Scheme 2.1).%° The formation of imine bond can be catalyzed
by acid but the pH should be controlled such that the amine is not protonated. Imine is a strong
covalent bond with a bond dissociation energy of 147 kcal-mol™, can undergo rapid degenerative
bond exchange (associative,> dissociative,> metathesis® pathway, Scheme 2.1) without any
significant side reactions.>*?*1"51 Reports on polymeric network comprised of imine linkages are
surprisingly limited®>® in view of the diverse range of primary amines and aldehydes that are

readily available.

0 -H,0 N'Rl N'R
J + H,N-R —PY/—= J + HoN-R /= J + HoN-R'

Scheme 2.1. Imine exchange by condensation reaction (dissociation) and exchange reaction with
primary amine (association).

* Chapter 2 previously appeared as Chao, A.; Negulescu, I.; Zhang, D., Dynamic Covalent
Polymer Networks Based on Degenerative Imine Bond Exchange: Tuning the Malleability and
Self-Healing Properties by Solvent. Macromolecules 2016, 49 (17), 6277-6284. It is reprinted by
permission of ACS Publisher (see page 107).
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One recent study by Zhang and coworkers®*°"%8 showcased the excellent mechanical and
dynamical properties of the thermosets comprised of imine linkages. The nature of imine exchange
allows thermosets to be malleable when temperature increases to 80 °C. Unlike thermoplastic,
imine vitrimer maintained their mechanical strength during reprocessing and recycling. Stress-
strain curves showed the mechanical properties are comparable before and after recycling.
Furthermore, cross-linked polyimine are remoldable at room temperature by wetting the polymer
in water. A recent published work by Chen et al. demonstrates designing multi-phase networks
based on dynamic imine bonds. Condensation of peptides (H-Asn-Phe-CHO) provides oligomers
including linear dimers, linear trimers, cyclic dimers and cyclic trimers.*® Cyclic dimers were the
most dominate structure of oligomers. Cyclic dimers were dynamically transformed into linear
dimers by hydrolysis. This linear dimer reacted further with amine to give trimer followed by self-
assembly into B-sheet fibre states. Oligomer slowly phase changes from solution, particles and to
fibre stages at 96 h.

Recent studies of small model imine compounds in solution by Stefano et al. revealed that
the imine bond exchange is catalyzed by the presence of primary amine.*® The rate of exchange is
dependent on the solvent, temperature and imine structure. We envisioned that the dynamical
property of polymeric networks comprised of imine linkages can be controlled by these
parameters. In this study, we reported the synthesis of dynamic covalent polymeric networks
comprised of poly(ethylene oxide) (PEO) strands and imine cross-linkers (Scheme 1) and the
investigation of the effect of imine bond exchange kinetics on the macroscopic dynamical

properties of the polymeric networks.
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2.2 Results and discussion

2.2.1 Synthesis and characterization of cross-linked polyimine gel

3 H N\/\+ \/~]\ AN solvent rt. |
2 o NH, _0 or neat, 50°C \/\'{' V\}O/\/\N7\(P)

O
= 1000, 1500 and 3000 g/mol
N

solvent:

Acetonitrile (AN)
N,N-dimethylformamide (DMF)
Toluene (TOL)

BMIMPFg (IL)

Scheme 2.2

The polymeric networks comprised of poly(ethylene oxide) (PEO) strands and imine cross-
linkers have been prepared by condensation polymerization of poly(ethylene oxide) bis(3-
aminopropyl) (PEO-diamine) having varying molecular weight (Mn = 1000, 1500 and 3000 g-mol’
1y and 1,3,5-triformylbenzene (trialdehyde) in solvents with varying polarity [i.e., acetonitrile
(AN), N,N-dimethylformamide (DMF), benzyl alcohol (BnOH), toluene (TOL) and 1-Butyl-3-
methylimidazolium hexafluorophosphate (BMIMPFg or IL)] at room temperature as well as in neat
conditions at 50°C (Scheme 2.2). The initial stoichiometric ratios between the aldehyde and amine
functional group were kept at unity for all reactions to ensure high functional group conversion.
The initial concentrations of the functional groups (i.e., [amine]o and [aldehyde]o) were both kept
at 0.37 M. FTIR spectroscopy was used to monitor the progression of the condensation
polymerizations, as both imine and aldehyde groups exhibit characteristic C=X (X=N or O)
stretching bands at 1650 and 1700 cm™ respectively (Figure 2.1). All reactions reach high
conversion (86-99%) after 4 h at room temperature, as determined by the percentage reduction of
the aldehyde C=0 stretching band in the FTIR spectra of the reaction mixture. Prolonged reaction

time or increasing initial reactant concentration did not result in significant increase of the
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conversion (Table 2.1). The cross-linking density for an ideal network with a quantitative
functional group conversion is estimated to be approximately 3.7 x 10 mol-mL™. If the actual
crosslinking density is assumed to be proportional to the functional group conversion, all samples
in Table 2.1 exhibited comparable crosslinking density in the 3.1- 3.6 x 10*mol-mL*range (Table

2.1).

1.00

0.95
)
< 0.90-
3 /
LC) \

0.85 A v

\% =
£ CONE vy
é (C=C in-ring, IL)
n 0.80 1 V(C:C in-ring, TOL)
- | —BnoH
] AN
= 0754 — 1L
| —TOoL
—— Trialdehyde
0.70 T T T T T 1
1800 1700 1600 1500

Wavenumber (cm™)

Figure 2.1. Representative FT-IR spectra of the polymerization mixtures of PEO-diamine and
1,3,5-triformylbenzene in various solvents (colored lines) in comparison to that of 1,3,5-
triformylbenzene monomer (black line) to verify the formation of imine bonds for gels in various
solvents.

2.2.2 Rheological characterization of the sol — gel transition

All reactions using low molecular weight PEG diamines (M»= 1000 and 1500 g-mol ™) result
in the formation of free standing gels in organic solvents after 4 h at room temperature, whereas
the networks consisting of long PEG chains (Mn= 3000 g-mol™?) form soft and non-free-standing
gel (Entry 12 and 13, Table 2.1). Time-dependent oscillatory rheological measurements of
condensation  polymerization mixtures under identical conditions (i.e., 20 °C,

[amine]o=[aldehyde]o=0.37 M, DMF) revealed a gradual increase of storage modulus (G’) and loss
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modulus (G’’) over time (Figure 2.2). The G’ was smaller than G’ initially and became larger
than G’ beyond a time point. The G” and G’’ cross-over point was defined at the gelation point,
indicating the formation of an elastic network. The moduli (G’ and G’’) at the gelation point are
also dependent on the molecular weight of PEO diamines. As the M, of the PEO diamines

increases from 1000 to 1500 g'mol™?, the moduli decrease from 104 to 15 Pa (Figure 2.2), in

agreement with the formation of increasingly soft gels.
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Figure 2.2. Plots of storage moduli (G’,®), loss moduli (G’’,0), and delta degree (A) versus time
for the condensation polymerization mixtures of PEO diamines with varying molecular weight
[Mn= 1000 (A) and 1500 g'mol-1(B)] and 1,3,5-triformylbenzene in a 1:1 molar ratio of the total
amine to aldehyde functional groups in DMF at room temperature obtained by oscillatory
rheological measurement at room temperature under a constant frequency (o= 1 Hz). The initial
concentrations of amine and aldehyde functional groups are both kept at 0.37 M.

Solvent has also been shown to influence the gelation time: increasing polarity of the solvent
appears to be correlated with prolonged gelation time, as revealed by the in situ oscillatory
rheological measurements of the PEO-diamine (M,=1500 g-mol™) and 1,3,5-triformylbenzene
mixture in various solvents (AN, DMF and TOL) at 20°C. For example, the reaction mixture
undergoes a sol-to-gel transition at 2180 s in AN as compared to 775 s and 318 s in DMF and
toluene respectively (Figure 2.3). The origin of the solvent dependence of gelation time will be
further discussed later. In addition, the moduli at the respective gelation point are also solvent

dependent with toluene gel having the highest moduli (40 Pa) followed by the DMF gel (15 Pa)
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and AN gel (3.3 Pa). As the crosslinking density is approximately the same in all the gel samples

regardless of the solvent (Table 2.1), the moduli are related to the specific interaction between the

polymer and the respective solvent.®
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Figure 2.3. Plots of storage moduli (G’,®), loss moduli (G’’,0), and delta degree (A) versus time
for the condensation polymerization mixtures of PEO diamine (Mn= 1500 g'mol-1) and 1,3,5-
triformylbenzene in a 1:1 molar ratio of the total amine to aldehyde function groups in various
solvents [i.e., AN (A), DMF (B) and TOL (C)] at room temperature obtained by oscillatory
rheological measurement at room temperature under a constant frequency (o= 1 Hz). The initial
concentrations of the amine and aldehyde functional groups are both kept at 0.37 M.

27



Table 2.1. Characterization of polymeric networks comprised of PEG strands and imine cross-
linkers by condensation polymerization of PEG-diamine and 1,3,5-triformylbenzene?

Entry | Mn (PEG-| Solvent | Gel Appearance | Conv. ¢ (%) | Actual cross-linking
number | diamine) density (mol'-mL™)
(g'mol™)
1 1000 AN clear & free- 87 3.2x 10"
2 DMEF standing _d
3 AN 86 3.1x10*
4 DMF -d -
5 TOL 89 3.3x10*
6 THF 99 3.6 x10*
7 1500 EtOH C'Zi‘;r%i';rge’ 08 3.6 x 10
8 BnOH 95 3.5x10*
9 H.0 ® -d -
10 BMIMPFs 98 3.6 x 10
11 NEAT 97f -
13 DME free- standing _d

&All reactions were conducted at 1:1 initial molar ratios of the amine (0.37M) and aldehyde
(0.37M) functional groups. ™ The theoretical gel point of 83% is estimated based on the Carother’s
equation. ¢ The extent of imine formation or conversion was calculated by using the following
equation: 1-(integrated area of aldehyde peak at time=4 h / integrated area of aldehyde peak at
time=0). % The conversion in DMF and HO cannot be determined by FTIR spectroscopy due to
the overlap of the aldehyde peak with the DMF solvent peak;  Free-standing hydrogels were
obtained when the initial amine and aldehyde concentrations are 0.90 M respectively. * FTIR
spectrum of the aldehyde at time O was taken using a homogeneous mixture of PEO without
diamine end groups (M»=1500) and trialdehyde obtained by slight heating.

2.2.3 Creep and stress relaxation studies of organogel

The viscoelastic responses of the polymeric gels produced in three different solvents (i.e.,
AN, DMF, and TOL) have been investigated using dynamic mechanical analysis (DMA) methods
under either constant stress (creep study) or constant strain (stress relaxation) conditions. Two

free-standing gels having varying molecular weight PEO strands (M»,=1000 and 1500 g-mol™) in
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DMF have been subjected to a constant stress of 0.01 MPa for 5 min in compression mode. The
associated strain response over the course of 10 min was monitored and is shown in Figure 2.4.
Both gels exhibited an initial rapid strain increase followed by a more gradual deformation over
the course of 5 min. Upon stress removal at the 5 min point, the gel sample exhibited various levels
of strain reduction. The initial rapid increase of strain was attributed to the elastic deformation of
the gel network. The gel network comprised of higher molecular weight (MW) PEG strands
exhibited lower elastic modulus than the one having lower MW PEG strands, as evidenced by a
20% deformation for the former versus a 7% for the latter under a constant 0.01 MPa stress. This
is consistent with the former gel network having a lower density of elastically effective PEO
strands than the latter gel, since both gel networks have nearly identical cross-linking density and
polymer concentration. During the gradual deformation stage, the gel with higher MW PEG
strands deforms more slowly to a lesser extent than the gel comprised of lower MW PEGs,
indicating that the former gel is less malleable than the latter. As the cross-linking density is
identical in both gel networks, we attribute the difference of the creep (or strain relaxation)
behavior to the slower diffusion of high MW PEG strands than the low MW PEG strands in the
networks,®! resulting in slower imine bond exchange in the former gel network than the latter. In
addition, upon stress removal, the gel network comprised of high MW PEGs (Mn= 1500 g-:mol™?)
afforded a higher percentage strain recovery (26%) relative to the gel having low MW PEGs (M=
1000 g-mol™?) (strain recovery=2%), consistent with a faster dynamic bond exchange taking place
in the latter gel than the former. It was also found that the gel samples that were allowed to age for
various durations (4-140 h) at room temperature prior to the creep study did not result in significant
change of the percentage strain recovery (Figure 2.5), indicating that the gel networks have already

equilibrated at 4 h after preparation.
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Figure 2.4. (A) Plot of percentage strain and (B) percentage strain recovery versus time for the
dynamic covalent polymeric networks comprised of low molecular weight PEG strands (Mn=
1000 and 1500 g:mol™) and imine cross-linkers in DMF (Entry 2 and 4, Table 2.1). The
experiments were conducted in compression mode with a constant stress (6=0.01 MPa).
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Figure 2.5. The plot of percentage strain recovery versus aging time for the dynamic covalent
polymeric network comprised of low molecular weight PEG strands (Mn= 1500 g-mol™) and imine
cross-linkers in DMF (Entry 4, Table 2.1). The experiments were conducted in compression mode
with a constant stress (6=0.01 MPa). The mean percentage recovery is 29+ 2%.

The solvent effect on the creep behavior of polymeric gels comprised of PEGs (M,=1500
g-mol ™) has been studied under the identical conditions as that for the gels in DMF (i.e., 5=0.01
MPa for 5 min, compression mode). The gels in different solvents exhibited varying degrees of
initial elastic deformation (Figure 2.6A) owing to the difference in their respective compression
modulus. As the crosslinking density is approximately the same in all the gel networks, the
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modulus is determined by the interaction between the polymer and the specific solvent.?* The
toluene gel exhibited the lowest degree of initial elastic deformation followed by the DMF gel and
then the AN gel (Figure 2.4). This is consistent with the relative strength of the moduli of organic
gels in various solvents at the gelation point: TOL > DMF > AN (Figure 2.3). Upon removal of
the stress at the 5 min time point, all gels exhibited varying levels of permanent deformation, as
evidenced by the non-quantitative percentage strain recovery, in contrast to an elastic polymer
network showing quantitative strain recovery (Figure 2.6). The extent of percentage permanent
deformation is solvent-dependent and appears to increase with increasing solvent polarity in the
following order: TOL < DMF < AN (Figure 2.6B). To further characterize the effect of dynamic
imine bond exchange on the network viscoelastic properties, the gels were also subjected to a
constant 10% strain with a preload force of 0.0010 N over a period of 5 min. The stress was shown
to decrease over time to adapt to the external strain, in contrast to an elastic polymer network which
maintains a constant stress during deformation. The rate of stress relaxation was also shown to
decrease with time in a solvent-dependent manner (Figure 2.7). The initial rate of stress relaxation
was determined using the data where the stress decays linearly with the time. The more polar the
solvent is, the higher is the rate of stress relaxation [i.e., AN (0.59 min?) >> DMF (0.12 min') >
TOL (0.088 min')] (Figure 2.8). These results are consistent with the occurrence of rapid dynamic
bond exchange in the network that allows for the permanent deformation of the gel or stress

relaxation through topological change of the network structures.
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Figure 2.6. (A) The plot of strain and (B) percentage strain recovery versus time for the dynamic
covalent polymeric network comprised of low molecular weight PEG strands (Mn= 1500 g-mol-
1) and imine cross-linkers in the AN solvent (Entry 3, 4 and 5, Table 2.1). The strain recovery
experiments were conducted by applying an initial constant stress (6=0.01 MP) to the gel sample
in compression mode for 5 min and allowing the sample to recover for 5 min at room temperature.
The control sample is a polymeric thermoset without dynamic covalent bonds.
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Figure 2.7. The plot of normalized stress versus time for the dynamic covalent polymeric network
comprised of low molecular weight PEG strands (Mn= 1500 g-mol™) and imine cross-linkers in
the various solvents (AN, DMF and TOL) (Entry 3, 4, and 5, Table 2.1). The stress relaxation
studies were conducted by inducing a constant initial strain (¢=10 %) of the gel sample in
compression mode for 5 min at room temperature. (Note: the negative normalized stress value for
the AN gel at the later stage of the measurement was attributed to the slow evaporation of the
solvent, resulting in slight shrinkage of the gel.) The control sample is a polymeric thermoset
without dynamic covalent bonds.
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Figure 2.8. The plot of normalized stress versus time for the dynamic covalent polymeric network
comprised of low molecular weight PEG strands (Mn= 1500 g:mol™) and imine cross-linkers in
various solvents (An, DMF and TOL) (Entry 3-5, Table 2.1) in the initial stage where the stress
decays linearly with the time. The data was linearly fitted and the slope corresponds to the relative
rate of the stress relaxation (k shown in the inset).

2.2.4 Kinetic study of model compound

To understand the molecular origin for the solvent-dependent viscoelastic behavior of the
polymeric gels, *H NMR experiments were conducted to gain insights regarding the relative rate
for imine exchange using small molecular model compounds (Scheme 2.3). We have shown that
the imine exchange does not occur at room temperature on its own regardless of the solvent. It is
clear that catalytic species is required to effect the imine exchange®. As the water byproduct from
the aldehyde and amine condensation reaction remains in the gel and the residual amino groups on
the PEG chain ends also present in the gel due to the non-quantitative conversion, we envision that
imine exchange can occur through two different pathways. The first involves the primary amine-
promoted imine exchange reaction by an associated mechanism; the second involves the water-
promoted imine exchange reaction via the reversible formation of aldehyde and amine (i.e., a

dissociative mechanism) or activation of imine through hydrogen bonding interaction. To
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Figure 3.32. Van’t Hoff plot for the acid catalyzed piperidine aminal.

Activation energy of the exchange reaction of aminal model compounds. Proton NMR
spectra were recorded on a Bruker AV-500 spectrometer, and the chemical shifts in parts per
million (ppm) were referenced relative to THF. A representative procedure is given as follows.
The Bruker AV-500 was preheated to 310K before adding sample. Compound 1 (21 mg, 0.115
mmol), 2 (21 mg, 0.115 mmol) and internal standard 1,3,5-trimethoxybenzene (19 mg, 0.115
mmol) were dissolved in THF-dg (0.5 mL) under N2 atmosphere. The mixture was transferred into
aJ. Young NMR tube at room temperature. Proton NMR spectra were collected immediately after
preparation of the reaction mixture. Each spectrum was collected with 10 scans and 2 s relaxation
time (~ 1 min per spectrum) for 120 times. A series of kinetic studies were performed under a
similar manner at different temperatures (310, 320, 330, and 340 K). The equilibrium
concentrations were reached at 340 K for 24 h. All kinetic experiments were repeated three times
to get the average and standard deviation. The dissociation rate constant (kq) and dissociation
activation energy (AEa) were determined utilizing the previously reported methods.*
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