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Abstract 

Dynamic polymer networks represent a broad class of polymer networks cross-linked with reversible bonds, 

involving dynamic non-covalent and covalent bonds, which can undergo reversible cleavage and 

recombination upon specific stimuli. Accordingly, dynamic polymer networks have gained enormous 

research interest in the recent years by their virtue of autonomous self-healable ability, good recyclability 

and facile implementation into broad range of applications ranging from dynamic and reprocessable 

coatings to sealants and elastomers. In this thesis, dynamic functional polymer networks were designed and 

investigated in-depth as both hydrogels and bulk polymer, with the particular emphasize on polymer 

networks that have been synthesized by employing dynamic covalent boronic ester bonds. 

First, the synthesis of conductive hydrogel composites with autonomous self-healing ability was studied in 

Chapter 4. The initial trial with a non-covalently cross-linked network based on host-guest and electrostatic 

interactions manifested the successful preparation, nevertheless due the tedious synthesis protocols, a novel 

conductive and self-repaired hydrogel based on boronate ester bonds was subsequently developed. For this, 

a functional copolymer decorated with pyrene and phenylboronic acid moieties was synthesized, followed 

by reacting with SWCNTs and PVA to prepare the targeted hydrogel composites. Importantly, the 

interaction between pyrene moieties and SWCNTs in addition to the conductivity and self-recovery ability 

in electric conductivity were investigated in depth.  

Subsequently, in Chapter 5, the design of a novel anti-fatigue and self-healable hydrogel was proposed via 

borax catalyzed thiol-ene click reaction and borax-diol chemistry. To achieve this, a functional copolymer 

bearing pendent acrylate and 1,2-diol groups was first synthesized, followed by reacting with thiol-

functionalized PF127 under the catalyst, i.e. borax. Through this way, boronate ester bonds and PF127 

micelles act as two distinguishable dynamic cross-linking mechanisms within one hydrogel system, and the 

as-fabricated hydrogels were further investigated by evaluating the mechanical properties and self-healing 

ability.   

Ultimately, in Chapter 6, a dynamically cross-linked polymer network embedded with reversible boronic 

ester bonds was synthesized via para-fluoro-thiol click reaction (PFTR). A model reaction mimicking the 

final polymeric network was first investigated to gain insight into the role of utilized organic superbases and 

their respective effect on the regioselectivity of PFTR. Subsequently, an analogue polymeric network was 



 
 

designed, which exhibited a reprocessability and self-healing ability due to the reversible and dynamic 

boronic ester cross-links. The thermodynamic behavior of the polymeric network, as well as its malleability 

and self-healing ability have been investigated in detail.  

 

  



 
 

Zusammenfassung 

Dynamische Polymernetzwerke stellen eine breite Klasse von Polymernetzwerken dar, die mit reversiblen 

Bindungen vernetzt sind und dynamische nichtkovalente und kovalente Bindungen umfassen. Bei 

bestimmten Stimuli können diese Bindungen eine reversible Spaltung und Rekombination durchlaufen. 

Dementsprechend haben dynamische Polymernetzwerke in den letzten Jahren aufgrund ihrer autonomen 

Selbstheilungsfähigkeit, guten Recyclingfähigkeit und einfachen Implementierung in ein breites 

Anwendungsspektrum, das von dynamischen und wiederaufbereitbaren Beschichtungen bis hin zu 

Dichtungsmassen und Elastomeren reicht, enormes Forschungsinteresse gewonnen. In dieser Arbeit wurden 

dynamische funktionelle Polymernetzwerke sowohl als Hydrogele als auch als Bulk-Polymer entworfen 

und eingehend untersucht, wobei der Schwerpunkt auf Polymernetzwerken lag, die unter Verwendung 

dynamischer kovalenter Boronsäureester-Bindungen synthetisiert wurden. 

Zunächst wurde in Kapitel 4 die Synthese leitfähiger Hydrogel-Komposite mit autonomer 

Selbstheilungsfähigkeit untersucht. Der erste Versuch mit einem nicht kovalent vernetzten Netzwerk auf 

der Basis von Wirt-Gast- und elektrostatischen Wechselwirkungen zeigte die erfolgreiche Herstellung. 

Jedoch aufgrund der langwierigen Synthese wurde anschließend ein neues leitfähiges und 

selbstreparierendes Hydrogel auf Basis von Boronatester-Bindungen entwickelt. Zu diesem Zweck wurde 

ein mit Pyren- und Phenylboronsäureeinheiten dekoriertes funktionelles Copolymer synthetisiert und 

anschließend mit SWCNTs und PVA umgesetzt, um die angestrebten Hydrogel-Verbundstoffe herzustellen. 

Insbesondere die Wechselwirkung zwischen Pyreneinheiten und SWCNTs zusätzlich zur Leitfähigkeit und 

Selbstwiederherstellungsfähigkeit der elektrischen Leitfähigkeit eingehend untersucht. 

Anschließend wurde in Kapitel 5 der Entwurf eines neuartigen Anti-Ermüdungs- und selbstheilenden 

Hydrogels über die Borax-katalysierte Thiol-En-Klick-Reaktion und die Borax-Diol-Chemie vorgestellt. 

Um dies zu erreichen, wurde zunächst ein funktionelles Copolymer mit anhängenden Acrylat- und 1,2-

Diolgruppen synthetisiert, gefolgt von der Reaktion mit Thiol-funktionalisiertem PF127 mittels eines 

Katalysators, z. B. Borax. Auf diese Weise wirken Boronatester-Bindungen und PF127-Mizellen als zwei 

unterscheidbare dynamische Vernetzungsmechanismen innerhalb eines Hydrogelsystems. Die so 

hergestellten Hydrogele wurden weiter untersucht, indem die mechanischen Eigenschaften und die 

Selbstheilungsfähigkeit bewertet wurden. 



 
 

Letztendlich wurde in Kapitel 6 ein dynamisch vernetztes Polymernetzwerk, eingebettet in reversible 

Boronsäureesterbindungen, über die para-Fluor-Thiol-Klick-Reaktion (PFTR) synthetisiert. Zunächst 

wurde eine Modellreaktion untersucht, dem endgültigen polymer entsprechende Modellreaktion untersucht, 

um den Einfluss der verwendeten organischen Superbasen und ihre jeweilige Wirkung auf die 

Regioselektivität von PFTR zu ermitteln. Anschließend wurde ein analoges polymeres Netzwerk entworfen, 

das aufgrund der reversiblen und dynamischen Boronsäureestervernetzung eine Wiederaufbereitbarkeit und 

Selbstheilungsfähigkeit aufwies. Das thermodynamische Verhalten des polymeren Netzwerks sowie seine 

Formbarkeit und Selbstheilungsfähigkeit wurden eingehend untersucht. 
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1. Introduction  

Since Hermann Staudinger proposed the revolutionary macromolecular hypothesis in 1920,1 the use of 

synthetic polymer materials has been rapidly rising, and now polymer materials have been playing a 

dominant role in almost every imaginable aspect of our daily life. Indeed, over the past century, mankind 

had witnessed an enormous growth of polymeric commodities while their excellent durability and chemical 

inertness, in turn, resulted in a serious environmental problem, particularly, in the forms of landfills and 

oceanic pollution.2 Accordingly, designing polymers that can be self-repaired upon damage in a multiply 

fashion is an attractive and logical way to weaken their environmental impact by remarkably prolonging the 

respective service life. 

In regard to self-healable polymers, a plethora of research has been reported by embedding diverse 

noncovalent and dynamic covalent bonds into the polymer systems.3-5 The noncovalent bonds, such as host-

guest interaction, electrostatic interaction, hydrogen bonding and hydrophobic interaction, feature inherent 

reversibility and have been intensively employed to design self-healable polymers.6, 7 Additionally, dynamic 

covalent chemistry offers a variety of reversible covalent bonds, e.g. Diels-Alder reaction, disulfide bond, 

imine bond, acylhydrazone bond and boronic ester bond exchange reactions, which exhibit higher stability 

compared to the non-covalent bonds while affording continuous reversibility upon specific stimuli.8, 9 

Among the diverse possibilities associated with dynamic chemistry, this thesis mainly aims at designing 

dynamic functional polymer networks with self-healable character, with the emphasize on the organoboron 

species with dynamic covalent boronic ester bonds. 

To achieve this, studies towards the implementations of both reversible non-covalent bonds (i.e. host-and-

guest and electrostatic interactions) and covalent bonds (i.e. boronic ester bonds) to the design of dynamic 

hydrogel networks are first presented. Two distinct chapters of the presented thesis are devoted to these 

hydrogel systems. Prior to the fabrication of hydrogel networks, functional copolymers are synthesized by 

employing controlled living polymerization and facile post-polymerization modification. The resulting 

copolymers are characterized by standard techniques, such as 1H and 19F nuclear magnetic resonance 

spectroscopy, FT-IR spectroscopy and size-exclusion chromatography, and the corresponding hydrogels are 

further investigated in detail on their mechanical properties and autonomous self-healing abilities.  

Last but not the least, bulk polymeric networks with dynamic nature are studied within the frame of this 

work. Particularly, para-fluoro-thiol click reaction (PFTR) is employed to construct a dynamically cross-

linked network based on reversible boronic ester bonds. The thermodynamic behavior of the polymeric 

network, as well as its chemical resistance, malleability and self-healing ability are investigated in depth.  
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2. Theoretical background and literature overview 

2.1 Dynamic chemistry 

Constitutional dynamic polymers, also termed as dynamers, represent a broad class of polymers linked 

through reversible connections and have therefore the capacity to modify their constitution by exchange and 

reshuffling of their components.10 Dynamers can be classified into dynamic non-covalent and dynamic 

covalent polymers depending on whether the connections are non-covalent interactions or reversible 

covalent bonding. Constitutional dynamic polymers are typically featured with both “dynamic” and 

“reversible” characters, which impart the dynamers with distinctively adaptable, exchangeable and self-

healable properties under the effect of external chemical or physical triggers, thus making them 

outstandingly attractive materials in terms of their widespread applications in polymeric fields.11, 12 

 

2.1.1 Supramolecular chemistry  

Supramolecular polymers, or dynamic non-covalent polymers, are constructed by a series of directional and 

reversible secondary interactions implemented in supramolecular chemistry, including hydrogen bonding, 

electrostatic, donor-acceptor, Van der Waals and metal ion coordination.13  Nature always inspires scientists 

with various supramolecular polymer examples , e.g. proteins, enzymes as well as the our fundamental DNA 

that is held together by - stacking and hydrogen bonding.14 Recognition of supramolecular chemistry was 

first achieved when Lehn, Pedersen and Gram were awarded the 1987 Noble Prize in chemistry for their 

development and use of molecules with structure-specific interactions of high selectivity.15 Thus, over 

subsequent decades, supramolecular chemistry have provided the frameworks for the design of 

supramolecular polymers with tunable and interactive properties,16 which have been widely employed in 

sensors,10 biological and cell imaging,17 drug delivery18 as well as self-healing systems.19  

 

2.1.2 Dynamic covalent chemistry 

Dynamic covalent chemistry involves chemical reactions that proceed reversibly under equilibrium-

controlled conditions. Essentially, dynamic covalent chemistry are thermodynamic controlled reactions, 

where  the relative stability (∆G0) of products determines the proportions of final products, rather than the 

relative energies (∆Ea) as in kinetically controlled chemistry.20, 21 As schematically illustrated in Scheme 
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2.1, although the relative magnitudes (∆GB
ǂ versus ∆Gc

ǂ) of the transition states to B is higher than C. A goes 

to B rather than C due to the relatively better stabilities of the resulting product B compared to C. The 

reversible nature of dynamic covalent materials originates from a series of dynamic covalent bonds, which 

are capable of undergoing dissociation / association procedures to achieve the most thermodynamically 

stable products distributions upon external stimuli.21  

 

Scheme 2.1. Free energy profile illustrating the kinetically (A→C) versus thermodynamic (A→B) controlled reaction. 

Thus far, diverse of dynamic covalent bonds have been intensively explored, including dynamic C-C, C-O, 

C-N, C-S, S-S, B-O as summarized in Scheme 2.2 and 2.3.  A classic dynamic C-C bond formation is the 

Diels-Alder (DA) reaction between for example an electro-rich furan and an electro-poor maleimide, and 

corresponding reversible exchange reactions could be triggered at relative high temperature (normally above 

75 ℃).22, 23 Besides, transition-metal-catalyzed olefin metathesis is another powerful synthetic methodology 

related to dynamic C-C bonds, featuring high efficiency under ambient conditions.24 The crucial components 

in dynamic C-N bonds are imine bonds that are generated by the condensation reaction of aldehydes and 

amines. Exchanges take place among dynamic imine bonds through imine formation and transamination.25 

In biological fields, dynamic C-N bonds in oximes and hydrazones have garnered increasing research 

interest due to their well-suited compatibility.26, 27 However, compared to imine bonds, oximes and 

hydrazones are normally more stable, hence the dynamic bond rearrangements within oximes and 

hydrazones systems usually occur in the presence of efficient catalyst.28, 29 Furthermore, urea bonds formed 
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through reactions of isocyanates and amines are the latest studies in dynamic C-N bonds, and have shown 

great value in industrial poly(urea‐urethane) thermosets fields.30, 31  

 

 

 

Scheme 2.2. The represented dynamic C-C and C-N bonds, and their corresponding dynamic chemistry. 

 

As for dynamic C-O bonds, ester formation and exchange are the typical reactions that been extensively 

employed for organic synthesis and dynamic covalent network.32, 33 Sulfur-containing dynamic bonds 

involve reversible C-S and S-S bonds, as featured with thioacetal exchange and disulfide exchange 

reactions.34, 35 In general, dynamic B-O bonds are represented by boronic acid condensation reactions, where 

boronic acids could either reversibly complex with cis- 1,2 or 1,3 diols to form dynamic boronic ester 

bonds,36, 37 or directly yield cyclic oligomers called boroxines through dehydration.38, 39  

When integrated as crosslinks in polymer networks as dynamic covalent linkages, these exchangeable 

covalent bonds facilitate the construction of polymer networks with unique adaptive properties, thus linking 

the macroscopic rheological and mechanical properties of the polymer networks to the controllable reaction 

kinetics of the dynamic covalent chemistry.40, 41  
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Scheme 2.3. The represented dynamic C-O, C-S, S-S and B-O bonds, as well as their corresponding dynamic chemistry. 

The thermodynamic equilibrium constants K, which is equal to the rate constant for the bond-forming 

reaction divided by the rate constant for the bond-breaking, can dictate the equilibrium between the bound 

and unbound forms and therefore the connectivity of the system.42 Generally, the exchange of these dynamic 

covalent bonds within the cross-linked polymer networks can proceed through two pathways: dissociative 

and associative process.43 For the dissociative one, the cleavage and reformation of the bonding happen 

independently, leading to the decrease of K and thus the detention of the crosslink density after processing 

(Figure 2.1 (A)); while associative process is able to retain the crosslink density (K = 1) during the exchange 

process due to the bond-breaking and bond-forming occur in a single substitution reaction with the equal 

exchange reaction rates (Figure 2.1 (B))44. Leibler initially coined the term “vitrimers” for the associative 

species due to their similar viscosity-temperature relationship to that of vitreous silica.45 Dissociated 

exchange chemistries are represented by Diels-Alder reactions,22, 46 alkoxyamines,47, 48 urethane 

dissociations,30 disulfides49 and thiol-Michael addition,50 while the associative processes are exemplified by 
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transesterifications,51, 52 boronic ester,53-55 olefin metathesis,24, 56 transamination of vinylogous urethanes57, 

58 as well as thiol-thioester reactions.59  

 

 

 

Figure 2.1. The general mechanism of dissociative (A) and associative (B) bond exchange pathways. Reprinted with 

permission from Ref. 44, copyright (2019) American Chemical Society. 

Dynamic covalent bonds are capable of reversibly breaking and reforming in response to external stimuli 

such as light, temperature and pH, and when incorporated into polymer networks, they can endow the as-

fabricated polymer networks with unprecedented properties, such as self-healing, malleability, shape-

memory, adaptability and responsiveness, among which, self-healing ability and malleability have been the 

primary motivations for exploiting dynamic covalent polymer networks.42, 60  

 

2.2 Self-healing polymers 

Self-healing polymers are defined as a typical class of materials that exhibit the capability of recovering 

their physical damages thus obtaining enhanced lifespan and reliability.61-63 In fact, self-healing polymers 

have received intensive attentions due to their potential in mimicking biological organisms that exhibit built-

in self-repaired nature. Prior to the wide-discovered self-healing methodologies, polymers equipped with 

self-healing abilities were normally approached by the so called encapsulation method, wherein the 
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monomer and catalyst are dispersed within capsules imbed into a polymer matrix.5, 64, 65 Upon damage, the 

ruptured nano- or microcapsules at the damage site will release the reactive components inside, driving the 

self-repairing process to proceed under certain chemical reactions. (Figure 2.2 (A)) The main drawback of 

this method lies in the fact that the self-healing process only occurs once, and repeated self-repairing 

behavior fails to happen due to the lack of monomer. A second developed vascular-based methodology 

somehow solved this problem, in which reactive chemicals are filled into hollow fibers constructed with 

cardiovascular architectures, as shown in Figure 2.2 (B).66-68 The abundance of reagents allows for multi-

times self-healing reactions at the same damaged site. Since these two methods totally rely on external 

chemical reagents to accomplish the self-healing process, capsule- and vascular-based polymers are 

categorized as extrinsic self-healing polymers.3 

 

Figure 2.2. Self-healing mechanisms of extrinsic self-healing polymers, including capsule-based (A) and vascular-

based (B) polymers. Reprinted by permission from Ref.61, copyright (2020) Springer Nature. 

Intrinsic self-healing polymers are the latest developed generation and they are based on internal molecular 

interactions. Generally, polymers could also be endowed with intrinsic self-healing character through the 

incorporation of a series of reversible bonds, including dynamic covalent as well as supramolecular bonds. 

The transient nature of these reversible bonds drives their cleavages and reformations to happen 

spontaneously or under some stimuli (i.e. heat, pH or light) at the damage site, thus intrinsically repairing 

the structural cracks multi-times.61, 69   

Supramolecular chemistry is featured with reversibility, directionality and sensitivity, thus making itself 

particularly attractive when it comes to self-healing polymers. Compared to covalent bonding, 

supramolecular cross-linking is relatively weak and easily to be broken, therefore, supramolecular networks 

could be remodeled rapidly and reversibly from fluid-like, low density, high free volume states to solid-like, 

lower free volume, and elastic states.3, 7 Self-healing polymers cross-linked by supramolecular bonds are 
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usually soft materials, and have been widely explored for injectable and printable hydrogels,70-72 as well as 

artificial e-skins.73-75 

Supramolecular bonds, as previously mentioned, are essentially a group of noncovalent and physical 

bonding, represented by hydrophobic interaction, electrostatic interaction, host-guest interaction, metal-

ligand coordination as well as hydrogen bonding, as illustrated in Figure 2.3. Self-healing polymers based 

on hydrophobic interaction can be achieved via so called “micellar polymerization”, wherein a hydrophobic 

monomer was first solubilized within sulfate micelles and then directly copolymerized with another 

hydrophilic monomer in surfactant aqueous emulsion. Reversible physical cross-links were formed through 

dynamic hydrophobic associations between the surfactant micelles and hydrophobic segments of the 

polymer chains.76, 77 Oppositely charged ions can deliver electrostatic interaction when combined with each 

other, which can be used for preparing though polyampholyte hydrogels with a fast self-healing property.78, 

79 Host-guest interaction is generally achieved by selective molecular recognition between a “host” moiety 

(e.g. cyclodextrin) and a “guest” moiety (e.g. adamantane, azobenzene, ferrocene), wherein the hydrophobic 

interior cavity of the host molecules can accommodate the hydrophobic guest molecules with high 

selectivity.80-82 Coordinating bonds are usually formed by metal-ligand complexations whose strength varies 

between different metal ions and their chelating ligands, which could be employed to design self-healing 

polymers with matched mechanical strength for practical applications.83, 84 Hydrogen bonding normally 

exists between hydrogen atoms (H) and highly electronegative nitrogen (N) and oxygen atoms (O). For 

instance, 2-ureido-4-pyrimidone (UPy) is able to generate self-complementary quadruple hydrogel bonding 

through intermolecular N⋯H and O⋯H interactions, and has been customarily decorated on the polymer 

side chains to construct self-healing hydrogels and malleable thermosets.70, 85  

Dynamic covalent bonds, as mentioned above, are based on dynamic covalent chemistry, and predominately 

utilized to synthesize self-healing polymers with mechanical toughness due to their high bonding strength, 

among which, Diels-Alder (DA) reactions, disulfide bonds, oxime bod, imine bonds, acylhydrazone and 

boronic ester bonds (Figure 2.3) have been intensively explored to deliver covalent self-healing systems. 

Diels-Alder (DA) reactions are thermo-reversible and self-healing only occurs by heating the damage sites 

to elevated temperatures (normally above 75 °C).86-88 The dynamic nature of disulfide bonds is based on 

reversible exchange reaction between thiol and disulfide, which is pH- and redox- sensitive.89-91 Imine bonds, 

also named as Schiff base, are easily formed through the reactions between amine and aldehyde groups 

which are reversible under neutral conditions. Since imine bonds are sensitive to pH, temperature and 
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enzymes, they are largely employed to fabricate self-healing hydrogels with multiple responsiveness for 

biomedical applications.92-94 Acylhydrazone bonds belongs to the class of imine bonds, and are generated 

from the reactions between aldehydes and acylhydrazides with improved hydrolytic stability, and have been 

widely incorporated with other dynamic bonds in one cross-linked system to accomplish multifunctional 

hydrogels.93, 95, 96 Dynamic boronic ester bonds are formed through complexation between boronic acids and 

diol groups, and their dissociation and association process could automatously take place in both aqueous  

and organic solvent media, therefore they are commonly used to fabricate polymers with self-healing 

property at ambient conditions.39, 97 Since the work in this thesis is mainly targeting at dynamic cross-linked 

systems based on reversible boronic ester bonds, they will be introduced specifically in the following section.  

 

 

Figure 2.3.  The represented dynamic bonds used to fabricate intrinsically self-healing polymers, including dynamic 

covalent bonds and supramolecular bonds.  
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2.3 Boronic acid chemistry 

Structurally, boronic acids are trivalent boron-containing organic compounds that consist of one alkyl 

substituent and two hydroxyl groups on the boron atom. Boron exhibits six covalent electrons, i.e. it is 

deficient in two electrons, and hence the boron atom is sp2 hybridized with a vacant p-orbital and adopts as 

planar trigonal configuration.98 Boronic acids can’t be found in nature and are usually synthesized through 

sequential oxidation of boranes. The first oxidation step results in a borinic acid product, which is more 

stable than a borane but can be transformed to a boronic acid via the second oxidation process. The further 

oxidation of boronic acids yields boric acids, which are known as environmentally friendly compounds with 

relatively low-toxicity, thus broadly utilized in household products.99 Boronic acids usually exist as 

oligomeric anhydrides in their solid state, particularly as trimeric anhydride boroxine. Boronic esters are 

obtained by substitution of the hydroxyl groups with alkoxy or aryloxy groups, as shown in Scheme 2.4. 

 

 

 

Scheme 2.4. The structures of various organoboron compounds. 

 

Boronic acids act primarily as mild Lewis acids due to the vacant p-orbital on the boron atom, and their 

stability and facile handling make them a promising class of synthetic intermediates, especially in Suzuki-

Miyaura cross-coupling reactions.100 Boronic acids can also act as catalysts for activating hydroxyl-

containing reagents such as carboxylic acids and alcohols in a mild and selective manner.101 Besides, the 

reversible complexes between boronic acids and Lewis bases or diols have versatile applications in 

analytical and biological chemistry, such as saccharides and glucose detecting systems, antimicrobial agents 

and enzyme inhibitors, as well as the labelling of proteins and cell surface.102-105 
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2.4 Boronic esters as dynamic covalent cross-links 

Boronic esters are generally formed through the condensation reactions between boronic acids and cis- 1,2 

or 1,3 diols, which could be accomplished in both aqueous media and anhydrous organic solvents at ambient 

temperature in the absence of a catalyst, as shown in Scheme 2.5.98 Essentially, the reversible association / 

disassociation rearrangements of boronic ester bonds are in chemical equilibrium, which depends heavily 

on external environment (such as pH and temperature). When incorporated into polymer networks, boronic 

ester moieties are capable of serving as the dynamic covalent linkages. By spontaneously breaking and 

reforming the dynamic bond adapts to external stimuli (such as pH, temperature and mechanical loading), 

polymer networks are endowed with distinctive stimuli-responsive, malleable and self-healing properties.36, 

39, 41 Therefore, boronic esters as cross-linking motif have been widely utilized in the design of dynamic 

covalent polymer networks, both in hydrogel systems and bulk network polymers.40, 106 

 

 

 

Scheme 2.5. The formation of boronic esters by the condensation reactions 

 

2.4.1 Dynamic boronic ester bonds in aqueous solutions 

The reversible complexations between boronic acids and polyols in aqueous media was first recognized by 

the seminal work of Lorand and Edwards in 1958.107 In aqueous solution, a series of thermodynamic 

equilibriums exist between the neutral and anionic forms of boronic acids with cis- 1,2 or 1,3 diols. As 

illustrated in Scheme 2.6, neutral boronic acids are organic Lewis acids with trigonal planar configurations, 

which act as electron-accepting species due to the vacant p-orbital on the center of sp2-hybridrized boron 

atoms. Under basic conditions, the electron-deficient boron atoms tend to be attacked by Lewis base 

hydroxide anions, thus generating the tetrahedral boronate anions with sp3-hybridrized boron atoms. While 

under acidic conditions, the equilibrium will shift to the side of neutral boronic acids. As for further 

esterification reactions, diols groups can complex with both of neutral boronic acids and boronate anions, 

thus producing corresponding boronic esters and boronate esters, respectively. Since boronate esters with 
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tetrahedral structures are more hydrolytically stable than trigonal planar boronic esters, the equilibrium tends 

to shift from neutral boronic esters to anionic boronate esters (Ktet > Ktrig).36, 108, 109  

 

 

 

Scheme 2.6. Thermodynamic equilibriums of boronic esters with cis- 1,2 or 1,3 diols in aqueous solution, wherein, Ka 

and Ka’ are the ionization constants of boronic acid and boronic ester, respectively; Ktrig and Ktet are the equilibrium 

constants for the pathways between the trigonal neutral and tetrahedral anionic forms, respectively. 

 

Generally, the stability of boronate esters is affected by pH, and the formation of boronate esters are more 

favored when the solution pH is larger than the pKa of the boronic acid, where pKa is defined as the pH value 

at which half of neutral species transform to their anionic forms. However, most of boronic acids exhibit 

higher pKa values than physiological conditions (pH ~ 7.4), leading to their limited applications in biological 

fields. Recently, some guidelines were proposed to modify the boronic acids to reach to a lower pKa. 

Generally, phenylboronic acids exhibit a lower pKa value than alkylboronic acids, and the introduction of 

electron-withdrawing groups on the phenyl rings can further lower the pKa value through inductive effects. 

36, 99, 110 For example, the pKa of phenylboronic acids (pKa = 8.8) is much lower than that of methylboronic 

acids (pKa = 10.4), while it is relatively higher than that of 4-(methylcarbamoyl) phenylboronic acid (pKa = 

7.8) due to the electron-withdrawing effect on the substituent. Wulff-type boronic acids with a nitrogen 

center adjacent to the boron atom, such as 2-dimethylaminomethyl phenylboronic acid results in relatively 
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lower pKa ~ 5.2 due to the formation of an intermolecular B-N dative bond, which allows for the formation 

of stable boronate esters with a sp3 hybridization.111 Additionally, 2-hydroxymethylphenyl boronic acid 

(also known as benzobroxole or benzoxaborole) also exhibits relatively low pKa ~ 7.2 due to the release of 

ring strain during the transition from sp2 to sp3-hybridrized forms, which has been widely explored to form 

biological hydrogels at physiological pH.112-114 The structures of various boronic acids, as well as their 

corresponding pKa values, are listed in Table 2.1.  

 

Table 2.1. The structures of commonly used boronic acids, as well as their corresponding ionization equilibriums in 

aqueous solution and pKa values.36 
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Theoretically, small molecules and polymers containing cis- 1,2 or 1,3 diols can complex with boronic acids 

in aqueous solution, however, their binding affinities should be taken into considerations when designing 

cross-linked hydrogel networks. Taking phenylboronic acid (PBA) as an example, researchers have found 

that catechol and Alizarin Red S (ARS) (Scheme 2.7), both featuring coplanar vicinal cis-diols, present the 

highest binding affinities with PBA compared to other diols-containing groups..107, 110 Indeed, dopamine-

based polymers with pendent catechol groups were intensively explored to fabricate self-healable and tissue-

adhesive hydrogels by complexing with functional polymers decorated with pedant PBA.115, 116 While, ARS 

has been widely applied as a general fluorescent indicator for determining the binding constants between a 

variety of cis-diols and boronic acids.110, 117  

Additionally, fructose exhibits a much higher binding constant with PBA compared to other 

monosaccharides,118 therefore, it was commonly utilized to construct bio-based hydrogels combing with 

PBA-grafted hyaluronic acid.119 Recent studies by Auzély-Velty and coworkers revealed that the choice of 

boronic acid / saccharide pairs has a great effect on the viscoelastic properties of the boronate ester cross-

linked hyaluronic acid (HA) hydrogels, and strong hydrogel networks with slow relaxation times and 

relatively high dynamic moduli were achieved at physiological pH between 3-aminophenyboronic acid (3-

AMPBA) / fructose pairs grafted on HA due to their outstanding binding affinity.120 

Besides, poly (vinyl alcohol) (PVA) is also a good binding candidate for PBA due to its rich-diol groups 

along the polymer chain, as well as excellent biocompatibility.97 PBA-decorated polymers have been widely 

used to cross-link with PVA to form multi-functional hydrogels from acidic to basic aqueous conditions.121, 

122  

 

 

 

Scheme 2.7.  Diol-containing functional groups or polymers which exhibit good binding affinity with phenylboronic 

acids (PBA), from left to right, catechol, Alizarin Red S. (ARS), fructose and poly (vinyl alcohol) (PVA), respectively. 
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2.4.2 Dynamic boronic ester bonds in bulk network polymers 

Except for aqueous solution based cross-linking systems, boronic esters with trigonal planar structures could 

also be formed in bulk network polymers or in anhydrous organic solvents, and their thermodynamic 

behavior between association and dissociation can be accessed through different pathways, which include 

direct metathesis of dioxaborolane and reversible transesterification, as illustrated in Scheme 2.8. 

Dioxaborolane metathesis reaction relies on reversible exchange of network fragments linked by dynamic 

boronic esters, and this reaction was proven to spontaneously take place at moderate temperature in the 

absence of impurities without a catalyst.53, 123, 124 In the transesterification process, boronic esters could either 

react with cis-diols arising from boronic ester hydrolysis, or externally added moieties containing cis-diol 

groups.39, 125 

 

 

 

Scheme 2.8. Thermodynamic equilibriums of boronic ester bonds in bulk polymers, including transesterification and 

dioxaborolane metathesis process, respectively.  

 

Generally, boronic ester bonds can be integrated in networks through multiple approaches: (1) by directly 

crosslinking boronic ester molecules with other small molecules via photo-initiated thiol-ene click 

reactions;126, 127 (2) by crosslinking functional copolymers bearing boronic ester bonds or diol groups with 

bis-dioxaborolane;53, 128, 129 or (3) by crosslinking polymers drafted with double bonds with thiol-modified 

boronic ester molecules via hot-press treatments.112 So far, boronic ester bonds have been broadly 

incorporated in cross-linked networks in order to design healable, malleable and reprocessable bulk polymer 

networks, especially for so called covalent adaptable networks (CANs) or vitrimers.39, 54, 130 
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2.5 Applications of polymer networks with dynamic boronic esters 

  

2.5.1 Self-healable hydrogels with multi-functional properties 

As discussed before, the transient complexations between boronic acids and cis-diols could undergo fracture 

and regeneration process upon damage, thus endowing the hydrogels with intrinsically self-healing 

properties without any external stimuli under ambient atmosphere. Besides, the association and 

disassociation process is essentially a chemical equilibrium, which could be modulated by solution pH, 

temperature, solution composition and external diol’s competition, thus imparting the as-fabricated 

hydrogels with multi-responsive behavior.106 Therefore, boronic ester bonds are commonly incorporated 

into cross-linked polymer networks to accomplish self-healing hydrogels with a plethora of functionalities.99, 

131, 132 

Due to the inherent dynamic nature, boronate ester bonds have been widely explored to prepare pH- and 

saccharide-responsive hydrogels with an intrinsic self-repair ability. Yangjun et al.133 reported a self-

healable and pH / sugar dual-responsive hydrogel based on dynamic boronate ester bonding. As shown in 

Figure 2.4 (A), by mixing zwitterionic polymers with dynamic benzoxaborole-catechol complexation in 

PBS solution, cross-linked hydrogels can be obtained at physiological pH due to the relatively low pKa = 

7.2 value of benzoxaborole. The as-fabricated hydrogel exhibited pH / sugar dual-responsive due to the 

dynamic nature of boronate ester bonds. As shown in Figure 2.4 (B), the hydrogel network could undergo 

gel-sol-gel transformation upon consecutive addition of 0.1 M HCl and 0.1 M NaOH inducing the 

dissociation/recombination of boronate ester bonds under acidic and neutral conditions. Besides, the 

hydrogels can also be decomposed in fructose solution within 24 h. Since benzoxaborole / fructose exhibited 

much stronger bonding affinity compared to benzoxaborole / catechol, alternative benzoxaborole-fructose 

complexations induce the fracture of cross-links and finally result in a network decomposition. Additionally, 

the pH / sugar dual-responsive behavior of boronate ester bonds can also endow the as-fabricated hydrogels 

with shape memory properties. Chen and co-workers proposed a pH- and sugar-induced shape memory 

hydrogels by cross-linking sodium alginate modified with 3-aminophenylboronic acid and PVA, followed 

by being immersed into calcium chloride solution. The hydrogel could be temporary deformed at pH = 6.0 

attributed to the unstable boronate ester bonds at low pH, and fix its temporary shape at pH = 10.6; while 

shape recovery could occur by soaking either in a monosaccharide solution or in a reduced pH solution (i.e. 

pH = 6.0).134 
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Figure 2.4. (A) Illustration of the fabrication of self-healable and pH / sugar dual-responsive hydrogels; (B) 

Photographs showing the pH and sugar dual-responsive behaviors of the hydrogels. Reprinted with permission from 

Ref.133, copyright (2018) American Chemical Society. 

 

Furthermore, the mechanical properties of the hydrogels based on boronate esters could be tuned by the 

choice of boronic acid / diol couples.120 Therefore, injectable hydrogels with autonomous self-healing ability 

and stimuli-responsive properties could be attained when the boronic acid / diol couples were deliberately 

chosen, which in turn have also gained enormous research interest in clinical fields, especially alginate, 

poly(ethylene glycol) (PEG) and hyaluronic acid (HA) based biomaterials.106 Meng et al. prepared an 

injectable PEG hydrogel by simply mixing dopamine functionalized 4-armed PEG and phenylboronic acid 

modified 4-armed PEG, wherein the corresponding reversible phenylboronic acid / catechol complexation 

endowed the hydrogel with pH, glucose and dopamine responsive properties, in addition to an instinctive 

self-healing ability.115 Tamiris et al. proposed an injectable self-healing hydrogel based on dynamic boronate 

ester bonding, which was formed between benzoxaborin modified hyaluronic acid and saccharides 

decorated hyaluronic acid at physiological pH. Dynamic strain sweep rheology demonstrated its self-healing 

property and the as-fabricated hydrogel could be injected through a 1 mL plastic syringe with a 27 G needle 

at a flow rate of 1 mm/min, corresponding to the required injection force of only around 10 N.135  

Except for stimuli-responsive properties, self-healable hydrogels with intrinsic conductivity have also 

received considerable research interest due to their promising application potential in bio-electronic and 

artificial e-skins. Indeed, by integrating with conductive fillers, borax / poly (vinyl alcohol) (PVA) gelation 

systems have provided a facile and straightforward way to obtain healable and conductive hydrogels.136-139 

Commercially available borax (Na2B4O7·10H2O) could spontaneously dissociate into boric acid B(OH)3 and 
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monoborate anion B(OH4
-) at low concentration in aqueous solution. PVA was able to complex with B(OH4

-) 

with 1:1 and 2:1 stoichiometry, and the corresponding 2:1 complexation facilitated the formation of 

hydrogel networks.140 For example, Meihong et al. proposed a mussel-inspired conductive and healable 

hybrid hydrogel network. As illustrated in Figure 2.5 (A), hybrid hydrogel could be easily obtained by 

simply mixing conductive functionalized single wall carbon nanotubes (FSWCNTs), polydopamine (PDA), 

PVA and sodium borate together. Among the cross-linked system, dynamic boronate ester bonds formed 

from the complexation between PVA and tetragonal borate anions, thus endowed the presenting hydrogel 

with a self-healing ability, while FSWCTs facilitated the construction of a conductive network at the same 

time. The hydrogel was connected to a circuit with a LED indicator, and its self-healing ability was proven 

by the transform from light-off state to light-on state during cut-and-healed tests, and the corresponding 

electrical signals demonstrated that the as-fabricated hybrid hydrogel exhibited high electrical self-healing 

efficiency of 99% within 2s.139 Except for PVA / borax systems, functional polymers decorated with boronic 

acids derivatives have been also commonly used to combine with PVA for constructing ionic or electrical 

conductive and self-healable hydrogels.141, 142 

 

 

 

Figure 2.5. (A) Schematic illustration of the fabrication of the conductive and self-healable hybrid hydrogel. (B) 

Photographs showing the self-healing behavior of the hydrogel and corresponding electrical signals during serials of 

cut-and-healed process. Reprinted with permission from Ref.139, copyright (2017) John Wiley and Sons. 
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2.5.2 Bulk network polymers with healable and reprocessable properties 

Bulk polymer networks have been widely utilized in our daily life, especially for thermosets. In principle, 

conventional thermosets crosslinked with covalent bonds feature a thermal stability, chemical resistance and 

high mechanical strength, but are usually lacking of a malleability and recyclability because they can’t be 

melt and flow at high temperature as thermoplastics. Recently, this problem was addressed by introducing 

dynamic covalent bonds into the polymer networks, which were defined as covalent adaptable networks 

(CANs).143, 144 Boronic ester bonds, as one of the most intensively explored dynamic covalent bonds, have 

gained considerate interest for the design of self-healable and malleable thermosets.39, 53, 126, 128 

Sumerlin and coworkers were among the first one who proposed a 3D bulk polymer network covalently 

crosslinked by dynamic boronic ester bonds via photoinitiated thiol-ene reaction,126 as illustrated in Figure 

2.6 (A). The boronic ester bonds existed in thermodynamic equilibrium between the decomposition (to 

boronic acids and diol moieties) and recombination, which could be altered and shifted to the decomposition 

upon exposure to water Therefore, the resulting materials were able to be self-repaired at ambient 

temperature via sequential surface hydrolysis and re-esterification process, which was further qualitatively 

proven by cut-and-contact tests on disk-shaped samples, and in that case, the damage sites were found to 

disappear almost  within 4 days, as shown in Figure 2.6 (B).   

 

 

Figure 2.6. (A) Schematic illustration of the synthesis of the boronic ester network via photoinitiated thiol-ene reaction. 

(B) Photographs showing the self-healing mechanism and behavior of polymeric network. Reprinted with permission 

from Ref.126, copyright (2015) American Chemical Society. 



20 
 

Leibler and coworkers reported in a pioneering study on the direct metathesis of boronic esters, wherein two 

different dioxaborolanes could directly undergo an exchange of fragments in the absence of solvent and 

catalyst, thus forming two new boronic esters without the detection of water or diols (Figure 2.7 (A)).53 

First, functional copolymers containing pendent boronic esters were synthesized via radical 

copolymerization of vinyl monomer bearing dioxaborolane units and styrene or MMA, or by reactive mixing 

for grafting dioxaborolanes onto commercial thermoplastics. Afterwards, malleable thermosets or vitrimers 

were prepared by crosslinking these functional copolymers containing pendent boronic esters with a bis-

dioxaborolane in solution or by reactive melt extrusion based on dioxaborolane metathesis (Figure 2.7 (B)). 

Compared to their thermoplastic counterparts, the achieved vitrimers exhibited improved melt strength, 

dimensional stability at high temperature as well as solvent and environmental stress-cracking resistance. 

Additionally, they also featured with a self-repaired ability, reprocessability and recyclability.  

 

 

 

Figure 2.7. (A) Schematic illustration of the direct metathesis of the boronic esters. (B) The synthesis of vitrimers by 

crosslinking of functional copolymers bearing pendent boronic esters with a bis-dioxaborolane. Reprinted with 

permission from Ref.53, copyright (2017) AAAS. 
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2.6 Radical polymerization 

Radical polymerization is the predominately utilized technique for preparing chain growth polymers with 

high molecular weight, which is suitable for numerous vinyl monomers under mild conditions in the absence 

of oxygen. Additionally, radical copolymerization of two or more monomers can be easily performed, 

leading to various copolymers with properties determined by the proportions of the commoners.145 

Conventional radical polymerization refers to free radical polymerization (FRP), which usually exhibits 

poor control of macromolecular structures, such as dispersity, degree of polymerization and chain 

architectures. During the recent two decades, reversible deactivation radical polymerization (RDRP), also 

named as controlled / living radical polymerization,  was proposed to solve the above-mentioned problems, 

as it allows for precious synthesis of well-defined and functional polymers with narrow dispersity and 

defined architecture.145-147 In the following section, conventional free racial polymerization (FRP) and three 

typical reversible deactivation radical polymerization (RDRP) techniques, including nitroxide mediated 

polymerization (NMP), atom transfer radical polymerization (ATRP) and reversible addition-fragmentation 

chain-transfer (RAFT) polymerization, will be introduced in detail.  

 

 

2.6.1 Free radical polymerization (FRP) 

Free radical polymerization (FRP) is the most versatile technique for preparing macromolecules both in lab 

and industrial scale. FRP can be applied for a large number of monomers and easily accomplished in bulk, 

suspension, solution and emulsion. A typical FRP consist of initiation, propagation, chain transfer and 

termination processes, as illustrated in Scheme 2.9. FRP starts from the initiation process, which includes 

the formation of initiator radicals and their consecutive addition to monomers. The formed monomer 

radicals will propagate by rapid and successive addition to other monomers, leading to oligomer and 

polymer radicals, which will continue propagation. During the propagation process, some new radicals will 

be formed through transferring radicals to monomer or solvent molecules. Eventually, termination will take 

place via the coupling or disproportionation reactions.148 FRP can be initiated by heat, UV-light, electricity 

and redox reagents, among which, azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO) are the most 

commonly utilized thermo- and photo- initiators, respectively.  
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Scheme 2.9. The mechanism of conventional free radical polymerization (FRP). 

Despite that FRP has been widely explored to synthesize functional polymers and manufacture commercial 

products in industry, it still has some obvious disadvantages when it comes to precious polymerizations with 

low dispersity and complex structures. Therefore, reversible deactivation radical polymerization (RDRP) 

was proposed and has been playing an important role in polymer chemistry, which will be discussed in the 

following sections. 

 

2.6.2 Reversible deactivation radical polymerization (RDRP) 

 

2.6.2.1 Nitroxide Mediated Polymerization (NMP) 

Nitroxide mediated polymerization (NMP) is based on the reversible combination between propagating 

polymeric radicals and stable nitroxide free radicals, which yield (macro-) alkoxyamines acting as dormant 

species to avoid the termination between two macro-radicals, as depicted in Scheme 2.10. The dormant 

species tend to decompose into propagating radicals and nitroxide upon increased temperature until an 

activation-deactivation equilibrium is established between the dormant and radical species. The equilibrium 

favors the dormant species due to the relatively higher deactivation rate (Kdeact) as compared to the activation 

rate (Kact), thus enabling the propagating radicals to be “living” without terminations. Though NMP has 

been intensively explored for preparing the well-defined polymers, its versatility is still limited by the choice 
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of monomers. Generally, NMP is suitable for styrene and its derivatives, acrylamides, acrylates, while it 

loses control with methacrylic esters, vinyl esters and vinyl chlorides.149, 150  

 

 

 

Scheme 2.10. The mechanism of Nitroxide Mediated Polymerization (NMP). 

 

2.6.2.2 Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization (ATRP) was independently reported by Prof. Matyjaszewski151 and 

Prof. Sawamoto152 in 1995 for the first time. Essentially, it is based on a reversible redox process catalyzed 

by a transition metal complex, wherein a halogen atom X transfers from the dormant species (PX) to the 

metal-ligand complex (Mt
n / L) in a lower oxidation state, thus generating the active radicals and the 

corresponding oxidized metal-ligand complex (X-Mt
n+1 / L) (as shown in Scheme 2.11). Polymer chains 

grows through the addition of monomers to the propagating radicals in similar manner to the conventional 

radical polymerization. The oxidized complex (X-Mt
n+1 / L) acting as the deactivator reduces the 

concentration of growing radicals, thus minimizing the likelihood of irreversible termination by coupling or 

disproportionation.146, 153, 154 

 

 

 

Scheme 2.11. The general mechanism of Atom Transfer Radical Polymerization (ATRP). 
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Generally, alkyl halides are used as initiators; especially alkyl bromide and chlorine are preferred since they 

could accomplish fast initiation, rapid and selective migration between the propagating chains and the metal-

ligand complex. Theoretically, transition metal / ligand complex, which are capable of performing an 

electron transfer reaction by the abstraction of a halogen atom, and also rapidly deactivating the growing 

polymer chains at their oxidized state, could be utilized as the catalyst for ATRP. Copper-based catalyst 

systems are more superior than their counterparts in terms of versatility and cost.153 Besides, in regard to the 

ligands employed in copper-mediated ATRP, nitrogen ligands have been proven to be the most effective 

and suitable counterparts, whose steric and electronic characters have a great effect on the catalytic 

activity.155 Examples of some commonly used N-based ligands are listed in Scheme 2.12. So far, the 

controlled polymerizations of various monomers have been successfully accomplished by ATRP, such as 

styrenes, (meth)acrylamides, (meth)acrylates, and acrylonitrile.156 

 

 

 

Scheme 2.12.  Examples of N-based ligands used for copper-mediated ATRP:  2,2’-Bipyridine (Bpy), N,N,N’,N’-

pentamethyldiethylenetriamine (PMDETA), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), tris[2-

(dimethylamino)ethyl]amine (Me6TREN) and tris[(2-pyridyl)methyl]amine (TPMA). 
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2.6.2.3 Reversible addition-fragmentation chain-transfer polymerization (RAFT) 

Reversible addition-fragmentation chain-transfer (RAFT) polymerization was first reported together by Prof. 

San Thang, Dr. Ezio Rizzardo and Prof. Graeme Moad in 1998.157 The RAFT protocol makes use of 

thiocarbonylthio compounds acting as the reversible chain transfer agents (CTAs) to accomplish the 

controlled synthesis of well-defined functional polymers. In a typical RAFT polymerization, there are 

normally multi-step reactions between the components as illustrated in Scheme 2.13. First, polymeric 

radicals are generated using conventional thermal or photochemical initiator, such as azobisisobutyronitrile 

(AIBN) or benzoyl peroxide (BPO); then, the growing polymer chain is captured by the CTAs to deliver a 

regenerative radical through consecutive addition and fragmentation process; the regenerative racial 

continues with reinitiation process through consequent addition to the monomers. Afterwards, the new 

growing polymer chain undergoes another reversible addition and fragmentation reactions through the 

addition to the CTAs, thus retaining the growing polymeric radicals at the constant low concentration to 

reduce the likelihood of terminations. In a well-controlled RAFT polymerization, the concentration of 

initiator should be kept relatively lower than the concentration of CAT, and higher [CTA]0 / [initiator]0 

benefits a better control of the polymerization.158  

 

 

 

Scheme 2.13. The general mechanism of atom Reversible addition-fragmentation chain-transfer (RAFT) 

polymerization. 
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RAFT agents typically consist of thiocarbonylthio groups (S=C-S) with R and Z substituents, wherein R 

represents the leaving group, which should easily fragment, and the as-formed radical R・ should be also 

active enough to reinitiate the polymerization. Z represents the functional group which promotes the addition 

of radicals to the C=S bonds, as well as stabilizes the as-formed intermediate radicals. Generally, the 

efficiency of RAFT agents is determined by the monomer being polymerized, free-radical leaving group R 

and stabilizing group Z. CTAs with higher stabilizing Z group (such as phenyl group) are more suitable for 

activated monomers, such as styrenes, acrylates and methacrylates, while CTAs with less stabilizing Z group 

are more suitable for polymerization of less activated monomers, e.g. vinyl acetate and N-

vinylpyrrolidone.158 Furthermore, the synthesized polymer by RAFT polymerization contain a 

thiocarbonylthio end group, which can be easily transformed into thiol groups by reacting with primary or 

secondary amines.159 The end group modification can not only be applied for constructing block and graft 

copolymers via thiol-based “click” reactions, but also help to eliminate the polymers’ color originating from 

thiocarbonylthio group.160, 161 The representative RAFT agents and guidelines for selection of RAFT agents 

for various polymerizations are listed in Figure 2.8160. 

 

 

Figure 2.8. The representative RAFT agents and the guidelines for selection of CTAs for various polymerization. For 

monomer abbreviations see the abbreviations part in the text.160 
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2.7 Post-polymerization modification (PPM) 

Controlled / living radical polymerizations manifests as alternative methods to allow precise synthesis of 

functional polymers with well-defined molecular weight and architectures, and broadens the monomer being 

able to be polymerized at the same time as compared to traditional living cationic and anionic 

polymerization. However, there are still limitations when it comes to side-chain functionalities which can’t 

be accomplished by utilizing controlled polymerization. Such functional groups may either participate in 

side reactions or affect the equilibrium between the active and dormant species, leading to poor control of 

the overall polymerization.162 Post-polymerization modification (PPM), also coined as polymer analogous 

modification by Staudinger163 who is the pioneer of polymer science, has paved an alternative avenue to 

prepare functional polymers bearing versatile functional groups to overcome the limited functional group 

tolerance using currently available controlled polymerizations.164 The basic route of PPM with comparison 

to direct polymerization of functional monomer is schematically illustrated in Figure 2.9.165 

 

 

 

Figure 2.9. Schematic illustration of the synthesis of functional polymer via post-polymerization modification and 

direct polymerization of functional monomer. Reprinted with permission from Ref.165, copyright (2016) American 

Chemical Society.  
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In a typical PPM, polymerization of a single reactive monomer, which is tolerant towards the polymerization 

conditions, is first conducted to prepare reactive polymer precursors. Afterwards, the reactive groups 

decorated on the polymer precursors can be further modified quantitatively and selectively to yield other 

desirable groups under mild conditions. In comparison, direct polymerization of the functionalized 

monomers requires the mandatory synthesis of corresponding monomers, which usually suffer from tedious 

synthetic protocols as well as the limitations in diversity in respect to the monomeric structures. Until now, 

a plethora of modification methods has been successfully developed for PPM, such as active esters 

modifications,165 ketones and aldehydes modifications,166 copper catalyzed azide-alkyne cycloaddition 

(CuAAC) 167, 168as well as thiol-based ‘click’ reactions,169, 170 as summarized in Figure 2.10. Since active 

esters modifications and thiol-based ‘click’ reactions, especially thiol-Michael addition and para-fluoro-

thiol ligation, are applied for synthesizing functional polymers in this thesis, they will be the focus in the 

following section.  

 

 

 

Figure 2.10. The classes of reactions which have been successfully developed for the preparation of functional 

polymers by the post-polymerization modification (PPM) method. Reprinted with permission from Ref.164, copyright 

(2013) John Wiley and Sons. 
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2.7.1 Active esters post-polymerization modifications 

The concept of post-polymerization modification based on active esters was first introduced by 

Ringsdorf171and Ferruti172 in 1970s. Since then, reactive polymeric precursors obtained from various 

monomers under mild conditions was continuously proposed using the currently available polymerization 

techniques. One classic type of active esters is the N-hydroxysuccinimide (NHS) esters. However, the main 

drawback of corresponding polyNAS or polyNMAS is their poor solubility in organic solvents except for 

dimethylformamide (DMF) and dimethylsulfoxide (DMSO), a problem that can only be addressed by 

copolymerization NHS with other monomers to enhance their solubility in other organic solvents.173 

Reactive polymers featuring with active pentafluorophenyl (PFP) ester groups has emerged as attractive 

alternatives to NHS based polymers due to their better hydrolytic stability, higher reactivity and improved 

solubility in a wide range of organic solvents.174 Poly(pentafluorophenyl (methyl) acrylate) (PolyPFP(M)A) 

with high molecular weight can be easily obtained through homopolymerization of PFP ester monomers 

using free radical polymerization175 or RAFT polymerization176, the latter was also proved to successfully 

prepare functional polymers with controlled molecular weight and narrow dispersity. Additionally, 

functional random copolymers and block copolymers containing PFP ester groups are also proposed and 

widely applied for constructing multi-stimuli responsive polymers,177, 178 self-assembly nanoparticles,179, 180 

and functionalized surfaces181, 182 via sequential modification procedures.   

Generally, the post-polymerization modification of PFP esters containing polymers can be achieved through 

two methods, nucleophilic amine substitution and transesterification (Figure 2.11). Nucleophilic amine 

substitution of PFP esters is the most widely investigated route, and the substitution ratio is affected by the 

type of amine derivatives and PFP monomers. Normally, primary amines show better affinity to PFP esters 

than secondary ones, and aromatic amines show the lowest substitutional ability. Noteworthy, the reactivity 

of PolyPFPA towards amines is also superior to that of PolyPFPMA.165 Besides, the fidelity and versatility 

of transesterification strategy was exemplified by Das and Théato in 2015, where diverse functional alcohols 

(primary, second and phenolic) featuring functional groups like alkene, alkyne or acrylate, were successfully 

anchored to the PFP sits by substitution, and further enabled sequential functionalization using click 

reactions.183 The transesterification is catalyzed by Lewis base, such as 4-dimethyllaminopyridine (DMAP) 

in nucleophilic solvent DMF, and mechanistic investigation clearly suggested that both DMAP and DMF 

were involved as catalysts in the reaction.  
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Figure 2.11. General route of post-polymerization modification on reactive polymers bearing PFP esters through 

nucleophilic amine substitution and transesterification. 

 

2.7.2 Thiol-ene click reaction 

 

The thiol-ene click reaction was first discovered by Posner in 1905,184 and it is essentially a hydrothiolation 

reaction between a thiol and an olefin to yield an alkyl sulfide. Thiol-ene click reactions have gained 

enormous research interest due to their distinct merits of mild reaction conditions, versatile thiol and ene 

precursors, tolerance to oxygen and water, as well as high conversions and reaction rates.185, 186 Depending 

on the mechanism, thiol-ene click reaction can be classified into two types, radical-mediated and base / 

nucleophile-initiated thiol-ene reactions 

The thiol-ene radical reaction is usually thermochemically or photochemically induced, which involves 

typical chain initiation, propagation, transfer and termination process, as depicted in Scheme 2.14 (A).187, 

188 The thiyl radical was first generated though the reaction of a thiol with a radical initiator, and then it 

continues to propagate by direct addition to the C=C bond, yielding an intermediate carbon-centered radical. 

The chain transfer reaction further occurs between the intermediate radical and another thiol, releasing the 

final thiol-ene product with anti-Markovinikov orientation as well as a new thiyl radical by abstraction of a 

hydrogen radical from thiol. Possible termination happens between two thiyl radicals via typical coupling 

reaction.  
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Scheme 2.14. The general mechanistic pathway for radical-mediated thiol-ene reactions. 

 

Base/nucleophile-initiated thiol-ene reaction, which can also be defined as thiol-Michael or conjugate 

addition reaction, is another method to accomplish hydrothiolation. Wherein, thiolate anion is first generated 

through the deprotonation of a thiol in the presence of mild base (like trimethylamine) or nucleophile (like 

dimethylphenylphosphine) catalytic condition. The thiolate, acting as a powerful nucleophile, attacks the 

activated C=C bond at the electrophilic β-carbon site producing an intermediate carbon-centered anion, 

which further yields the anti-Markovinikov thiol-ene product through the abstraction of a proton from the 

reaction media (Scheme 2.15)188, 189.  

 

 

 

Scheme 2.15. The general mechanistic pathway for thiol-Michael addition reactions. 
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Normally, electron-withdrawing groups (EWGs), such as esters, amides and nitriles, can activate the C=C 

double bonds when being adjacent to them, making the double bonds easier attacked by the thiolate anions. 

Besides, compared to radical-based thiol-ene reaction, termination via anionic coupling process wouldn’t 

take place, thus enabling the thiol-Michael addition reaction to quantitatively proceed at mild conditions. 

Generally, primary and secondary amines, or nucleophilic alkyl phosphine have been widely utilized as 

catalysts for efficient thiol-Michael addition reaction between electron-deficient enes and several types of 

thiols without detectable by-products.189  

 

2.7.3 Para-fluoro-thiol reaction (PFTR)  

The Para-fluoro-thiol reaction (PFTR) emerging as a new thiol-based reaction, has obtained great research 

interest in click chemistry as it paves a facile approach to achieve post-polymerization modification.170 

Essentially, PFTR attributes to a kind of nucleophilic substitution reactions, where the thiol group is first 

deprotonated by a base, such as 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) or trimethylamine (TEA), to 

release a corresponding thiolate, and the thiolate acting as a nucleophile will subsequently attack the para-

fluorine of a pentafluoro benzyl (PFB) group. PFTR usually takes place in aprotic polar solvents, like N,N-

dimethylacetamine (DMAc), N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) and proceeds 

relatively fast at temperatures ranging from ambient to 70 ℃. The general mechanism for PFTR is illustrated 

in Scheme 2.16. PFTR was proved to feature high efficiency and significant regioselectivity under mild 

conditions, leading that only para substituted products are detectable after reaction.190, 191 Additionally, the 

substitution ratio can be easily determined by 19F-NMR spectra.192 

 

 

 

Scheme 2.16. The general mechanism for para-fluoro-thiol reaction (PFTR). 
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3.  Scope and Objectives 

 

Based on the above-mentioned theoretical background, the motivations of this thesis are mainly aiming at 

designing dynamic functional polymer networks with self-healable character by using a series of reversible 

bonds, with the emphasize on the organoboron species with dynamic covalent boronic ester bonds. To 

achieve these goals, three related projects regarding both hydrogel systems as well as bulk polymer networks, 

are proposed in the following chapters. 

Chapter 4 discusses the preparation of conductive hydrogels composites with intrinsic self-healing 

properties, starting from dynamic noncovalent cross-linked systems based on host-guest and electrostatic 

interactions, followed by alternative dynamic covalent network incorporated with boronate ester bonds. 

Their electrical conductivity originating from imbedded single wall carbon nanotubes (SWCNTs) is 

characterized, and their self-healing ability, involving physical and electrically conductive properties, is 

further in-depth investigated. This work paves the road for their potential applications in hydrogel-based 

electronic fields, especially in self-repairing circuit and soft sensors.  

The frontiers of boronic ester chemistry in dynamical hydrogel systems are further investigated in Chapter 

5. By designing functional copolymers decorated with pendent acrylate and 1,2-diol groups, as well as thiol-

functionalized amphiphilic Pluronic F-127 (PF-127) as macro cross-linker, thus hydrogel with two 

distinctive dynamic cross-linking can be easily obtained through borax catalyzed thiol-acrylate Michael 

addition reaction and borax-diol chemistry. The mechanical properties of the as-fabricated hydrogel, 

including anti-fatigue, compressibility and stretchability, as well as its self-healing efficiency, are further 

investigated and evaluated. This work significantly broadens the application of borax-catalyzed chemistry 

within the field of self-healable hydrogel networks. 

The emphasize of Chapter 6 moves from hydrogel systems to bulk polymeric networks. In detail, a 

dynamically cross-linked network constructed with reversible boronic ester bonds is synthesized via para-

fluoro-thiol click reaction (PFTR). Prior to the polymeric network construction, a model reaction is 

conducted to gain insight into the PFTR ligation chemistry under different catalytic superbases, while 

avoiding the analytical challenges originating from the insolubility of the networks. The optimized reaction 

conditions will then be transferred to the formation of dynamic covalent networks. The thermodynamic 

behavior of the polymeric network, as well as its malleability and self-healing ability are investigated in 
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depth. This work is envisioned to be a new platform for the development of dynamic materials by the use 

of the unique chemistry of PFTR ligation. 
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                                                Chapter 4 

 

 

 

Conductive hydrogel composites with 

autonomous self-healing properties* 

 

 

 

  

                                                           
* Parts of this chapter are adapted or reproduced from Ref.193 X. Li, X. Huang, H. Mutlu, S. Malik and P. Theato, Soft 

Matter, 2020, 16, 10969-10976. Reprinted with permission from Ref. 193, copyright (2020) Royal Society of Chemistry.  
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Hydrogels are wet and soft materials with a three-dimensional structure, where hydrophilic polymers chains 

are physically or chemically crosslinked with each other, leaving large space (50-90%) for water content. 

Thus, hydrogels have emerged as well-suitable materials in biomedical fields because of their distinctive 

feature, including good biocompatibility, adjustable stiffness and porous structure.194-196 Conductive 

hydrogels, merging the merits of electrically conductive materials and human tissues-like nature of 

hydrogels, have gained enormous research interest in bioelectronic fields during the past decades, such as 

biosensors,197, 198 bio-actuator199, 200 and artificial e-skins.201, 202 Generally, conductive hydrogels can be 

directly prepared by incorporating some conductive fillers, such as metallic nanoparticles,203 single and 

multi-wall carbon nanotubes (CNTs),204 as well as graphene nanosheets,205 into the cross-linked hydrogel 

networks. However, the main drawback of this method is that aggregation usually occurs during the gelation 

process, leading to an undermined conductivity and inhomogeneous mechanical properties at the same 

time.206-208 Therefore, a chemical modification of conductive fillers to render them well-dispersible in 

aqueous solution is necessary prior to the fabrication of the conductive hydrogels.  

For CNTs, their limited solubility attributes to the high aspect ratios and strong van der Walls interactions, 

therefore several common approaches have been proposed to tackle this problem. One method is to 

manipulate covalent modifications on the surface, which involves functionalization and direct attachment 

of chemical moieties like carbenes, nitrenes and thiolethers, onto the sidewalls of CNTs. These covalent 

modifications can efficiently endow CNTs with improved solubility and high dispersion stability, while the 

-conjugation of CNTs is disrupted during a chemical process, which results inevitably in affecting their 

electronic properties.209 Alternatively, noncovalent functionalizations on CNTs was proposed to circumvent 

the disadvantages of covalent modifications. This can be easily approached by physical adsorption of 

functional moieties on CNTs surface through - stacking, hydrophobic, electrostatic or van-der-Waals 

forces.210 Among the diversity of functional groups, pyrene moieties, either as small molecules or polymer 

derivatives, are intensively explored to facilitate dispersion of CNTs in both organic solvents and aqueous 

solution due to their strong interaction with CNTs sidewalls through - stacking.211 Yet, conventional 

conductive hydrogels couldn’t be compared to human skin despite being imparted with an electric 

conductivity, particularly because of their lack of a self-healing ability. Thus, it still remains a challenge to 

prepare dual-functional hydrogels with both electrical conductivity and intrinsic self-healing ability to create 

more suitable and durable materials for biomedical applications.  
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In this chapter, it was aimed to construct a SWCNTs based conductive hydrogel composite with autonomous 

self-healing properties by incorporating dynamic bonds. To achieve this, two different cross-linking systems 

were designed. In Chapter 4.1, a first trial to build in hydrogel composites based on host-guest interaction 

and electrostatic interaction will be introduced. In Chapter 4.2, alternative hydrogel networks based on 

dynamic boronate ester bonds will be introduced and in-depth characterized.  In both cross-linking systems, 

pyrene moieties were introduced to facilitate the homogenous dispersion of SWCNTs in aqueous media, 

thus alleviating SWCNT aggregations, and endowing the hydrogels with electrical conductive properties. 

The SWCNTs dispersion in water, as well as the electrically conductive and self-recovery ability of the 

formed hydrogels will be comprehensively discussed in the following section.  

 

4.1 Conductive hydrogel composites based on host-guest and electrostatic 

interactions† 

 
4.1.1 Synthetic strategy for the preparations of hydrogel composites 

 

 

 

Figure 4.1.1. The schematic illustration of the route for preparations of hydrogel composites based on host-guest and 

electrostatic interactions. 

                                                           
†The results presented in this Chapter are part of a joint publication with Hatice Mutlu, currently in preparation  
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The schematic illustration of the route for the hydrogel preparation is depicted in Figure 4.1.1. Briefly, β-

CD decorated with pyrene groups (i.e. Py-β-CD) was first synthesized though sequential substitution 

reactions (Chapter 8.3.1-8.3.3). Since pyrene moieties can improve the solubility of SWCNTs in aqueous 

solution by physical - stacking interactions, evenly dispersion of SWCNTs could be easily achieved upon  

the modification. Additionally, pyrene-modified SWCNTs were capable of accommodating with 

adamantane (Ad)-decorated polymer matrix via host-guest interactions. Polycations with adamantane 

moieties as end-chain functional groups were prepared by atom transfer radical polymerization (ATRP), 

wherein an adamantane derivative served as the ATRP initiator.  After incorporating the anionic monomer 

into the mixed aqueous solution of pyrene-modified SWCNTs and as-synthesized polycations, hydrogel 

composites could be easily obtained by in-situ redox polymerization.   

 

4.1.2 Characterization of Py-β-CD/SWCNTs hybrids 

 

 

Figure 4.1.2. The characterization of Py-β-CD/SWCTs hybrids. (A) The UV-vis spectrum of Py-β-CD/SWCTs (short 

dot line) and Py-β-CD (solid line) in the region of 250 - 450 nm in 0.1 M NaOH aqueous solution. Insert image, the 

photograph showing the stable Py-β-CD/SWCTs suspension in aqueous solution. (B) The UV-Vis spectrum of Py-β-

CD/SWCTs (short dot line) and Py-β-CD (solid line) in the region of 250 - 450 nm. 

 

First, UV-vis analysis was performed to characterize the Py-β-CD/SWCNTs hybrids, as shown in Figure 

4.1.2 (A). Both Py-β-CD/SWCNTs hybrids and Py-β-CD showed the characteristic pyrene absorption bands 
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in the region from 250 to 450 nm, while the pyrene absorption peaks of Py-β-CD/SWCNTs hybrids were 

slightly blue-shifted compared to that of Py-β-CD, attributed to the - stacking interactions between the 

pyrene groups of Py-β-CD and SWCNTs. Additionally, in comparison to the absorption spectrum in the 

region from 450 to 850 nm as illustrated in Figure 4.1.2 (B), Py-β-CD/SWCNTs hybrids displayed 

distinctive peaks at the range of 500-800 nm associated with interband transitions between the mirror spikes 

in the density of states of individualized SWCNTs,212, 213 further manifesting the well-dispersed SWCNTs 

in aqueous solution as visually evidenced by the inserted photograph in Figure 4.1.2 (A). 

 

4.1.3 Characterization of Py-β-CD/Adamantane inclusion complexes 

In order to evidence the intramolecular interactions between AD and β-CD moieties, a 2D NMR NOESY 

spectrum was recorded between the Py-β-CD and adamantane derivative, as shown in Figure 4.1.3. As 

expected, cross-resonances (i.e. NOE) at 2.2, 2.1 and 1.6 ppm (green circles in Figure 4.1.3) were observed, 

which in turn, could be assigned to the anticipated interaction between the protons from the cavity of β-CD 

and the protons from adamantane moieties, thus revealing the successful formation of the stable inclusion 

complexes. 

 

Figure 4.1.3. 1H-1H NOESY spectrum (600 MHz, in DMSO-d6) of the inclusion complexes between the Py-β-CD and 

adamantane derivative utilized as the initiator for the ATRP polymerization. 
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4.1.4 Fabrication and characterizations of conductive hydrogel composites 

Prior to the fabrication of hydrogel composites, the polycation poly((3-acrylamidopropyl) 

trimethylammonium chloride) (PAMPT) was synthesized with adamantane as the end-chain functional 

group via ATRP polymerization (Chapter 8.3.4 and Chapter 8.3.8). The synthesized polycations were 

then mixed with Py-β-CD in aqueous solution to form inclusion complexed though host and guest 

interactions. Afterwards, hydrogel composites were obtained by adding anionic monomer sodium 4-

vinylbenzenesulfonate (NaSS) into the polycation/SWCNTs aqueous solution, followed by in-situ 

polymerization under the initiation of ammonium persulfate (APS) and accelerator N,N,N′,N′-

tetramethylethylenediamine (TMEDA), as depicted in Figure 4.1.4 (A). Within the hydrogel composites, 

reversible electrostatic interactions between the polycation (PAMPT) and polyanion (PNaSS) served as the 

dynamic cross-links to facilitate the gelation process, and endowed the hydrogel with a self-healing ability, 

while the evenly dispersed SWCNTs built the conductive channel and concomitantly imparted the hydrogel 

with electrically conductive character. 

 

 

Figure 4.1.4. (A) Schematic illustration of the formation of conductive and self-healing hydrogels. (B) Photographs 

showing the physical self-recovery process of the hydrogel sample. (C) Photographs showing the recovery process of 

electrical conductivity. 
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To qualitatively characterize its conductive and self-healable properties, a series of cut-and-contact tests on 

the hydrogel samples were performed as illustrated in Figure 4.1.4 (B). The disk-shaped hydrogel was first 

cut into small pieces and then transferred to a PTFE model. After being compressed for 5 minutes at ambient 

temperature, the fractured pieces were totally integrated and reshaped into a rectangle sample, revealing its 

fast physically assisted self-healing ability. Additionally, its electrically self-healing character was further 

investigated by connecting the hydrogel sample into a circuit with a LED light as the indicator, as shown in 

Figure 4.1.4 (C). The LED was first successfully lighted by an external voltage (5 V) with the original 

hydrogel sample as a conductor, demonstrating its electrically conductive property. Instead, once the 

hydrogel was cut into two pieces, the LED indicator was immediately switched-off in the open-circuit state. 

When the fractured pieces were placed into contact, the dynamic linkages on the damaged interfaces re-

associated spontaneously, thus restoring the circuit to illuminate the LED again, revealing the success 

recovery in the electrical conductivity of the hydrogel sample. 

While the conductive and self-healable hydrogel based on electrostatic and host-guest interactions was 

successfully prepared and characterized, nevertheless, the tedious synthesis protocols starting from small 

molecules to subsequent ATRP polymerizations could limit its practical applications. Besides, physically 

cross-linked networks that held together with non-covalent bonds, i.e. electrostatic and host-guest 

interactions, are often unstable to small environmental perturbations and lack robustness.36 Accordingly, 

recent research has shifted its focus on dynamic covalent networks, wherein the reversible covalent bonds 

are incorporated into the cross-linked systems in order to endow the networks with higher stability and 

robustness.20, 60 Therefore, a new and relatively facile method to fabricate SWCNTs based conductive 

hydrogel composite with self-healing properties is further proposed, which is based on dynamic covalent 

boronate ester bond. This method makes use of post-modification polymerization, thus avoiding complex 

synthesis route while maintaining the important role of pyrene moieties. The fabrication of the new hydrogel 

composite and its characterization will be discussed in details in the following content.  

 

4.2 Conductive composites based on dynamic boronate ester bonds‡ 

                                                           

‡ Parts of this chapter are adapted or reproduced from Ref.193 X. Li, X. Huang, H. Mutlu, S. Malik and P. Theato, Soft 

Matter, 2020, 16, 10969-10976. Reprinted with permission from Ref.193, copyright (2020) Royal Society of Chemistry. 

Dr. Sharali Marlik and Dr. Xia huang are acknowledged for SEM measurements. 
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In this project, a new SWCNTs based conductive hydrogel composite with intrinsically self-healing 

properties is proposed. To achieve this, a functional copolymer decorated with pendent pyrene and 

phenylboronic acid moieties was synthesized via reversible addition-fragmentation chain transfer (RAFT) 

polymerization and sequential post-polymerization modification. Essentially, pyrene moieties were 

included to facilitate the homogenous dispersion of SWCNTs in aqueous media, thus alleviating SWCNT 

aggregations, and endowing the hydrogels with electrical conductive properties. Furthermore, 

phenylboronic acid moieties were able to provide dynamic boronate ester linkages with diol groups of PVA 

chains. Respectively, the reversible association/dissociation process between boronic acid and diol groups 

is expected to contribute to the self-healing ability upon damage. Last but not at least, the conductivity and 

self-recovery ability in electric conductivity is investigated.  

 

 

4.2.1 Synthesis and characterization of the functional copolymer  

 

 

 

Scheme 4.2.1. The synthetic route towards functional copolymer P(DMA-co-APB-co-PBA), P2. First 

copolymer P(DMA-co-PFPA), P1, was synthesized via RAFT polymerization, and subsequent nucleophilic 

post-polymerization modification was performed to deliver copolymer P2. 
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The functional copolymer P(DMA-co-APB-co-PBA) (P2) decorated with pendent pyrene and 

phenylboronic acid moieties was prepared via a RAFT polymerization and sequential post-polymerization 

modification, as depicted in Scheme 4.2.1. To accomplish the amine substitution modification, amine end-

functionalized pyrene, i.e. N-(6-aminohexyl)-4-(pyren-1-yl) butanamide (APB), was synthesized in a 

sequential two step procedures, and characterized with 1H-NMR, 19F-NMR and FT-IR spectroscopy to 

demonstrate the purity of the compound (Chapter 8.3.6 and 8.3.7). Subsequently, a linear random precursor 

copolymer, i.e. P(DMA-co-PFPA) (P1), featuring reactive pentafluorophenyl ester groups was synthesized 

by RAFT polymerization.  

As shown in Figure 4.2.1 (A), the 1H-NMR spectrum of P(DMA-co-PFPA) facilitated to estimate the 

composition of P1 by comparing the integrals of signals (e+d) at 2.76-3.18 ppm and signals (b) at 2.54-2.75 

ppm with the end methyl groups at 0.88 ppm from the chain transfer agent (CTA). Accordingly, P1 consisted 

of 186 DMA and 26 PFPA repeating units, respectively. The corresponding ratio of PPFPA repeating units 

was calculated to be 12.2 mol%, which was in close proximity with the feeding molar ratio (i.e. 10 mol%). 

Besides, the number average molecular weight of P1 was 2.32 ×  104 g mol-1 as determined by gel 

permeation chromatography (GPC) in DMAc as eluent, which was in accordance with the theoretical value 

(2.53 × 104 g mol-1), thus suggesting a well-controlled copolymerization. Note, the hydrophilic DMA 

monomer was the comonomer of choice, since it imparted P1 with good solubility in water.  

In a next step, copolymer P(DMA-co-APB-co-PBA) (P2) was obtained by substituting sequentially the 

pentafluoropheyl esters parts of P1 with amine nucleophiles, e.g. N-(6-aminohexyl)-4-(pyren-1-yl) 

butanamide (APB) moiety, and then with a slight excess of (4-aminomethylphenyl) boronic acid (PBA). 

Compared to P1, the 1H-NMR spectrum of P2 (Figure 4.2.1 (B)) showed additional signals (k) at 8.30–7.86 

ppm, which were assigned to pyrene groups from N-(6-aminohexyl)-4-(pyren-1-yl) butanamide (APB), as 

well as distinctive peaks (j) at 7.85–7.67 ppm, (i) at 7.28–7.18 ppm and (h) at 3.37–3.21 ppm, which 

attributed to the aromatic and methylene proton signals from (4-aminomethylphenyl) boronic acid (PBA) 

groups, responsively. Besides, the integrals of protons from k and j were calculated, and apparently were in 

agreement with the theoretical feeding molar ratio of APB: PBA as 30: 70, therefore demonstrating the well-

controlled post-modification process of P1 in order to deliver P2. (Figure B1, Appendix) 
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Figure 4.2.1. 1H-NMR (400 MHz, in CDCl3) spectra of (A) P(DMA-co-PFPA) and (B) P(DMA-co-APB-co-PBA), 

respectively P1 and P2.  

 

The nucleophilic amine substitution process was monitored via 19F-NMR and FT-IR. As shown in Figure 

4.2.2 (A), the complete disappearance of characteristic signals from PFP ester at (δ) -152.54, -157.44, -

162.05 ppm in the 19F-NMR spectrum revealed the thorough and successful modification results. In similar 

manner, the disappearance of indicative pentafluorophenyl ester bands at 1780 cm-1 (C=O ester stretching 

bond), 1517 cm-1 (aromatic -C6F5 stretching bond), and 998 cm-1 (C-F stretching bond) in the FT-IR spectra 

confirmed the successful modification results. Moreover, a broad band at 3433 cm-1 attributed to -OH groups 

of phenylboronic acid, as well as a new ester band at 1720 cm-1 attributed to C=O stretching vibration from 

pyrene moieties, further demonstrated the success of the nucleophilic substitution. 
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Figure 4.2.2. (A) 19F-NMR (377 MHz) spectra of P(DMA-co-PFPA), P1 and P(DMA-co-APB-co-PBA), P2; (B) FT-

IR spectra of P(DMA-co-PFPA), P1 (blue line) and P(DMA-co-APB-co-PBA), P2 (yellow line). 

 

4.2.2 Characterization of SWCNTs suspension in water 

The interaction between pyrene moieties and SWCNTs as well as the stability of SWCNTs suspension were 

characterized by UV-Vis analysis. As shown in Figure 4.2.3 (A), compared to the characteristic absorption 

peaks of P2 at 317, 331, and 347 nm originating from pyrene moieties, the corresponding absorbance peaks 

of P2/SWCNTs were slightly shifted to 316, 330 and 346 nm, indicating the formation of π-π stacking 

hybrid between pyrene groups and SWCNTs.214 Additionally, compared to absorbance spectrum of P2 

within the range of 400-1000 nm, P2/SWCNTs displayed distinctive peaks at the range of 550-900 nm arise 
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from interband transitions between the mirror spikes in the density of states of individualized SWCNTs,213 

further demonstrating the well dispersion of SWCNTs, as shown in Figure 4.2.3 (B).  

 

 

Figure 4.2.3. UV-vis absorbance spectra of P2 and P2/SWCNTs dispersion in aqueous solution within the range of 

300-400 nm (A) and 400-1000 nm (B). 

 

Besides, the stability of the standing dispersion without (sample A) and with P2 (sample B) was evaluated 

by monitoring their transmittance at 632 nm. As shown in Figure 4.2.4 (A), immediate precipitation was 

observed for sample A in the absence of P2 during the first day and the transmittance reached up to 90% 

after the first two days, indicating that SWCNTs without P2 modification sedimentated rapidly in aqueous 

solution. While, the transmittance of the SWCNTs/P2 dispersion only slightly increased to 1.2 % in the first 

day and then kept stable at around 2% during the following days, revealing its good stability. The visualized 
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photographs of sample A and B in the inset of Figure 4.2.4 (A) after one-week storage could further prove 

the effect of P2 on the stability of SWCNTs dispersions. Since pyrene group could exfoliate SWCNTs from 

their bundles state through - stacking effect, the hydrophilic copolymer P2 was clearly capable of 

alleviating the aggregation of SWCNTs in aqueous media, thus forming stable dispersions even over one 

month, as demonstrated visually in Figure 4.2.4 (B). 

 

 

 

Figure 4.2.4. (A) UV-vis transmittances at 632 nm of SWCNTs aqueous suspension without and with P2, respectively 

sample A and B. The content of SWCNTs is 0.02 wt%. Inset: photographs of the dispersed sample A and B after one 

week. (B) Photographs of SWCNTs aqueous suspension without and with P2, respectively sample A and B, after 

sonication 20 min, one week, two weeks and one month. 
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4.2.3 Fabrication and characterization of hydrogel composites 

The conductive and self-healed hydrogel composites were prepared via dynamic cross-linking of P(DMA-

co-APB-co-PBA) (P2), PVA and SWCNTs at neutral pH 7.0 in aqueous solution, as schematically 

illustrated in Figure 4.2.5. For this, P2 and SWCNTs were mixed together in ultra-purified water to form 

well-dispersed suspension, afterwards, PVA solution (10 wt%) was added into the suspension and the whole 

mixture was vigorously stirred at room temperature until gelation occurred. It should be noted that although 

the optimum pH for the complexations between the phenylboronic acids and diol groups is above 8.8 (the 

pKa of phenylboronic acid is around 8.8),110 the formation of boronate ester bonds still could happen under 

neutral pH due to some sufficient amount of ionisable boronic acid groups as well as the rich cis-diols along 

the PVA chains.121, 215 Within the cross-linked system, evenly dispersed SWCNTs built the conducting 

channels for the network, while tetrahedral boronate ester bonds were formed through reversible 

complexation between the phenylboronic acids and adjacent diol groups along PVA chains, serving as the 

dynamic cross-linking sits for the hydrogel composites, as well as imparting the hydrogels with autonomous 

self-healing ability without any external stimuli. 

 

 

 

 

 

Figure 4.2.5. Schematic illustration of the formation of conductive and self-healing hydrogels by dynamic cross-

linking of P(DMA-co-APB-co-PBA) (P2), PVA and SWCNTs at neutral pH.  
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The as-fabricated of hydrogel composites were shown in Figure 4.2.6 (A). In order to demonstrate their 

homogeneous internal networks, hydrogel samples were first freeze-dried and then their morphology was 

recorded via SEM characterization. The obtained images under magnification of 2 µm and 1 µm were 

illustrated in Figure 4.2.6 (B) and (C), respectively. The freeze-dried hydrogel samples clearly 

demonstrated the three dimensional interconnected network with uniformly porous microstructures, 

suggesting that SWNCNTs were well distributed and evenly incorporated into hydrogels. Besides, some 

intertwined micro-fibrils could also be observed in the cross-liked network due to the supramolecular 

interaction between the PVA and P2, as shown in Figure B3 in the appendix. 

 

 

 

Figure 4.2.6. (A) Photography showing the as-fabricated hydrogel composite. (B) and (C) SEM images of the freeze-

dried hydrogel samples under different magnification (2 µm and 1 µm, respectively). 

 

The self-healing ability of the hydrogels was tested by dynamic rheology. Oscillation strain-sweep 

measurements were carried out first to determine the linear viscoelastic region, as well as the critical gel-

sol transition point. As shown in Figure 4.2.7 (A), the G’ and G’’ values were practically constant under 

the strain region from 1% to 10%. On the contrary, when the strain kept increasing to 100%, G’ tend to 

decrease while G’’ began to increase gradually, until a crossover occurred at strain γ = 70%, therefore clearly 

indicating the critical point where the gel network was significantly disrupted and transformed into the sol. 

Complementary, alternate strain-sweep measurement was performed to measure the self-healing ability 

under the cyclic change from small strain (γ = 1%) to large strain (γ =100%). As shown in Figure 4.2.7 (B), 

when the strain was kept constant at 1 %, G’ was larger than G”, demonstrating the gel state; on the contrary, 
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once the sample was treated with large strain of 100%, G’ decreased dramatically from 13500 Pa to 1550 

Pa because of the disruption of the hydrogel network. Ultimately, when the strain was recovered back to 

1%, the G’ practically recovered to its original value. Furthermore, cyclic tests were repeated three times 

and exhibited the similar phenomenon, demonstrating the efficient and reversible self-healing ability of the 

hydrogels. 

 

 

 

Figure 4.2.7. Dynamic rheology tests on hydrogel samples with 4 mg/mL SWCNTs. (A) Oscillation strain-sweep 

measurement over the strain region from 1% to 200%. (B) Cyclic strain step sweep tests from small strain (γ = 1%) to 

large strain (γ =100%). 

 

Aadditionally, cut-and-heal tests were conducted on the hydrogel samples to visually demonstrate its self-

healing characteristics. As depicted in Figure 4.2.8 (A), the as-formed hydrogel disk was cut into two pieces 



51 
 

and then placed into contact. These two hydrogel fragments were capable of supporting their weight after 

healing for 5 seconds at room temperature, and further integrated into one piece after 15 min, as it was 

evidenced by disappearance of damaged sits in the photography of Figure 4.2.8 (A). Besides, the optical 

micro-images of the two hydrogel fragments were recorded after a 5 s and 5 min self-healing time, as listed 

in Figure 4.2.8 (B). Similarly, the damaged sites almost vanished after 5 min, further proving the fast self-

repairing behavior of the hydrogel composites. Essentially, dynamic boronate ester bonds exposed at the 

damage interface could undergo decomposition to free boronic acid and diol groups, and the recombination 

of these two components drives the integration of the two separated fragments into one piece, which occurs 

spontaneously at room temperature in the absence of a catalyst.  

 

 

 

Figure 4.2.8. (A) Photographs showing the self-recovery process of the hydrogel sample. Briefly, the disk-shaped 

hydrogel. (B) The optical micro-images of the two hydrogel fragments were recorded after a 5 s and 5 min 

self-healing time. 

 

4.2.4 Electrically conductive characterization of the hydrogel composites 

Electrical conductivity of hydrogels with different concentration of SWCNTs was measured via four-point 

probe method (Chapter 8.2.6) and corresponding results were plotted in Figure 4.2.9. Pristine hydrogels, 
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i.e. no SWCNTs, exhibited a very low conductivity of 0.04 S/m, as a result of the conductive ions present 

in the system. Whereas, adding SWCNTs and gradually varying its concentration from 2 to 4, 6 and 8 

mg/mL, was corresponding to an increase in conductivity from 0.30 to 0.65, 0.83 and 1.27 S/m, respectively, 

indicating the strengthened effect of SWCNTs on the hydrogels’ conductivity. 

 

 

 

Figure 4.2.9. Electrical conductivity of different hydrogel samples with SWCNTs concentration of 0, 2, 4, 6, 8 mg/mL. 

 

Except for the structural self-healing behavior as shown in Figure 4.2.8 (A), electrically self-healable ability 

of the conductive hydrogel composites shares the equal importance in regard to their practical application 

in biological electronics. To reveal the electrical self-healing behavior of the conductive hydrogels, another 

additional cut-and-heal test was conducted. As displayed in Figure 4.2.10 (A), the hydrogel sample was 

connected into a circuit as a conductor in series with a green LED indicator. Consequently, the LED was 

successfully lighted by an external voltage. On the contrary, once the hydrogel was cut into two pieces, the 

LED indicator was immediately switched-off in the open-circuit state (Figure 4.2.10 (B)). When the split 

pieces were connected together, the dynamic linkages on the damaged interfaces re-associated 

spontaneously, thus restoring the circuit to illuminate the LED again (Figure 4.2.10 (C)), revealing the 

success recovery in the electrical conductivity of the hydrogel sample. 
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Figure 4.2.10. Photographs showing the recovery process of electrical conductivity: (A) hydrogel sample was 

connected into a circuit powered by an external voltage; (B) hydrogel sample was cut into two separate pieces; (C) the 

two split pieces was put into contact.  

 

Additionally, real-time electrical self-healing measurement was conducted based on the resistance change 

during the successive cut-and-heal process at the same cut site (procedure is shown in Chapter 8.2.6). As 

shown in Figure 4.2.11 (A), the electrical resistance exhibited relatively repetitive changes from stable 

values in a connected circuit to infinity under open-circuit state in ten cycles. Furthermore, the electrical 

self-healing efficiencies defined as the ratio between the recovered conductivity to the original conductivity 

were calculated, and the corresponding values are listed in Figure 4.2.11 (B). The average efficiency of the 

ten cyclic cut-and-heal process was 95% within about 10 seconds, revealing that the as-fabricated hydrogels 

possess repeatable and well efficient electrical self-healing characteristics. 

 

 

 

Figure 4.2.11. (A) Real-time electrical self-healing measurement in ten cut-and-heal cycles. (B) The corresponding 

electrical conductivity healing efficiency within ten cut-and heal cycles. 
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4.3 Summary 

 

In summary, the fabrication of conductive and self-healable hydrogel composites was demonstrated, starting 

from a non-covalently cross-linked network based on host-guest and electrostatic interactions, and 

subsequently, transferring to a covalent network associated with boronate ester bonds. For noncovalent 

hydrogel, the - stacking interactions between pyrene  groups and SWCNTs, as well as the host-guest 

interactions among cyclodextrin and adamantane moieties were first analyzed by UV-vis and 2D NOESY 

spectroscopy, respectively. Its physical and electrical self-healing abilities were further illustrated through 

a series of cut-and-heal tests. Subsequently, covalent cross-linked hydrogel was achieved based on 

SWCNTs, PVA and a functional copolymer P(DMA-co-APB-co-PBA) bearing pendant pyrene and 

phenylboronic acids derivatives. The SWCNTs were capable of evenly dispersing in aqueous solution via 

- stacking with pyrene groups of P2, and constructing the conductive channels for the hydrogels at the 

same time, while dynamic boronate ester bonds formed between the phenylboronic acids groups and PVA 

endowed the hydrogels with autonomous self-recovery ability without any external stimuli as determined 

by dynamic rheology tests. Besides, the covalent hydrogel also exhibited fast and repeatable electrical self-

healing property (within 10 seconds) and a high recovery efficiency of 95 %. These conductive and self-

healable hydrogels were envisioned to pave the road for potential applications in hydrogel-based biomedical 

fields, especially in tissue engineering, wound healing and electronic skins. 
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                                              Chapter 5  

 

Dual-faced borax mediated synthesis 

towards self-healable hydrogels merging 

dynamic covalent bonding and 

micellization§    

                      

  
                                                           
§ Parts of this chapter are adapted or reproduced from Ref. 216 X. Li, H. Mutlu, C. Fengler, M. Wilhelm and P. Theato, 

Polym. Chem., 2021, 12, 361-369. Reprinted with permission from Ref. 216, copyright (2021) Royal Society of 

Chemistry. The rheology part was done in collaboration with Prof. Wilhelm and Christian Fengler. 
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As previously mentioned, hydrogels are cross-linked soft materials consisting of physically or chemically 

cross-linked hydrophilic polymers that are swollen but not dissolved in large content of water.204 In the 

regard of preparing the desirable hydrogels, thiol-ene click reactions,185 including radical- and nucleophile-

based click reactions and nucleophile/base catalyzed thiol-Michael addition reactions, are commonly 

utilized due to their distinctive merits, such as abundant ene- and thiol- related precursors, mild reaction 

conditions, tolerance to oxygen/water, and high yield and efficiency with minimal by-products when 

optimized.186, 189 Initially, Hubbell and coworkers proposed a degradable hydrogel based on acrylate-

functionalized and thiol-terminated polyethylene glycol (PEG) by the utilization of Michael-type addition 

reaction, and employed them as well-suitable biomaterials for controlled protein delivery.217 Bowman and 

coworkers further engineered thiol-maleimide based hydrogels with pendent maleimide moieties as Diels-

Alder reacting sites to control the release of peptide sequences.218 Recently, a pioneering approach to prepare 

PEG-based hydrogels via a one-pot borax-catalyzed thiol-acrylate Michael polyaddition was developed.  

Borax, acting as the catalyst for polyaddition reaction between PEG diacrylate and dithiothreitol (DTT), 

was proved to exhibit an efficient catalytic ability comparable to phosphate buffer solution (PBS) at ambient 

temperature. Meanwhile, the dynamic boronate ester bonds formed spontaneously in reversible manner 

attributed to the complexation between borax and diol groups along DTT, imparting the final hydrogels with 

a self-healing ability and dual-responsiveness to temperature and pH.219 

As already mentioned, hydrogels featuring an autonomous self-healing ability have gained considerable 

attention during the recent years due to their promising potentials in mimicking human skin which bear 

inherent self-healable nature. In general, hydrogels could be equipped with a self-healing ability by 

introducing dynamic and reversible bonds into the cross-linked systems. Nevertheless, it is still ongoing a 

challenge to fabricate self-healing hydrogels with excellent mechanical properties. Recently, this problem 

was addressed by integrating two or more physical and chemical dynamic bonds into one hydrogel system. 

For instance, Jeon and coworker designed an extremely stretchable hydrogel with rapid self-healing 

character via integrating multiple hydrogen bonds originating from 2-ureido-4-pyrimidone (UPy) dimers, 

hydrophobic association and encapsulation from sodium dodecyl sulfate (SDS) micelles, respectively. The 

as-fabricated hydrogels were capable of elongating up to 100 times of their original length and complete 

self-healing within 30 s.220 By simply mixing aldehyde-functionalized Pluronic F127 with a three-armed 

acylhydrazine-terminated PEG, Wang and co-authors prepared an ultrastrechable and self-healing hydrogel 

based on dynamic acylhydrazone bonds in addition to dynamic micelle cross-linking. Their hydrogel could 
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be stretched up to 117 times of its initial length and displayed self-healing up to 85% of its original strength 

within 24 h.221 While self-healing hydrogels based on dynamic boronate ester bonds have been intensively 

developed in recent years, the combination of dynamic boronate ester bonds with other dynamic physical 

bonds in one hydrogel system has been rarely investigated. 

Accordingly, inspired by this work, this project was aimed at further exploring the possibility of fabricating 

self-healing hydrogels with two distinctive dynamic cross-link systems through one-pot borax catalyzed 

thiol-acrylate Michael addition reaction and borax-diol chemistry. To achieve this, a functional copolymer 

decorated with pendent acrylate and 1,2-diol groups was first synthesized through sequential reversible 

addition-fragmentation chain transfer (RAFT) polymerization and transesterification modification, followed 

by acidic hydrolysis of the protected 1,2-diols. Subsequently, borax catalyzed not only the thiol-ene 

reactions between the acrylate moieties and thiol functionalized Pluronic F-127 (PF127-SH), but also 

facilitated the formation of boronate ester bonds by complexing with 1,2-diols. An amphiphilic Pluronic F-

127 (PF-127) was chosen as macro cross-linker due to its distinctive ability of self-assembling into micelles 

in aqueous solutions;222, 223 and covalent polymerization of PF-127 micelles into hydrogel system has been 

proved to be a facile way to strengthen hydrogels’ tensile and compressive properties.224-226 Through this 

way, boronate ester bonds and PF127 micelles act as two kinds of dynamic cross-linking within one 

hydrogel system. The as-fabricated hydrogels are further investigated by evaluating the mechanical 

properties and self-healing ability. 

 

5.1 Synthesis and characterization of functional copolymer  

 

A functional random copolymer P(DMA-co-EDA-co-DHA) (P3) with pendent acrylate and 1,2-diol groups 

was synthesized via a combination of reversible additional-fragmentation chain transfer (RAFT) 

polymerization and sequential trans-esterification modification, followed by acidic deprotection, as 

illustrated in Scheme 5.1. First, a reactive parent copolymer P(DMA-co-PFPA) (P1) was prepared by 

copolymerization of N,N-dimethyl acrylamide (DMA) with pentafluorophenyl acrylate through RAFT 

copolymerization. DMA as a hydrophilic monomer is the major constituent part and hence endows P(DMA-

co-PFPA) (P1) with good solubility in aqueous media. 
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Scheme 5.1. The synthetic routes towards functional copolymer P(DMA-co-EDA-co-DHA), P3. First, P(DMA-co-

PFPA), P1, was synthesized via RAFT polymerization, followed by a sequential trans-esterification modification to 

yield P(DMA-co-EDA-co-IPA), P2, and acidic deprotection thereof.  

 

The 1H-NMR and 19F-NMR spectrum of P(DMA-co-PFPA) (P1) are shown in Figure 5.1 (A) and Figure 

5.2 (A), respectively. The 1H-NMR spectrum displays the distinctive signals at 3.18–2.76 ppm originating 

from PDMA and PPFPA and the broad proton resonance signals at 2.0-1.0 ppm assigned to the backbone 

of the copolymer P(DMA-co-PFPA) (P1), while the 19F-NMR spectrum shows the characteristic peaks at –

152.54 ppm, –157.44 ppm, and –162.05 ppm attributed to PPFPA, thus demonstrating the successful 

synthesis of the desired precursor copolymer P(DMA-co-PFPA) (P1).  

According to our previous reports, poly(pentafluorophenyl acrylate) featuring reactive pentafluorophenyl 

(PFP) ester groups is an effective handle to anchor primary alcohols to polyacrylate derivatives via 4-

(dimethylamino) pyridine (DMAP) catalyzed trans-esterification modification.227 Thus, P(DMA-co-EDA-

co-IPA) (P2) was prepared by sequential substitution of PFP ester groups with 2-hydroxyethyl acrylate and 

isopropylideneglycerol, respectively. As determined by 1H-NMR spectroscopy (Figure 5.1 (B)), the proton 

resonance signals of P(DMA-co-EDA-co-IPA) (P2) at 6.5–5.5 ppm were attributed to unsaturated 
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CH2=CH– protons, while new broad peaks at 4.8–3.5 ppm corresponded to the solketal protons of 

isopropylideneglycerol and –O–CH2–CH2–O– protons of 2-hydroxyethyl acrylate. Besides, the integrals of 

proton signals at 5.85-5.75 ppm (k) and 4.68-3.50 ppm (l+l’+m+n+i) were calculated to determine the molar 

ratio of EDA and IPA of the obtained P(DMA-co-EDA-co-IPA) (P2), which was almost in agreement with 

the designated molar feeding ratio (Figure C1 and Table C1, Appendix), revealing the successful and 

well-controlled post-polymerization modification of P1 to yield P2. Furthermore, acetal protecting groups 

in isopropylideneglycerol could be easily removed via acidic hydrolysis, leaving pendent 1,2-diol groups 

along P(DMA-co-EDA-co-DHA) (P3) polymer chains, which was verified by the complete disappearance 

of methyl proton signals originating from isopropylideneglycerol at 1.32 ppm and 1.39 ppm in the 1H-NMR 

spectra of P(DMA-co-EDA-co-DHA) (P3) (Figure 5.1 (C)). 

 

 

 

Figure 5.1. (A) 1H-NMR spectra (400 MHz) of P(DMA-co-PFPA), P1; (B) P(DMA-co-EDA-co-IPA), P2; 

(C) P(DMA-co-EDA-co-DHA), P3; all spectra were recorded in CDCl3 at ambient temperature. 
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The nucleophilic substitution process was also monitored by 19F-NMR and FT-IR spectroscopy. As depicted 

in the 19F-NMR spectrum of P(DMA-co-EDA-co-DHA) (P3) in Figure 5.2 (A), compared to P(DMA-co-

PFPA) (P1), the indicative pentafluorophenyl ester signals at (δ) –152.54 (ortho), –157.44 (para), –162.05 

(meta) ppm completely disappeared after the trans-esterification process, revealing the successful 

modification. Besides, in the FT-IR spectrum (Figure 5.2 (B)) the characteristic pentafluorophenyl ester 

bands from PPFPA at 1780 cm-1 (C=O stretching vibration), 1520 cm-1 (aromatic –C6F5 stretching vibration), 

and 990 cm-1 (C-F stretching bond) also disappeared after the substitution process. Furthermore, a new C=O 

stretching vibration band at 1720 cm-1 and a broader band at 3433 cm-1 were clearly identified, which were 

attributed to the new formed ester C=O and 1, 2-diol groups, further demonstrating the success of ester 

exchange. 

 

 

Figure 5.2. (A) 19F-NMR spectra (376 MHz) of P(DMA-co-PFPA), P1 and P(DMA-co-EDA-co-DHA), P3 in CDCl3; 

(B) FT-IR spectra of P(DMA-co-PFPA), P1 and P(DMA-co-EDA-co-DHA), P3. 



61 
 

5.2 Characterization of dual-faced borax mediated synthesis 

As the thiol-based precursor for click reaction, thiol-terminated Pluronic F127 (PF127-SH) was first 

synthesized through esterification reaction, and adequately characterized by 1H-NMR and FT-IR 

spectroscopy (Chapter 8.3.13, Figure C2 and C3 in Appendix). By affirming the integrals ratio of methyl 

protons at 1.08 ppm originating from poly(propylene oxide) (PPO) moieties to the characteristic signals of 

3-mercaptopropionic acid at 2.62 ppm, the ratio of thiol functionality was estimated to be around 86%. 

 

 

 

Figure 5.3. 1H-NMR (400 MHz) of P(DMA-co-EDA-co-DHA) (P3, bottom blue line), PF127-SH (middle yellow line), 

and the mixture of P(DMA-co-EDA-co-DHA) (P3), PF127-SH and borax solution in CDCl3 (upper black line). 

 

Noteworthy, borax is known to be an efficient catalyst for thiol-acrylate Michael addition reaction,219 as 

well as being a reagent to form dynamic boronate ester bonds with cis-diols (either 1,2- or 1,3-).228 First, 

prior to any hydrogel formation, a reaction of P(DMA-co-EDA-co-DHA) (P3) with PF127-SH in dilute 

solution was conducted resulting in presumably highly branched but soluble polymers, which allowed a 

subsequent characterization. The catalytic effect of borax on the thiol-ene reaction between P(DMA-co-

EDA-co-DHA) (P3) and PF127-SH was confirmed by 1H-NMR spectroscopy. As shown in Figure 5.3, 
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multiple proton resonance signals at 6.5-5.5 ppm assigned to CH2=CH– of pendent acrylate groups, as well 

as the peak at 1.67 ppm attributed to thiol groups from PF127-SH, completely disappeared in the highly 

branched polymer after 30 minutes of reaction time, demonstrating that borax was indeed an effective 

catalyst for the thiol-acrylate Michael addition reaction.  

Meanwhile, 11B-NMR spectra of P(DMA-co-EDA-co-DHA) (P3) / borax mixture in deuterated water at 

different pH values of pH = 3 and pH = 9, respectively, were recorded to further indicate the diol/borax 

complexation involved in the reaction. As illustrated in Figure 5.4, 11B-NMR spectra at pH 9 exhibited a 

broad and predominated peak at 16.9 ppm arising from the monoborate B(OH)4
- species, as well as a 

shoulder peak at around 13.2-6.9 ppm, which was attributed to 2:1 complex between the pendent diols group 

and tetrahedral boron center. When the pH value was adjusted to 3 by the addition of HCl solution, the 

above mentioned peaks totally disappeared and a new boron resonance signal at 19.5 ppm appeared with 

higher intensity, demonstrating that the complexation structures completely disassembled and borax 

consequently existed in free B(OH)3 form under the specified acidic conditions. 

 

 

 

Figure 5.4. 11B-NMR (128 MHz) spectra of the mixture of P(DMA-co-EDA-co-DHA), P3 with borax solution under 

pH=3 (dash dotted line) and pH=9 (solid line) in D2O (polymer concentration: 50 mg/mL, molar ratio of borax/diol= 

1:4).  
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5.3 Fabrication and characterization of the hydrogels 

 

 

 

 

Figure 5.5. (A) Schematic illustration depicting the formation of the hydrogels by mixing as-synthesized P(DMA-co-

EDA-co-DHA) (P3), PF127-SH and borax solution at ambient temperature; (B) Photographs showing the hydrogel 

under different deformations: original (a), compressed (b), stretched (c) and twisted (d). 

 

By simply mixing P(DMA-co-EDA-co-DHA) (P3), PF127-SH with borax solution, a hydrogel formation 

was observed within several minutes, and the detailed procedure, formulations and gelation time were listed 

in Chapter 8.4.5 and Table C1-C2 in Appendix. The gelation mechanism involving the two reactions is 

illustrated in Figure 5.5 (A). Briefly, driven by the hydrophobic PPO block, thiol-terminated amphiphilic 

triblock copolymers Pluronic F127 (PEO99-PPO65-PEO99, PF127) self-assembled into micelles in water, 

which in turn served as macro cross-linkers to connect the flexible P(DMA-co-EDA-co-DHA) (P3) chains 

during the gelation process. Once borax was added to the mixed solution of P(DMA-co-EDA-co-DHA) (P3) 

and Pluronic F127-SH, thiolether bonds and tetrahedral boronate ester bonds were formed simultaneously 

via the thiol-acrylate Michael addition reactions and borax-diol complexations, respectively, thus merging 

two distinguishable systems, i.e. dynamic micelles cross-linking and dynamic boronate ester bonds, in the 
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same hydrogel system. It has to be noted that the as-fabricated hydrogel could be compressed, stretched and 

twisted without any fracture as shown in Figure 5.5 (B). Since higher concentration of diol groups was 

critical for designing self-healable hydrogels, the characterizations of hydrogel specimens containing 

P(DMA-co-EDA-co-DHA) (P3) with designated molar ratio of EDA / DHA =30 : 70 was focused, which 

was a suitable ratio for gelation while bearing the maximum content of diol groups (Table C2, Appendix). 

Unless otherwise stated, the following measurements were performed with these specific specimens.  

 

 

 

Figure 5.6. (A) Oscillation strain-sweep measurement over the strain region from 𝛾0 = 0.1% to 500%; (B) Frequency 

sweep measurements of hydrogels over the region from 0.1 to 300 rad/s. 

To further analyze the mechanical properties of the formed hydrogel, a cylindrical sample with diameter of 

28 mm and thickness of 4 mm was prepared, and tested on a ARES-G2 rheometer. First, oscillation 

amplitude sweeps were performed with strain range from 𝛾0  = 0.1% to 500% to determine the linear 

viscoelastic region of the hydrogel at ambient temperature. As shown in Figure 5.6 (A), the storage modulus 
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(i.e. elastic moduli G’) and loss modulus (i.e. viscous moduli G’’) remained constant as the strain varied 

from 𝛾0 = 0.1% to 80 %, indicating that the hydrogel could endure the deformation at ambient temperature. 

While the strain continued to increase, both G’ and G’’ tend to decrease until a crossover point occurred at 

𝛾0 = 320% strain, where the hydrogel network was disrupted entering the nonlinear regime. Next, frequency 

sweeps were conducted under constant 𝛾0 = 0.1% strain, as shown in Figure 5.6 (B), and both storage 

modulus G’ and loss modulus G’’ showed a weak frequency-dependent behavior as the characteristic 

response for viscoelastic materials increasing from 3 kPa to 10 kPa and 1 kPa to 3 kPa, respectively. The 

storage modulus G’ remained larger than the loss modulus G’’ over the entire frequency region, 

demonstrating its free-standing dominated elastic state. Besides, the corresponding loss tangent tan δ = 

G’’/G’, which was used to quantify the extent of viscous contributions in the material, displayed a value 

between 0.4 and 0.3, thus further demonstrating the stable gel-like state. 

 

 

 

Figure 5.7. Compression tests of the prepared hydrogel. (A) Compressive stress-strain curves; (B) Sequential loading-

unloading tests without interval under varied strain of 10%, 20%, 30%, 40% and 60%, respectively. 



66 
 

Compressive and tensile tests were consecutively performed to characterize the fracture resistance of the 

as-fabricated hydrogel. As shown in Figure 5.7 (A), the hydrogel could endure a uniaxial compression up 

to 80 % strain without breaking and recover to its original shape after releasing the load, indicating a good 

self-recovery property. Besides, cyclic loading-unloading tests under varied compression strains of 10%, 

20%, 30%, 40% and 60%, respectively, were performed without intervals to investigate the hydrogel’s 

energy dissipation behavior. Generally, energy dissipation is illustrated as hysteresis loops in the 

consecutive loading-unloading cycles, and the corresponding area of a hysteresis loop was used to measure 

the dissipated energy per unit volume.229 As shown in Figure 5.7 (B), the hysteresis loop areas increased 

with intensified compress strain and pronounced hysteresis loops are displayed once the compressive strain 

exceeded 30%, demonstrating the efficient energy dissipation during large strain deformation. 

 

 

 

Figure 5.8. Compression tests of the prepared hydrogel. (A) Consecutive loading-unloading tests without interval 

under a constant strain of 60%; (B) Corresponding total and dissipated toughness calculated from graph (A). 
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Besides, anti-fatigue character of the hydrogel was further investigated through another five cyclic loading-

unloading tests under a constant strain of 60% without any interval, thus the corresponding total and 

dissipated toughness were listed in Figure 5.8. As shown in Figure 5.8 (A), essentially all cyclic curves 

overlapped with each other and the toughness strength exhibited minimal changes during the last four cycles. 

The dissipated energy decreased only slightly from first cycle to second cycle, and then remained practically 

constant for the last four cycles, indicating an outstanding fatigue resistance property (Figure 5.8 (B)). 

Furthermore, the hydrogel could be stretched up to 340% and the elongated sample could almost recover its 

original length after 30 minutes after unloading (Figure 5.10 and Figure C4 in Appendix). Generally, to 

dissipate energy upon loading the dynamic character of PF127 micelles could undergo chains slides and 

disentanglements. The corresponding rearrangements and recombination of the polymer chains under 

unloading drove also the recovery of deformation. Therefore, the covalent incorporation of PF127 micelles 

into the hydrogel endowed it with a stretchability, and outstanding and fatigue resistance characteristic. 

To illustrate the self-healing behavior of the hydrogel, first qualitative cut-and-heal tests were conducted. 

As shown in Figure 5.9, disk-shaped hydrogel samples were prepared and one sample was colored with dye 

to facilitate an optical contrast in the self-healing experiments. The samples were cut with a razor blade into 

pieces and then placed back together with the cut surfaces of opposite colored hydrogel samples to allow 

for a self-recovering process at ambient temperature. The cut vanished and nearly became invisible after 24 

h, and the hydrogel can be stretched (Figure 5.9 (a)-(d)), revealing its self-healing ability.  

 

 

 

Figure 5.9. Photographs showing the cut-and-heal tests of the hydrogel: (a) disk-shaped samples with and without dye 

were prepared and cut into pieces; (b) two pieces were put into contact; (c) self-healing for 24 h; (d) stretching after 

24 h. 
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Furthermore, the self-healing efficiency of the hydrogels was quantitatively determined by tensile tests. As 

depicted in Figure 5.10, compared to the original sample, the healed sample exhibited a slightly larger stress 

at the beginning of deformation due to the inevitable water evaporation after self-healing for 24 h, but 

gradually showed lower stress with the increase of elongation, and finally fractured with approximately 20.8 

KPa stress at 320% strain. Compared to the fracture stress of the original sample, which occurred at 23.1 

KPa, the self-healing efficiency, defined as ratio of the fracture stress between the healed and original 

samples, was estimated to be 90% after a 24 h self-healing time. In comparison, the self-healing efficiency 

of as-fabricated hydrogel was comparable to dynamic acylhydrazone cross-linked poly(ethylene 

oxide)/PF127 hydrogel (87% within 24 h)221 and was relatively higher than the complexation systems 

between boric acid and random copolymer bearing hydroxyl groups (~70% within 24 h)230. Additionally, 

similar cut-and-heal tests were performed on P2-based hydrogels and the two fragments failed to 

integrate into one piece after 24 h (Figure C5, Appendix). Therefore, the self-healing behavior of the 

hydrogel was mainly attributed to the reversible covalent boronate ester bonding between borax and 1,2-

diol groups, which could reform at the damaged interface to repair the separated network. Compared to 

PF127 micelles based single network (such as the P2-based hydrogel in our present work and other 

hydrogels in the reported literatures224, 226), the double dynamic network obviously united the merits of two 

distinguishable systems, i.e. dynamic boronate ester bonds and micellization to accomplish multifunctional 

hydrogels with excellent mechanical properties as well as good self-healing property. 

  

 

 

Figure 5.10. Tensile stress-strain curves of the original hydrogels and hydrogels after self-healing for 24 h. 
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5.4 Summary  

 

To conclude, an autonomously self-healable hydrogel was proposed, which was based on a one-pot borax 

catalyzed thiol-acrylate Michael addition reaction and borax-diol chemistry. By simply mixing as-

synthesized P(DMA-co-EDA-co-DHA) (P3), thiol-terminated PF127 and borax solution, two 

distinguishable systems, i.e. dynamic micelles cross-links and boronate ester bonds, were successfully 

incorporated into one hydrogel. The fracture and recombination of PF127-SH micelles upon loading-

unloading process endowed the hydrogel with outstanding shape-recovery and fatigue resistance, as well as 

the moderate stretchability. Besides, the hydrogels were capable of self-healing up to 90% in 24 h due to 

the spontaneous association of dynamic boronate ester bonds at the damage interface. Generally, the results 

illustrated a facile way to fabricate self-healable hydrogels with excellent mechanical properties, and it is 

postulated that the present hydrogels might have versatile applications in biological tissue engineering fields, 

considering the superior biocompatibility of Pluronic F-127 as well as the low toxicity of catalyst borax. 
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                                            Chapter 6 

 

 

Two in one: Fusion of dynamic boronic 

ester bonds via para-fluoro-thiol reaction 

towards malleable and self-healable 

heteroatom-rich covalent polymer 

networks** 

 

 

  

  

                                                           

** This chapter is included in the manuscript “Xiaohui Li, Hatice Mutlu, Shouliang Nie, Manfred Wilhelm and Patrick 

Theato*. Two in one: Fusion of dynamic boronic ester bonds via para-fluoro-thiol reaction towards malleable and 

self-healable heteroatom-rich covalent polymer networks”, which was submitted to Polymer Chemistry. The rheology 

part was in collaboration with Prof. Wilhelm and Dr. Shouliang Nie.  
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In regard to the covalent dynamic motifs amenable to the manufacture of vitrimers, exchangeable 

boronic esters garnered considerable interest due to their unique thermodynamic stability and 

structural tunability as reported by the group of Guan.128 Crucially, the addition of N-donor ligands 

(e.g. ortho-amino,128 organic base triethylamine,129 pyridine and imidazole derivatives231) accelerate 

the exchange the kinetics of dynamic B-O bonds due to the B-N dative interactions, while improving 

their hydrolytic stability in healable and reprocessable networks.129, 232, 233 

Thus far, a plethora of dynamic polymeric networks based on boronic ester bonds has been described, while 

the majority of them involved the synthesis the functional (co)polymers bearing diol or boronic acids 

groups,128, 234 with only one partial exception employing a photo-initiated thiol-ene reaction for the direct 

preparation of dynamic networks.126, 127 Quite recently, the para-fluoro-thiol reaction (PFTR) as a thiol-

based click reaction has received substantial research interest for post-polymerization modification, 

polymeric structure construction, surface functionalization, as well as cross-linked network fabrication.170, 

191, 192, 235 Organic superbases have found widespread use as organocatalysts in a variety of thiol-

based organic syntheses by their virtue of high basicity and stability, low nucleophilicity and low 

toxicity.236 Specifically, some nitrogen-containing amidine and guanidine bases, such as 1,8-

diazabizyclo[5.4.0]undec-7-ene (DBU), 1,5,7-triaza-bicyclo-[4.4.0]dec-5-ene (TBD), and 1,5-

diazabicyclo[4.3.0]non-5-ene (DBN), possess strong basic properties (pKa values 24.3, 26.0 and 

23.8 in acetonitrile,237 respectively) and consequently can accelerate reactions with lower catalyst 

loading and reaction time. Accordingly, they were found to be a more efficient catalyst for PFTR 

than commonly utilized trimethylamine (TEA, pKa value 18.8 in acetonitrile237).238-240  

In this chapter, the para-fluoro-thiol reaction (PFTR) was exploited to pave a facile avenue to 

directly transform small organic molecules into a boronic ester based dynamic networks (Scheme 

1). Prior to the polymeric network construction, a model reaction between a mono-functional 

pentafluorophenyl derivate and a dithiol-functionalized boronate ester was conducted to gain insight 

into the PFTR ligation chemistry under different catalytic superbases (e.g. DBU, TBD and DBN), 

while avoiding the analytical challenges originating from the insolubility of the networks. The 

optimized reaction conditions were then transferred to the formation of dynamic covalent networks. 

For this, a novel linker bearing three-armed pentafluorophenyl moieties (3PFB) was reacted with 

dithiol-functionalized boronate ester, yielding cross-linked networks with rich atomic elements (i.e. 

C, O, S, F, B and N) via PFTR ligation chemistry. Last but not least, the thermodynamic behaviour 
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of the polymeric network, as well as its malleability and self-healing ability were investigated in-

detail. 

 

6.1 The model reaction via PFTR 

 

 

 

 

Scheme 6.1.  (A) Model PFTR between a mono-functional pentafluorophenyl derivate (mono-PFB) and a dithiol-

functionalized boronate ester (BDB) in the presence of different superbases (e.g. DBU, TBD and DBN). (B) Schematic 

illustration of the construction of polymer network by reacting a novel three-armed pentafluorophenyl derivate (3PFB) 

with BDB via DBU-catalyzed PFTR. In the inset, the illustration of dynamic exchange of boronic ester bonds, also 

called dioxaborolane metathesis, is depicted. 

 

In order to avoid analytical challenges associated with the insolubility of polymer networks, a model 

reaction was first employed to mimic the covalent bonds of the targeted polymer network. As shown 

in Scheme 6.1 (A), the model PFTR between a mono-functional pentafluorophenyl derivate (mono-
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PFB) and a dithiol-functionalized boronate ester (BDB) in the presence of a superbase was 

investigated. With the goal of optimizing the PFTR to make it amenable for a polymer network 

formation, three superbases, i.e. 1, 8- diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5,7-triaza-bicyclo-

[4.4.0]dec-5-ene (TBD) and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), were exploited and their 

effect on the ligation chemistry was studied. 

The model reaction was conducted first with DBU as the base due to its known catalytic efficiency in PFTR 

reactions.238, 239 Figure 6.1 shows the 19F-NMR spectra of the unreacted mono-PFB and the product after 

reaction of mono-PFB with BDB for 20 min via DBU-catalyzed PFTR (molar ratio of thiol : PFB : DBU=1 : 

1.1 : 1.1). The mono-PFB precursor exhibited the indicative signals at δ = -142 ppm, -153 ppm, and -162 

ppm, which were assigned to the ortho-, para- and meta-fluorine atoms of PFB, respectively. The reaction 

of mono-PFB with BDB resulted in the decrease of para-fluorine signals at -153 ppm, while concomitantly 

the ortho- and meta-fluorine signals of the product were shifted to -137 ppm and -146 ppm, respectively. 

The corresponding substitution ratio was calculated to be 85%, which was close to its theoretical ratio of 

90.9% (Figure D1, Appendix).  

 

 

Figure 6.1. Comparative 19F-NMR (377 MHz, in THF-d8) of mono-PFB and the crude reaction mixture upon 

the reaction with (BDB) for 20 min in the presence of 34.3 mol-% DBU. 

 

Consequently, the 19F-NMR spectra could evidence that the DBU-catalyzed PFTR proceeded fast with high 

efficiency while involving only substitution of the para-fluorine atoms. Additionally, this nucleophilic 
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substitution was also monitored by FT-IR spectroscopy, with the results shown in Figure 6.2. After the 

PFTR took place, a more intensive band at 1645 cm-1 appeared attributed to the stretching of S=C bond in 

the typical resonance forms when aromatic ring directly connects to an electronic rich atom (i.e. S, O), and 

an obvious shift of the C=C aromatic vibration from v(C6F5) =1500 cm-1 to v(C6F4S) =1470 cm-1 was also 

detectable, which was in accordance with the change of the aromatic substitution pattern,241 both 

demonstrating the successful ligation. 

 

 

Figure 6.2. Comparative FT-IR spectra of mono-PFB and the crude reaction mixture upon the reaction with 

BDB for 20 min in the presence of 34.3 mol-% DBU. 

 

Additionally, other superbases, i.e. TBD and DBN, were also exploited in order to reveal their 

impact on the model reaction under the same experimental conditions. However, both TBD and 

DBN resulted in precipitation of a yellow gel during the model PFTR. The fact that a gelation was 

observed was likely an indication of some side reactions by substitution of the ortho- and meta-

fluorine atoms, which was further manifested by 1H-NMR and 19F-NMR spectra compared to that 

of a DBU-catalyzed PFTR, as shown in Figure D2 and Figure D3 (Appendix). The presence of 

side reactions resulted in imperfections during the synthesis, which would inevitably affect the 

homogeneity when it comes to the construction of polymer networks. Accordingly, DBU was 

chosen as the most appropriate catalytic superbase for the following investigations.  



75 
 

 

 

Figure 6.3. (A) 11B-NMR spectra (128 MHz) of mono-PFB+BDB (top), BDB (middle) and 1,4-phenylenediboronic 

acid (bottom) in THF-d8. (B) 2D NOESY spectrum (298 K) of mono-PFB with BDB upon DBU-catalyzed PFTR 

in THF-d8. 

Since DBU is a nitrogen-containing superbase, it was postulated that besides acting as an efficient PFTR 

catalyst, DBU can also coordinate with the boron center to form tetrahedral boronic ester bonds via B-N 

dative interactions.242 To identify the latter, 11B-NMR spectroscopy was first performed, as shown in Figure 

6.3 (A). Both 1,4-phenylenediboronic acid and bifunctional thiol BDB exhibited a single peak in the 11B-

NMR spectrum at 26.7 and 29.2 ppm, respectively, which can be assigned to the trigonal sp2 boron centers. 

After the DBU-catalyzed PFTR, this signal of the trigonal sp2 boron center fully disappeared and instead a 

new resonance peak at 4.8 ppm occurred, which was consistent with a tetrahedral sp3 boron center via the 

B-N dative bonding.242, 243 Further insight into the presence of B-N dative interactions was obtained 

from 2D NOESY analysis. The spectrum in Figure 6.3 (B) shows that there was detectable cross-
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resonance at 3.8 ppm (orange box) arising from the anticipated 1H-1H interactions between the 

protons adjacent to the boron center and the DBU protons, further demonstrating the existence 

covalent B-N interactions after the DBU-catalyzed PFTR of mono-PFB with BDB. 

 

6.2 Synthesis and characterization of the polymeric networks   

 

After the detailed insight into the model PFTR, these optimized reaction conditions were then transferred to 

the formation of dynamic covalent networks. First, a three-arm linker (3PFB) was synthesized and 

subsequently reacted with BDB in the presence of DBU as the base, as illustrated in Scheme 6.1 (B). 

 

 

Figure 6.4. FT-IR spectrum of cross-linked network 3PFB-CN (black line), 3PFB linker (blue line) and 

bifunctional thiol BDB (yellow line); 

According to the investigations on the model PFTR, DBU was able to play two important roles during the 

nucleophilic substitution reaction: (1) DBU as a strong organic base facilitated the deprotonation of thiol 

groups during the PFTR and hence accelerating the reaction; (2) DBU as a Lewis base was also capable of 

coordinating with the Lewis acid, i.e. boronic esters, thus forming a tetrahedral sp3-hydridized boron center. 

To identify the successful nucleophilic substitution reactions during the PFTR network formation, FT-IR 

analysis was performed and the results are shown in Figure 6.4. As known from FT-IR spectra of the model 

reaction, the indicative thiol stretching band at 2560 cm-1 was only visible in the BDB spectrum, and not in 
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the spectrum of the crosslinked network (3PFB-CN). Instead, bands at 3040 cm-1, 2920 - 2850 cm-1 were 

detected in the spectrum of 3PFB-CN, which corresponded to the C-H stretching of the aromatic rings and 

aliphatic chains, respectively. Besides, the band at 1640 cm-1 was attributed to the aromatic S=C stretching 

bond in resonance forms, and the shift of aromatic C-C stretching band from v(C6F5) =1500 cm-1 to v(C6F4S) 

=1470 cm-1 was also observed, indicating the successful reaction as well as the incorporation of dynamic 

boronic ester bonds into the cross-linked network via thiol-based PFTR.  

In addition, a 19F-NMR spectrum of the network was recorded, after it was fully swollen in CDCl3 prior to 

the measurement. As shown in Figure 6.5, compared to original 3PFB 19F-NMR spectrum, the signals of 

para-fluorine atoms disappeared and only signals of ortho- and meta- fluorine atoms remained, which in 

turn were shifted after the PFTR, thus again revealed the high efficiency and regioselectivity of PFTR 

involving only the para-fluorine atoms. 

 

 

Figure 6.5. Gel 19F-NMR spectra (58 MHz) of 3PFB (top) and 3PFB-CN polymeric network (bottom) in 

CDCl3. 

 

Crucially, the polymeric network 3PFB-CN facilely obtained by PFTR was featured with 

heteroatom-rich character (i.e. C, O, S, F, B and N), and among them, B and O atoms imparted 

3PFB-CN with dynamic bond motifs due to the successful incorporation of boronic ester bonds, 

which can undergo a reversible dioxaborolane metathesis at elevated temperatures. As a typical 

feature of dynamic covalent networks, the stress from deformation can be easily released at 

relatively high temperature through internal exchange reactions of dynamic cross-links.244 
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Therefore, the dynamic behavior of the as-fabricated polymeric network was characterized by stress 

relaxation analysis. As shown in Figure 6.6 (A), the dynamic polymeric network was able to relax 

the stress completely (< 1% of the initial stress) within 100 s. The characteristic relaxation time (τ), 

which was defined as the time required to relax to 1/e (ca. 36.8%) of the initial stress, gradually 

decreased with increasing temperature from 60 to 80 °C, demonstrating a faster relaxation behavior 

at higher temperature. The 3PFB-CN featured with rich heteroatoms displayed much faster 

characteristic relaxation time (τ) (within 1s) compared to that of simple boronic ester based networks 

(normally within a few minutes even at higher temperature245, 246). We postulate its fast relaxation 

behaviors arise to the high content of B and O atoms in the form of boronic esters, along with its 

heteroatom-rich environment.  

 

 

 

Figure 6.6. (A) Normalized stress relaxation curves of the network to study the dynamic behavior of 3PFB-CN 

polymeric network (from 13 mm plate-plate geometry at strain of 0.5-2% within the linear viscoelastic regime). (B) 

Plots of ln (τ) against 1/T and a linear fit to calculate the activation energy (Ea ~ 24 kJ/mol). 
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Additionally, the temperature-dependent relaxation arising from internal dynamic cross-links can 

be described by an Arrhenius model, 

 

τ(T) = τ0𝑒𝑥𝑝 (
𝐸𝑎

𝑅𝑇
)                                                                                                                                       (1) 

 

where τ0 is the Arrhenius prefactor and Ea is the activation energy for viscous flow. From the plot 

of the relaxation time (ln(τ)) against the inverse temperature (1/T), a linear correlation was obtained 

as shown in Figure 6.6 (B). The activation energy Ea of the relaxation process was calculated to be 

24 kJ/mol, which is slightly higher than reported values measured for the small molecule boronic 

ester exchange reaction (15.9 kJ/mol)53 and simple boronic ester based networks (7.7-13.8 

kJ/mol)245. This might be attributed to the diffusion-limiting topology associated with the cross-

linked network environment, as well as the heteroatom-rich structure of the network, but is 

nevertheless within typical activation energies for polymer melts. 

The dynamic nature of the 3PFB-CN network associated with the high content of B and O atoms in 

the form of boronic esters, as well as the coordinated N atoms originating form DBU base, also 

enabled a good reprocessability and self-healing ability. Prior to investigating these possibilities, the 

glass transition temperature (Tg) of the 3PFB-CN was determined by DSC analysis to be around 21 

°C (see Figure 6.7 (A)). This relatively low Tg facilitates a reprocessability, as shown in Figure 6.7 

(B). For this, the 3PFB-CN sample was first cut into pieces or grinded into a power at ambient 

temperature, which then could be easily reshaped into transparent films at 60 °C under 10 MPa 

within 10 min. These conditions were sufficient to enable a spontaneous dioxaborolane metathesis 

among internal boronic ester bonds (as shown in Scheme 6.1 (B)). Crucially, the dynamic network 

also exhibited a good solvent resistance, since it did not dissolve but only swell in common organic 

solvents, such as THF, DCM, acetone or DMF, as shown in Figure D4 (Appendix). Its good solvent 

resistance is partially attributed to the incorporated S and F atoms, which have been reported to 

exhibit inherent chemical resistance.247, 248 However, the polymer network decomposed in THF in 

the presence of glycerol, which was ascribed to the fast exchange reactions between boronic esters 

and the excess diol groups provided by glycerol. 
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Figure 6.7. (A) DSC analysis of the 3PFB-CN network to determine the Tg of the 3PFB-CN polymeric network. (B) 

Photographs showing the reprocessability of the 3PFB-CN network. 

 

Except for the direct dioxaborolane metathesis, the exchange of boronic esters could be also 

achieved via hydrolysis and re-esterification in the presence of water, thus facilitating a self-healing 

behavior of the 3PFB-CN network. The possible mechanism for the water-triggered self-healing 

behavior is illustrated in Figure 6.8 (A) and (B).  The addition of water to the freshly cleaved 

surfaces induced the hydrolysis of boronic esters, leaving some free boronic acids and diols exposed 

on the fracture surface. When placed into contact with each other at elevated temperature (i.e. above 

Tg to increase the chain mobility), the surface-exposed boronic acids and diols can associate again 

via a re-condensation reaction. Notably, the dynamic boronic esters within 3PFB-CN polymeric 

network were in tetrahedral configurations, as evidenced in Figure 6.3, which normally show a 

higher rate of association over disassociation under wet conditions compared to the trigonal 

counterparts.129 Consequently, tetrahedral boronic esters with continual reversibility impart the 

3PFB-CN polymeric network with relatively fast self-healing behavior in the presence of water. 
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Therefore, the self-healing ability of 3PFB-CN polymeric network was further qualitatively 

explored.  As shown in Figure 6.8 (C), the disk-shaped sample was first cut into two pieces and 

dabbed with water at the fracture interfaces, followed by being placed into contact. After 1h at 60 

°C, the two separated parts were successfully integrated into one piece as evidenced by the thorough 

disappearance of the original scar.   

 

 

 

Figure 6.8.  Self-healing behavior of 3PFB-CN polymeric network. (A) Proposed mechanism of healing according to 

the shift of equilibrium as illustrated in (B); (C) Photographs showing the self-healing process.  

 

6.3 Summary 

 

In summary, a new facile method was proposed to prepare a malleable, reprocessable and self-

healable covalent network based on dynamic boronic ester bonds using para-fluoro-thiol click 

reaction (PFTR). The model reaction revealed the dual roles of DBU during the PFTR ligation 

chemistry, which can act as a catalyst to initiate PFTR with high efficiency and regioselectivity 

while coordinating with boron centers via boron-nitrogen dative interactions. The unique 

heteroatom-rich character endowed 3PFB-CN polymeric network with good solvent resistance, 
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rapid stress relaxation (below 1% of original stress within 100 s), and could be reprocessed easily 

within 10 min at 60 °C. Meanwhile, the 3PFB-CN network showed accelerated self-healing 

performance with the aid of water due to the sp3-hybridized boronic ester bonds associated with 

boron-nitrogen coordination. With the merged merits of facile synthesis, heteroatom-rich character, 

easy reprocessability and fast self-healing properties, it was envisioned that the novel polymeric 

network can be a new platform for the development of dynamic materials, as well as one-pot 

polymerization of heteroatom-rich materials, by the use of the unique chemistry of PFTR ligation.  
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7. Conclusion and outlook 

The fascinating and emerging properties of dynamic polymer networks based on reversible bonds have 

boosted their widespread applications in the real world, especially in the area of adaptable biomedical 

materials and malleable thermosets. In this dissertation, studies towards the implementations of both 

reversible non-covalent bonds (i.e. host-and-guest and electrostatic interactions) and covalent bonds (i.e. 

boronic ester bonds) to the design of dynamic functional networks were presented. As a primary step, 

delicately designed protocols, with the combination of controlled living polymerization (like RAFT and 

ATRP) and facile post-polymerization modification (such as active ester modification and para-fluoro-thiol 

reaction), were proposed to synthesize the targeting functional copolymers, which served as the fundamental 

materials for further developed dynamically cross-linked networks.  

Dual-functionalized hydrogels with both self-healable and conductive properties were first presented, 

involving both dynamically noncovalent and covalent networks. The former, non-covalent cross-linked 

hydrogel was formed by integrating Py-β-CD modified SWCNTs, polycations ((PAMPT)) and polyanions 

(PNaSS). The - stacking interactions between pyrene  groups and SWCNTs, as well as the host-guest 

interactions between cyclodextrin and adamantane moieties were analyzed by UV-vis and 2D NOESY 

spectroscopy, respectively. Its physical and electrical self-healing abilities were manifested through a series 

of cut-and-heal tests. The later, covalent cross-linked hydrogel was achieved based on SWCNTs, PVA and 

a functional copolymer P(DMA-co-APB-co-PBA) bearing pendant pyrene and phenylboronic acids 

derivatives.  Within the cross-linked system, evenly dispersed SWCNTs built the conducting channels for 

the network, while tetrahedral boronate ester bonds were formed through reversible complexation between 

the phenylboronic acids and adjacent diol groups along PVA chains, therefore endowing the hydrogel with 

autonomous self-healing ability without any external stimuli. The covalent hydrogel exhibited bulk 

conductivity (1.27 S/m with 8 mg/mL SWCNTs) with a fast and autonomous self-healing ability that 

restored 95 % of its original conductivity within 10 s under ambient conditions.  Accordingly, due to its 

outstanding properties, it was postulated to be a good potential candidate to be applied in hydrogel-based 

biomedical fields, especially in tissue engineering, wound healing and electronic skins. 

The subsequent chapter of this thesis introduced another autonomously self-healable hydrogel based on a 

one-pot borax catalyzed thiol-acrylate Michael addition reaction and borax-diol chemistry. Herein, by 

simply mixing a functional copolymer P(DMA-co-EDA-co-DHA) decorated with pendent acrylate and 1,2-

diol groups, thiol-terminated Pluronic F127 (PF127) and borax solution, two distinguishable systems, i.e. 
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dynamic micelles cross-links and boronate ester bonds, were successfully incorporated into one hydrogel 

system. The as-fabricated hydrogel displayed outstanding shape-recovery, fatigue resistance and moderate 

stretchability (up to 340%), which was attributed to the reversible fracture / recombination behaviors of 

PF127-SH micelles upon loading-unloading process. Additionally, dynamic boronate ester bonds imparted 

the hydrogel with a self-healing ability and its healing efficiency was up to 90% within 24 h as evaluated 

by tensile tests. This work significantly broadened the application of borax-catalyzed chemistry in dynamic 

networks, and might have versatile applications in biological tissue engineering fields, considering the 

superior biocompatibility of Pluronic F-127 as well as the low toxicity of catalyst borax. 

Beside the above mentioned hydrogel systems, dynamically cross-linked system imbedded with 

exchangeable boronic ester bonds was also amenable to bulk polymeric network. Accordingly, in chapter 5, 

a new facile method was proposed to prepare a malleable, reprocessable and self-healable covalent network 

based on dynamic boronic ester bonds using para-fluoro-thiol click reaction (PFTR). The model reaction 

revealed the dual-roles of superbase DBU, which could act as a catalyst to initiate PFTR with high efficiency 

and regioselectivity while coordinating with boron centers via boron-nitrogen dative interactions. 

Additionally, the as-fabricated polymeric network displayed good solvent resistance, fast relaxation (below 

1% within 100 s), fast self-healing properties with the aid of water (within 1 h at 60 °C), and could be 

repeatedly reprocessed within 10 min at 60 °C. This work was envisioned to be new platform for the 

development of dynamic materials by the use PFTR chemistry. 

In summary, versatile possibilities of preparing dynamic functional networks with reversible bonds are 

presented in this thesis, from hydrogel systems to bulk polymeric network by using currently available 

controlled polymerizations and post-polymerization modification methods. The strategies undertaken in this 

thesis are envisioned to broaden the customized applications of dynamic networks in both biological 

engineering and recyclable plastics areas. 

Nevertheless, there still exists enormous challenges in front of us regarding the full understanding of 

dynamically cross-linked network, since the theoretical frameworks and characterization techniques on all 

the dynamic motif are still insufficient. Especially for self-healing measurements, current studies are only 

limited to the macroscopic analysis on their bulk mechanical changes before and after damage, and how to 

reveal and further assess their self-healing ability on molecular level still remains a challenge. Besides, new 

strategies should be put forward to install the dynamic bonds into existing commodity products to truly 

improve their service life. As a result, continuous research in dynamic networks is still a prerequisite to 

make them more amenable to industrial manufacturing.      
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8. Experimental section 

 

 

8.1 Materials 

 

 

β-Cyclodextrin (β-CD, >98%, TCI), p-toluenesulfonyl chloride (TsCl, >98%, Sigma-Aldrich), 

ethylendiamin (EDA, 99%, ACROS OrganicsTM), N,N′-dicyclohexylcarbodiimid (DCC, 99%, Sigma-

Aldrich), 1-hydroxybenzotriazol hydrate (HOBt, 97%, Sigma-Aldrich), 1‐adamantanol (99%, Sigma-

Aldrich), 2‐bromoisobutyryl bromide (98%, Sigma-Aldrich), sodium hydroxide (NaOH, 99%, Roth), 

copper(I)-bromide (CuBr, 99.999%, Alfa Aesar), N,N,N’,N”,N”-pentamethyldiethylenetriamine 

(PMDETA, 99%, Sigma-Aldrich), ammonium persulfate (98%, Sigma-Aldrich), N,N,N′,N′-

tetramethylethylenediamine (TMEDA, 98%, Alfa Aesar) and sodium 4-vinylbenzenesulfonate (NaSS, 90%, 

Sigma-Aldrich) were used as received. (3-Acrylamidopropyl) trimethylammonium chloride solution 

(AMPTMA, 75 wt% in H2O, Sigma-Aldrich) was purified by passing through a basic aluminium column 

prior to polymerization. 

N,N-Dimethyl acrylamide (DMA, 99%, Sigma-Aldrich) was purified by passing through a basic aluminium 

column before polymerization, 2,2’-azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich) was 

recrystallized from methanol before polymerization. 2,3,4,5,6-Pentafluorophenol (99%, Sigma-Aldrich), 

2,6-lutidine (98%, Sigma-Aldrich), acryloyl chloride (96%, Alfa Aesar), 4-cyano-4-

[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid (CDTPA, 97%, TCI), 1-pyrenebutyric acid (97%, 

Sigma-Aldrich), pentafluorophenyl trifluoroacetate (98%, Sigma-Aldrich), 1,6-hexamethylenediamine 

(98%, Sigma-Aldrich), (4-aminomethylphenyl) boronic acid hydrochloride (98%, abcr), poly(vinyl alcohol) 

(PVA, 98%, TCI, Mw~88,000 g/mol), trimethylamine (TEA) were used as received. Ultra-pure water was 

obtained from GenPure ProTM (Thermo scientific). SWCNTs were supplied from OCSiAl Europe and heated 

in air at 500 ℃ for 30 minutes to remove amorphous carbon material before use. 

2- Hydroxyethyl acrylate (HEA, 95%, TCI), isopropylideneglycerol (IPG, 97%, Sigma-Aldrich), 4-

(dimethylamino) pyridine (DMAP, 97%, Sigma-Aldrich), Pluronic F-127 (PF127, bioreagent, Sigma-

Aldrich), 3-mercaptopropionic acid (99%, Sigma-Aldrich), p-toluenesulfonic acid monohydrate (98.5%, 

Sigma-Aldrich), dithiothreitol (DTT, bioreagent, Fisher scientific), borax (97%, Sigma-Aldrich), 
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hydrochloric acid (HCl, 37 wt%, Sigma-Aldrich). 1,4-Phenylenediboronic acid (96%, abcr), 1-thioglycerol 

(90%, Alfa Aesar), acetic acid (99%, ROTH), tricarballylic acid (99%, Sigma Aldrich), 2,3,4,5,6-

pentafluorobenzyl bromide (97%, Acros Organics), potassium carbonate (K2CO3, 99%, Sigma Aldrich), 

cesium carbonate (99.5%, Acros Organics), magnesium sulfate (MgSO4, 99%, ROTH), 1, 8- 

diazabicyclo[5.4.0]undec-7-ene (DBU, 98%, Sigma Aldrich), 1,5,7-triaza-bicyclo-[4.4.0]dec-5-ene (TBD, 

98%, Sigma Aldrich), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN, 98%, Sigma Aldrich) were used as received. 

 

 

8.2 The characterization techniques 

 

8.2.1 Nuclear magnetic resonance (NMR) spectroscopy  

Nuclear magnetic resonance (NMR) spectroscopy is an effective and non-destructive technique to analyze 

the molecular structure at atomic level.  When the nucleus of certain atom is immersed into a strong static 

magnetic field, it will undergo the procession movement, and once exposed to an electromagnetic irradiation 

with the same frequency as the procession one, the nuclear magnetic resonance (NMR) phenomenon 

occurred. The absorbed energy required to be in resonance produces a radiofrequency signal which is further 

recorded by a radiofrequency receiver, converted into NMR spectra by using mathematical Fourier 

transform. Nuclear magnetic resonance spectroscopy makes the use of NMR phenomenon to identify the 

chemical structures of the materials. Normally, certain nuclei with inherent spin properties, such as 1H, 

13C,19F, 15N, 11B and 31P, exhibit NMR effect and are commonly explored in NMR spectroscopy.249 

In this work, all 1H-NMR, 19F-NMR and 11B-NMR measurements were recorded on a Bruker Avance 400 

spectrometer at 298 K (400 MHz for 1H, 376 MHz for 19F and 128 MHz for 11B).  Tetramethylsilane (TMS) 

was used as internal standard for 1H-NMR. All the samples were dissolved in deuterated solvent prior to the 

measurement. The NOESY NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer. The 

gel 19F-NMR measurement (Chapter 5) was recorded on a Magritek Spinsolve 60 spectrometer (58 MHz 

for 19F-NMR), the polymeric network was first synthesized in THF, dried under vacuum oven and then re-

swollen into CDCl3 solvent prior to the measurement. 
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8.2.2 Gel permeation Chromatography (GPC) 

Gel permeation chromatography (GPC), which is also called as size exclusion chromatography (SEC), is a 

versatile analytical technique to characterize the polymer samples’ molecular weights and molecular weight 

distributions. It consists of the stationary phase (small porous beads), the mobile phase (eluent solvent), the 

columns, the pumps as well as the detectors. The polymer sample was first dissolved into the eluent solvent 

and then injected into the columns by the pumps. As flowing through the columns with the eluent solvent, 

large sized polymer chains (above the biggest size of porous beads) will be directly excluded from the pores 

without penetrating into the stationary phase, while smaller sized polymers will pass through the interior of 

the porous beads partially or wholly. Therefore, the polymer sample was spontaneously separated based on 

their sizes with the flow of mobile phase, and the corresponding retention time was recorded in a 

chromatogram, which will be further utilized to determine the molecular weight and dispersity by comparing 

to the calibration curve of a certain polymer standard (normally polystyrene or poly(methyl methacrylate)).  

In this work, GPC measurements were performed using Polymer Laboratories (Varian) PL-GPC 50 Plus 

Integrated System equipped with two PL gel 5 m Mixed-Columns (300 × 7.5 mm). DMAc were used as the 

eluent solvent. The polymer samples were first dissolved into DMAc with a concentration of 2 mg/mL and 

then filtered to remove the undissolved phase before the GPC measurements. 

 

8.2.3 Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) are commonly utilized techniques to identify the functional 

groups of unknown compounds by measuring their infrared absorption spectrum. Fourier-transform infrared 

spectroscopy (FTIR) collects the interfergram signals via an interferometer, translates the interfergram by 

using mathematical Fourier transform, and then displays the desirable spectrum. Attenuated total reflection 

(ATR) is an advanced FTIR technique which could allow the fast analysis of samples in their nature states 

without additional sample preparation process, therefore it has been intensively utilized in this work. The 

mechanism of ATR-FTIR is illustrated in Figure 8.2.1. In principle, an IR beam is emitted to the ATR 

crystal featuring with a high refractive index, and when the slop of incident beam is above the critical angle, 

the IR beam will be reflected completely, producing an evanescent wave at the same time. Once contacting 

with the sample placed directly on the ATR crystal surface, the evanescent wave will penetrate into the 
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specimen between 0.5 and 2 µm, and the wave energy absorption on the sample will lead to an attenuated 

IR beam. The attenuated IR beam will be eventually collected by the detector and further translated into IR 

spectra.250 

In this work, all the FT-IR spectra were recorded from a Bruker VERTEX 80V FT-IR spectrometer within 

the range of 4000-600 cm-1 at ambient temperature. 

 

 

 

Figure 8.2.1.  Schematic illustration of an ATR-FTIR system. 

 

 

8.2.4  Ultraviolet-visible (UV-vis) spectroscopy  

Ultraviolet-visible (UV-vis) spectroscopy is another spectrophotometric technique which is based on the 

absorption of electromagnetic radiations in ultraviolent (10-400 nm) and visible (400-800 nm) regions. The 

electrons of the molecules will be excited from stable ground state to higher energy state after absorbing the 

radiation energy, and the corresponding wavelength of the absorbed radiation was equal to the energetic 

difference between the excited state and the ground state. By plotting the amount of absorbed energy against 

the wavelength of the absorbed irradiations, a UV-vis spectrum was obtained which could be applied for 

identifying certain functional groups, as well as quantitatively calculating their concentrations according to 

the Beer-Lambert Law.251  
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In Chapter 4.1, Py-β-CD/SWCNTs suspension was prepared by sonicating Py-β-CD (50 mg) in 0.1 M NaOH 

with SWCNTs (10 mg) for 4 h, and the UV/vis absorption spectra were recorded on an Ocean optics 

spectrometer at ambient temperature.  

In Chapter 4.2, the dispersion of SWCNTs was prepared by dissolving SWCNTs and P2 in aqueous solution 

with the weight ratio of SWCNTs : P2 =1 : 10 (corresponding weight ratio of CNTs : pyrene moieties ≈ 

1:1), and then treated with sonication for 1 h.  UV/vis absorption spectra were recorded on a Perkin Elmer 

Lambda 35 UV/Vis spectrometer with Peltier system at ambient temperature. The transmittances of the 

SWCNTs dispersion were recorded with an Ocean optics spectrometer at ambient temperature. 

 

8.2.5 Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) is a widely used technique to characterize the surficial micro-

morphologies of the observed specimen. In a typical imaging process, electrons were first emitted from 

electron gun, accelerated in the applied electric field, accumulated into a high-energy electron beam by 

passing through series of lens and apertures, which eventually hit on the sample surface. As a result, a variety 

of signals, including secondary electrons, backscattered electrons and characteristic X-rays were produced 

and collected by corresponding detectors. Normally, the collecting signals from secondary electrons were 

utilized for investigating the morphology and topography of the specimen.  

Morphological images of hydrogels were obtained from a Zeiss LEO 1350 field emission scanning electron 

microscope. Freeze-dried hydrogel samples were prepared by lyophilization overnight before measurement.  

 

8.2.6  Electrical characterizations 

Electrical conductivity was measured by four-point probe method,252 as shown in Figure 7.2.2. Sample was 

put on an insulated substrate and connected to a digital LCR meter by contacting with four equally-spaced 

and co-linear copper probes. A constant current (I) was loaded on probe 1 and probe 4, and corresponding 

voltage drop (V) between probe 2 and probe 3 was recorded to deliver the electrical resistance (Ω).  
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Electrical conductivity was calculated by the following equation: 

 

𝜎 =
1

𝑅

𝑙

𝑤𝑡
  

 

where R is the measured resistance, l is the length between the adjacent probes, w is the width of the sample, 

and t is the thickness of the sample. 

In Chapter 4.2, to determine the conductivity of the hydrogels with different CNT concentrations, hydrogel 

samples were first prepared and then moulded into rectangle thin films (50 mm in length, 5 mm in width). 

Subsequently, electrical resistance (Ω) was monitored using LCR meter (KEYSIGHT, E4980AL) by four-

point probe method, and corresponding electrical conductivity was calculated by the above formulation. 

Real-time monitoring of the electrical signals from the cut and self-healed hydrogels was performed on 

Fluke 287 digital multimeter. Hydrogel samples were tethered to the multimeter by copper tape. Real-time 

monitoring of the electrical signals from the cut and self-healed hydrogels was performed on Fluke 287 

digital multimeter. Hydrogel samples were tethered to the multimeter by copper tape. 

 

 

 

Figure 8.2.2 (A) Schematic illustration of the mechanism of four-point probe method for electrical conductivity 

measurement. (B) Photograph showing the in-situ measurement platform, including the four-point probes and a LCR 

meter. 
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8.2.7 Rheological measurements 

Rheological measurements were performed directly on the as-fabricated and disk-shaped samples to 

characterized their mechanical properties. All the rheological measurements in this thesis were based on 

small amplitude oscillatory shear testing (SAOS), which is widely utilized to characterize the viscoelastic 

properties of polymer samples. 

In chapter 4.2, rheological measurements were performed on a HAAKE RS 150 Rheometer with a 25 mm 

plate-plate geometry. First, oscillation amplitude strain sweep measurements were conducted to determine 

the linear viscoelastic region of the hydrogels at a constant frequency of 1 Hz. Then, frequency sweep 

measurements were performed at a constant strain of 1% to determine the storage modulus G’ and loss 

modulus G’’ over the frequency region from 0.1 to 10 Hz. As for the self-healing experiments, dynamic 

rheology tests were performed on hydrogel samples with 4 mg/mL SWCNTs. Strain-sweep test was first 

carried out over the strain region from 1% to 200% with a constant frequency of 1 Hz at 20 ℃. Afterwards, 

the alternate strain-sweep measurement was performed at 1 Hz and 20 ℃ under the cyclic change from 

small strain (1%) to large strain (100%).  

 

In chapter 5, hydrogel samples were prepared in a cylindrical mould with a diameter of 28 mm to obtain 

uniform disc-shaped specimens with a height of 4 mm. Rheological measurements were performed on a 

ARES-G2 TA-instrument with a 28 mm plate-plate geometry. The geometry was lowered until a constant 

axial force of 0.5 N (812 Pa) was applied to the sample and the temperature was controlled to 25 ± 0.1 °C 

by a Peltier element (Advanced Peltier System, TA Instruments). Oscillatory amplitude strain sweep over 

the region from γ_0 = 0.1% to 500% was performed prior to determine the linear viscoelastic region under 

a constant frequency of 1 Hz. Then, oscillatory frequency sweep was conducted to determine the storage 

modulus G’ and loss modulus G’’ over the frequency region from 0.2 to 300 rad/s at a constant strain of γ0 

= 0.1%. A solvent trap was utilized to avoid water evaporation during the tests.  

 

In chapter 6, stress relaxation experiments were conducted on a strain-controlled rheometer, ARES-G2 (TA 

Instruments, New Castle, USA), with a 13 mm plate-plate Invar geometry. The loaded samples were first 

equilibrated at the set temperatures and then subjected to a constant stain within the linear viscoelastic region 

of the material (0.5 – 2%) and the stress decay was recorded immediately. The temperature was elevated by 
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5 °C for each test. The characteristic relaxation times, τ, and the activation energy, Ea, were determined by 

using the standard procedures.253  

 

8.2.8  Mechanical characterizations 

All mechanical tests were performed on a universal tensile testing machine (TA-XT Plus Texture Analyzer) 

at room temperature. Compression tests were performed on cylinder-shaped samples with a diameter of 10 

mm and height of 6~7 mm at a crosshead speed of 10% strain/min. Rectangle-shaped samples with size of 

30×15×2 mm were used for tensile tests at a crosshead speed of 10 mm/min. The nominal stress (σ) was 

defined as 𝝈 = 𝑭/𝑺, where F was the loading force and S was the initial cross-sectional area of the sample. 

The nominal strain (ε) was defined as 𝜺 = ∆𝒍/𝒍, where ∆𝒍 was the length change and 𝒍 was the initial length. 

The toughness of hydrogel was estimated by integrating of the area under the stress-strain curves, and the 

dissipated energy was calculated by the area of hysteresis loops in one cyclic curve.  

 

8.2.9 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is one of the commonly used techniques in the thermal 

characterization fields. It is based on the difference in the amount of absorbed or released energy between 

the sample and the reference pan when they are heated or cooled under the same temperature. In principle, 

the sample could undergo some endothermic process (such as glass transition and melting) or exothermic 

process (like crystallization), inducing more or less heat flow is needed in order to maintain the same 

temperature as the reference pan. By monitoring the corresponding difference in the heating flow, DSC 

curve could be obtained as the heating flow against the temperature, and characteristic temperature, such as 

the glass transition temperature (Tg), melting temperature (Tm) and crystallization temperature (Tc) of the 

sample could be determined.  

 

Differential scanning calorimetry (DSC) was performed on TA Instruments Q200. The sample underwent 

cyclic heating-cooling procedure twice from -50 TGA5500 to 200 ℃, with a rate of 5 ℃/min. The glass 

transition temperature (Tg) is defined as the lowest derivative of heating flow in the second heating process. 
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8.3 Experimental Procedures 

 

8.3.1 Synthesis of mono-6-dexoy-6-(p-tolysulfonyl)-β-CD (β-CD-OTs) 

 

 

 
Scheme 8.3.1. The synthesis route of mono-6-dexoy-6-(p-tolysulfonyl)-β-CD (β-CD-OTs). 

 

β-CD (6 g, 5.28 mmol, 1.0 eq) was dissolved into 50 mL of H2O, followed by the addition of NaOH (0.657 

g, 16.41 mmol, 3.1 eq) in 2 mL of H2O. The mixture solution was stirred at 0 ℃ in an ice bath for 30 min. 

Afterwards, TsCl (1.512 g, 7.92 mmol, 1.5 eq) dissolved into 3 mL acetonitrile was added dropwise into the 

mixture solution. The whole mixture was stirred in the ice bath for 30 min, further at room temperature for 

another 4 h, and then refrigerated overnight. Afterwards, precipitation was filtered and recrystallized three 

times from deionized water. The final product was obtained as white crystal after dried under vacuum at 

45 ℃ for 24 h (yield: 1.2 g, 17.6%). 

1H NMR (400 MHz, DMSO-d6, δ in ppm): 7.82 (d, 2H, –Ar), 7.50 (d, 2H, –Ar), 5.94 – 5.67 (m, 7H, –OH 

from β-CD), 4.97 – 4.78 (m, 7H, repeat units from β-CD), 4.61 – 4.45 (m, 6H, –OH from β-CD), 3.82 – 

3.23 (m, 42H, repeat units from β-CD), 2.49 (d, 3H, –CH3). 

 

Figure 8.3.1. 1H-NMR spectra (400 MHz) of mono-6-dexoy-6-(p-tolysulfonyl)-β-CD (β-CD-OTs) DMSO-d6. 
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8.3.2 Synthesis of mono-6-dexoy-6-(p-ethylenediamine)-β-CD (β-CD-NH2) 

 

 
 

Scheme 8.3.2. The synthesis route of mono-6-dexoy-6-(p-ethylenediamine)-β-CD (β-CD-NH2). 

 

β-CD-OTs (0.3 g, 0.2 mmol) was dissolved into 4 mL of EDA, and refluxed at 80 ℃ overnight. Then, the 

EDA was removed by rotary evaporation. Afterwards, the crude product was re-dissolved into 

water/methanol mixture (3:1, v/v), and precipitated into acetone three times. The purified product was 

finally obtained as white solid after dried under vacuum oven at 45 ℃ for 24 h (yield: 0.2 g, 85.1%). 

 

1H NMR (400 MHz, DMSO-d6, δ in ppm):  5.71 (s, 14H, –OH from β-CD), 4.84 (s, 7H, repeat units from 

β-CD), 4.46 (s, 6H, –OH from β-CD), 3.82 – 3.23 (m, 42H, repeat units from β-CD), 2.85 – 2.65 (m, 4H, –

NH–CH2–CH2–NH2). 

 

 
 
Figure 8.3.2. 1H-NMR spectra (400 MHz) of mono-6-dexoy-6-(p-ethylenediamine)-β-CD (β-CD-NH2) in DMSO-d6. 
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8.3.3 Synthesis of mono-6-(2-pyrenebutylamino)-6-deoxy-β-CD (Py-β-CD) 

 

 

 

Scheme 8.3.3. The synthesis route of mono-6-(2-pyrenebutylamino)-6-deoxy-β-CD (Py-β-CD). 

 

β-CD-NH2 (500 mg, 0.44 mmol, 1.0 eq), 1-pyrenebutyric acid (254 mg, 1.09 mmol, 2.5 eq), DCC (200 mg, 

0.97 mmol, 2.2 eq) and HOBt (100 mg, 0.74 mmol, 1.7 eq) were dissolved into 5 mL of anhydrous DMF 

solvent at 0 ℃ under nitrogen atmosphere. The mixture was stirred in an ice bath for 1 h, and then for 

another 24 h at ambient temperature. The insoluble salts were filtered and the filtrate was then precipitated 

into acetone. The precipitation was then washes with water several times to remove the excess β-CD-NH2. 

The final product was obtained as a yellow solid after freeze-dried for 48 h. (yield: 310 mg, 50.7%). 

1H-NMR (400 Hz, DMSO-d6, δ in ppm): 8.70 – 7.86 (m, 9H, pyrene group), 5.97 – 5.68 (m, 14H, –OH 

from β-CD), 4.96 (d, s, 7H, repeat units from β-CD), 4.55 (s, 6H, –OH from β-CD), 3.82 – 3.23 (m, 44H, 

repeat units from β-CD and –CH2–pyrene), 2.09 (d, 2H, –CH2–CH2–pyrene).  

 

 

Figure 8.3.3. 1H-NMR spectra (400 MHz) of mono-6-(2-pyrenebutylamino)-6-deoxy-β-CD (Py-β-CD) in DMSO-d6.  
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8.3.4 Synthesis of 1‐Adamantyl 2‐Bromoisobutyrate (ABIB) 

 

 

 

Scheme 8.3.4. The synthesis route of 1‐Adamantyl 2‐Bromoisobutyrate (ABIB). 

 

The ATRP initiator, ABIB, was prepared by the esterification reaction of 1‐adamantanol with 2‐

bromoisobutyryl bromide. Briefly, 1‐adamantanol (7.61 g, 0.05 mol, 1.0 eq), TEA (6.07 g, 0.06 mol, 1.2 eq), 

and dry CH2Cl2 (100 mL) were added into a 250 mL round‐bottom flask. The mixture was cooled to 0 °C in 

an ice‐water bath. Afterwards, 2‐bromoisobutyryl bromide (7.42 mL, 0.06 mol, 1.2 eq) in CH2Cl2 (20 mL) 

was added dropwise over 1 h followed by stirring at 0 °C for 1 h and then at room temperature for another 

12 h. After removing the insoluble salts, the organic solvent was washed three times with DI water, and 

condensed by a rotary evaporator. Then, the mixed chemicals were resolved in DCM and then purified by 

silica gel column chromatography using petroleum ether/ethyl acetate (10:1 v/v) as the eluent. After 

removing the solvents by a rotary evaporator, ABIB was obtained as a white solid (yield: 12.7 g, yield: 85%)  

 
1H-NMR (400 Hz, CDCl3, δ in ppm): 2.12 (s, 3H, from adamantane), 2.07 (s, 6H, from adamantane), 1.81 

(s, 6H, –CH3), 1.61 (s, 6H, from adamantane). 

 

Figure 8.3.4. 1H-NMR spectra (400 MHz) of 1‐Adamantyl 2‐Bromoisobutyrate (ABIB) in CDCl3.  
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8.3.5 Synthesis of pentafluorophenyl acrylate (PFPA) 

 

 

Scheme 8.3.5. The synthesis route of pentafluorophenyl acrylate (PFPA). 

Pentafluorophenol (80 g, 0.434 mmol, 1.0 eq) and 2,6-Lutidin (47.5 g, 0.443 mmol, 1.02 eq) were dissolved 

in 700 mL DCM in a round bottom flask under stirring in an ice bath. After that, acryloyl chloride (42.27 g, 

0.467 mmol, 1.07 eq) was added dropwise into the mixture and kept stirring in the ice bath for 3 h. The 

whole mixture was then stirred for another 20 h at ambient temperature. Subsequently, precipitate was 

filtered and the mixture was condensed to around 200 mL under reduced pressure. The organic fraction was 

then washed with water (3 x 50 mL), dried with anhydrous magnesium sulfate, and then further condensed 

under reduced pressure to deliver the crude product. Final purified product was obtained as colorless oily 

liquid by passing through a silicone gel column in hexane (72 g, yield 70%). 

1H NMR (400 MHz, CDCl3, δ in ppm): 6.74 (dd,1H, CH2=CH-), 6.39 (dd,1H, CH2=CH-), 6.20 (dd, 1H, 

CH2=CH-). 

19F NMR (376 MHz, CDCl3, δ/ppm): -153.16 (ortho), -158.51 (para), -163.01 (meta) 

 

 

Figure 8.3.5. (A) 1H-NMR spectra (400 MHz) and (B) 19F-NMR spectra (376 MHz) for pentafluorophenyl acrylate 

(PFPA) in CDCl3.  
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8.3.6 Synthesis of perfluorophenyl 4-(pyren-1-yl) butanoate 

 

 

Scheme 8.3.6. The synthesis route of perfluorophenyl 4-(pyren-1-yl) butanoate. 

 

1-Pyrenebutyric acid (1.2 g, 4.2 mmol, 1.0 eq) and trimethylamine (1.72 mL, 12.6 mmol, 3.0 eq) were 

dissolved in 10 mL of dry THF, and then pentafluorophenyl trifluoroacetate (2.2 mL, 12.6 mmol, 3.0 eq) 

was added dropwise. The solution was stirred overnight at ambient temperature. Afterwards, THF was 

removed under reduced pressure. The residue was re-dissolved in 100 mL of DCM and washed by water (3 

x 20 mL). The combined organic solvent was dried with anhydrous MgSO4 and then condensed. Final 

product was obtained as a yellow powder after being purified by column chromatography (silica, DCM) and 

dried under vacuum at 45 ℃ (1.4 g, yield 73.7%). 

1H-NMR (400 Hz, CDCl3, δ in ppm):  8.70 – 7.86 (m, 9H, pyrene group), 3.58 – 3.46 (m, 2H, –CH2–pyrene), 

2.81 (t, 2H, –CH2–CH2–pyrene), 2.42 – 2.31 (m, 2H, –CH2–CH2–C6F5). 

19F-NMR (376 MHz, CDCl3, δ in ppm): -152.71 (ortho), -158.03 (para), -162.28 (meta). 

 FT-IR: ν (cm-1): 1774 (C=O ester bond), 1520 (aromatic C=C from PFP). 

 

 

Figure 8.3.6. (A) 1H-NMR spectra (400 MHz) and (B) 19F-NMR spectra (376 MHz) of perfluorophenyl 4-(pyren-1-

yl) butanoate in CDCl3.  
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8.3.7 Synthesis of N-(6-aminohexyl)-4-(pyren-1-yl) butanamide (APB) 

 

 

Scheme 8.3.7. The synthesis route of N-(6-aminohexyl)-4-(pyren-1-yl) butanamide (APB). 

  

In a round flask, 1,6-hexamethylenediamine (2.04 g, 17.5 mmol, 20 eq) and TEA (0.24 mL, 1.75 

mmol, 2 eq) were dissolved into 10 mL THF, and then perfluorophenyl 4-(pyren-1-yl) butanoate 

(0.4 g, 0.88 mmol, 1.0 eq) was dissolved in 2 mL THF and added dropwise. The mixture was stirred 

overnight at ambient temperature, and then THF was removed under reduced pressure. The residue 

was re-dissolved in 50 mL of DCM and washed by water (3 x 10 mL). The combined organic solvent 

was dried with anhydrous MgSO4 and then condensed under reduced pressure. Final product was 

obtained as a yellow powder after being dried under vacuum at 45 °C (240 mg, yield 70.6 %). 

1H-NMR (400 MHz, DMSO-d6, δ in ppm): 8.48 – 7.88 (m, 9H, pyrene group), 3.33 – 3.29 (m, 2H, 

–CH2–pyrene), 3.06 (dd, 2H, –CH2–CH2–pyrene), 2.50 – 2.47 (m, 2H, –CH2–NH2), 2.23 (t, 2H, –C(O)–

NH–CH2), 2.08 – 1.96 (m, 2H, –CH2–CH2–pyrene), 1.44 – 1.37 (m, 2H, –CH2–CH2–NH2), 1.35 – 1.20 

(m, 6H, –(CH2)3–(CH2)2–NH2). 

 

Figure 8.3.7. 1H-NMR spectra (400 MHz) of N-(6-aminohexyl)-4-(pyren-1-yl) butanamide (APB) in DMSO-d6.  
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8.3.8 Synthesis of poly((3-Acrylamidopropyl) trimethylammonium chloride) (PAMPT) 

 

Scheme 8.3.8. The synthesis route of poly((3-Acrylamidopropyl) trimethylammonium chloride) (PAMPT). 

AMPTMA (4.8 mmol, 1.34 g) was dissolved into 2 mL of anhydrous DMSO in a Schlenk tube, and then 

degassed three times by freeze-chawing method. Afterwards, CuBr (0.048 mmol, 6.88 mg) and PMDETA 

(0.096 mmol, 16.6 mg) was added into the Schlenk tube quickly when the mixture was in freeze state. The 

Schlenk tube was further degassed three times to remove the oxygen inside. Meanwhile, initiator ABIB 

(0.04 mmol, 14.4 mg) dissolved into 1 mL of anhydrous DMSO was degassing under N2 flow and then 

transferred into Schlenk tube to start the reaction. The whole mixture was stirred at 70 ℃ for 20 h. 

1H NMR (400 MHz, D2O, δ in ppm): 3.49 – 3.09 (m, 13H, repeating units from AMPTMA), 2.13– 1.70 

(m, backbone of PAMPTMA and –CH2–CH2–N(CH3)3), 1.12 (d, 12H, from ABIB). 

 

Figure 8.3.8. 1H-NMR spectra (400 MHz) of poly((3-Acrylamidopropyl) trimethylammonium chloride) (PAMPTMA) 

in D2O.  
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8.3.9 Synthesis of poly(N,N-dimethyl acrylamide-co-pentafluorophenyl acrylate) (P(DMA-co-

PFPA)) (P1) 

 

 

 

 

Scheme 8.3.9. The synthesis route of poly(N,N-dimethyl acrylamide-co-pentafluorophenyl acrylate) (P(DMA-co-

PFPA)) (P1). 

Pentafluorophenyl acrylate (PFPA) was synthesized according to a previously published procedure. 

Accordingly, hydrophilic copolymer P(DMA-co-PFPA) was synthesized via typical RAFT 

polymerization. Briefly, N,N-Dimethyl acrylamide (20 mmol, 2.0 g), pentafluorophenyl acrylate 

(2.2 mmol,0.534 g), RAFT agent CDTPA (0.075 mmol, 30 mg), AIBN (0.0075 mmol, 1.2 mg) and 

6 mL of dried 1,4-dioxane was added into a pre-dried Schlenk tube. The mixture was degassed three 

times through freeze-thawing cycles. Subsequently, the Schlenk tube was transferred into pre-heated 

oil bath at 70 °C and stirred for additional 16 h. The reaction was terminated by cooling down in 

liquid nitrogen, and then exposure to air. The crude copolymer was purified via precipitation from 

THF into ice cold n-hexane three times. The final product was dried under vacuum at 45 °C 

overnight (2.3 g, yield 92 %). 

1H-NMR (400 Hz, CDCl3, δ in ppm): 3.18–2.76 (d,7H, –CH2–CH– from the backbone of PPFPA 

and –N(CH3)2 from the side chain of PDMA), 2.75–2.54 (s, 1H, –CH2–CH– in the backbone of 

PDMA), 2.0–1.0 (m, 2H, –CH2–CH– in the backbone of PPFPA and PDMA), 0.88 (t, 3H, –CH3 

from CTA).  

19F-NMR (377 MHz, CDCl3, δ in ppm): -152.54 (ortho), -157.44 (para), -162.05 (meta) from 

PPFPA. 

GPC: Mn, GPC = 2.32 × 104 g mol-1, Mw/Mn =1.44. 
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8.3.10 Synthesis of poly(N,N-dimethyl acrylamide-co-aminohexyl pyren-butane acrylamide-co-

methylphenylboronic acid acrylamide) (P(DMA-co-APB-co-PBA)) (P2) 

 

 

 

Scheme 8.3.10. The synthesis route of poly(N,N-dimethyl acrylamide-co-aminohexyl pyren-butane acrylamide-co-

methylphenylboronic acid acrylamide) (P(DMA-co-APB-co-PBA)) (P2). 

 

P(DMA-co-APB-co-PBA) (P2) was synthesized via sequential post-polymerization modification 

process. Briefly, P(DMA-co-PFPA) (1.0 g, containing 1mmol PPFPA) was dissolved into 6 mL 

anhydrous DMF in a vial. To this, N-(6-aminohexyl)-4-(pyren-1-yl) butanamide (APB) (115.8 mg, 

0.3 mmol) in 1 mL dry DMF was added, followed by 0.15 mL TEA. The vial was sealed with rubber 

septum and placed into pre-heated oil bath at 45 °C. After 6 h, an excess of (4-aminomethylphenyl) 

boronic acid hydrochloride (PBA) (190.5 mg, 1.05 mmol) was dissolved into 1 mL dry DMF and 

added into the reaction mixture. Subsequently, the mixture was stirred overnight at 45 °C. After that, 

the copolymer was purified via dialysis against MeOH for 24 h, and DI water, respectively, for 

another 24 h. The final product was isolated as a pale yellow solid after lyophilisation (850 mg, 

yield 85%).  

1H-NMR (400 Hz, CDCl3, δ in ppm): 8.30–7.86 (m, 9H, pyrene group), 7.85–7.67 (s, 2H, Ar–

B(OH)2), 7.28–7.18 (s, 2H, Ar–B(OH)2), 3.37–3.21 (s, 2H, –NH–CH2-Ar), 3.18–2.76 (d, 6H, –

N(CH3)2 from the side chain of PDMA), 2.75–2.0 (m, 1H, –CH2–CH in the backbone), 2.0–1.0 (m, 

2H, –CH2–CH– in the backbone). 

FT-IR: ν (cm-1): 3433 (broad, ν-OH- in Ar-B(OH)2), 1720 (ν-C=O- in pendent N-(6-aminohexyl)-4-

(pyren-1-yl) butanamide (APB) moieties).  

 

GPC: Mn, GPC = 2.69 × 104 g mol-1, Mw/Mn =1.40. 
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8.3.11 Synthesis of poly(N,N-dimethyl acrylamide-co-ethyl diacrylate-co-isopropylidene ethyl 

acrylate) (P(DMA-co-EDA-co-IPA)) 

 

 

 

Scheme 8.3.11. The synthesis route of poly(N,N-dimethyl acrylamide-co-ethyl diacrylate-co-isopropylidene 

ethyl acrylate) (P(DMA-co-EDA-co-IPA)). 

P(DMA-co-EDA-co-IPA)) (P2) with the designated molar feeding ratio of EDA: IPA = 30: 70 was 

synthesized via two-steps transesterification modification. Firstly, P(DMA-co-PFPA) (1 g, 

containing 1 mmol PPFPA) was dissolved into 6 mL of dry DMF in a vial, followed by adding with 

DMAP (97.7 mg, 0.8 mmol, 0.8 equiv. of PPFPA). Then, 2-hydroxyethyl acrylate (34.8 mg, 0.3 

mmol, 0.3 equiv. of PPFPA) dissolved in 1 mL of dry DMF was added into the vial. The mixture 

was stirred for 12 h at 80 ℃. After that, a slight excess of isopropylideneglycerol (118.9 mg, 0.9 

mmol, 0.9 equiv. of PPFPA) dissolved in 1 mL of dry DMF was added and the mixture was stirred 

for another 15 h at 80 ℃. Afterwards, a small amount of the mixture was withdrawn and dialysis 

against to DI water directly for two days for characterization and this P2 sample was obtained as a 

pale yellow solid after lyophilization. The remaining parts of the mixture were immediately exposed 

to the deprotection (see below). P(DMA-co-EDA-co-IPA)) (P2) with other molar ratio of EDA: IPA 

was synthesized by the same procedure. 

1H NMR (400 MHz, CDCl3, δ in ppm): 6.38 (d,1H, CH2=CH–), 6.17–5.98 (m, 1H, CH2=CH–), 5.86 

(d, 1H, CH2=CH–), 4.74–3.53 (m, 9H, –O–CH2–CH2–O– from PEDA, –C(O)O–CH2–, –CH2–

CH(O)–, –CH(O)–CH2– from PIPA), 3.34–2.73 (m, 6H, –N(CH3)2 from PDMA), 2.62 (s, 1H, –

CH2–CH– in the backbone of PDMA), 2.40–1.05 (m, 16H, –CH3 from PIPA, –CH2–CH3 from CTA, 

–CH2–CH– in the backbone of PDMA, PEDA and PIPA), 0.88 (t, 3H, –CH3 from CTA).  

FT-IR: ν (cm-1): 1720 (νO=C-O- in PEDA and PIPA) 

GPC: Mn, GPC = 1.12 × 104 g mol-1, Mw/Mn =1.89 
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8.3.12 Synthesis of poly(N,N-dimethyl acrylamide-co-ethyl diacrylate-co-dihydroxypropyl 

acrylate) (P(DMA-co-EDA-co-DHA)) (P3) 

 

 

 

Scheme 8.3.12. The synthesis route of poly(N,N-dimethyl acrylamide-co-ethyl diacrylate-co-dihydroxypropyl 

acrylate) (P(DMA-co-EDA-co-DHA)) (P3). 

 

The remaining DMF solution of P2 was transferred into 50 mL round flask and mixed with 8 mL of 

1M HCl solution. The whole mixture was stirred overnight at room temperature. The final product 

(P(DMA-co-EDA-co-DHA)) (P3) was purified via dialysis against DI water for 2 days and obtained 

as a pale brown solid after lyophilization (820 mg, yield: 82%).   

1H NMR (400 MHz, CDCl3, δ in ppm): 6.38 (d,1H, CH2=CH–), 6.17–5.98 (m, 1H, CH2=CH–), 5.86 

(d, 1H, CH2=CH–), 4.74-3.53 (m, 11H, –O–CH2–CH2–O– in PEDA, –C(O)O–CH2–, –CH2–

CH(O)–, –CH(O)–CH2–, –OH from PDHA), 3.34 to 2.73 (m, 6H, –N(CH3)2 from PDMA), 2.62 (s, 

1H, –CH2–CH– in the backbone of PDMA), 2.40 – 1.05 (m, 10H, –CH2–CH3 from CTA, –CH2–

CH– in the backbone of PDMA, PEDA and PDHA), 0.88 (t, 3H, –CH3 from CTA). 

FT-IR: ν (cm-1): 3433 (broad, ν-OH- in PDHA), 1720 (νO=C-O- in PEDA and PDHA). 

GPC: Mn, GPC = 1.98 × 104 g mol-1, Mw/Mn =1.52. 

 

8.3.13 Synthesis of thiol-terminated Pluronic F127 (PF127-SH) 

 

 

Scheme 8.3.13. The synthesis route of thiol-terminated Pluronic F127 (PF127-SH). 
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Thiol-terminated Pluronic F127 (PF127-SH) was synthesized according to a published procedure.254 

Briefly, 3-mercaptopropionic acid (2.13 g, 20 mmol), Pluronic F127 (12.5 g, 1 mmol), p-

toluenesulfonic acid monohydrate (0.384 g, 2 mmol), DTT (1.54 g, 10 mmol) were dissolved in 200 

mL of dry toluene in a round flask equipped with a Dean-Stark trap and an air condenser. The 

mixture solution was refluxed for two days at 140 ℃ until no water was evolved in the Dean-Stark 

trap. Afterwards, toluene was removed under reduced pressure. The residue was re-dissolved in 150 

mL DCM, and washed by saturated saline (three times, 50 mL for each). The combined organic 

solvent was dried with anhydrous MgSO4, condensed and then precipitated into 300 mL cold ethyl 

ether. The final product was obtained as white powder after being dried in a vacuum oven at 45℃ 

(10 g, yield: 84.6%). 

1H NMR (400 MHz, CDCl3, δ in ppm): 4.24–4.17 (m, 2H, –CH2–OC(O)–), 3.79–3.70 (m, 2H, –

CH2–CH2–OC(O)–), 3.58 (s, 4H, –O–CH2–CH2–O– in the PEO repeating units), 3.53–3.42 (m, 2H, 

–CH2–CH(CH3)– in PPO repeating units), 3.36–3.28 (m, 2H, –CH2–CH(CH3)– in PPO repeating 

units), 2.75–2.68 (m, 2H, –CH2–CH2–SH), 2.65–2.58 (m, 2H, –CH2–CH2–SH), 1.62 (t, 1H, –SH), 

1.10–1.03 (m, 3H, –O–CH2–CH(CH3)– in PPO repeating units). 

FT-IR: ν (cm-1): 1740 (C=O ester bond). 

 

 

Figure 8.3.13.  1H-NMR spectra (400 MHz) of thiol-terminated Pluronic F127 (PF127-SH) in CDCl3.  
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8.3.14 Synthesis of 2,2′-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB) 

 

 

 

Scheme 8.3.14. The synthesis route of 2,2‘-(1,4-phenylene)-bis [4-mercaptan-1,3,2-dioxaborolane] (BDB). 

 

1,4-phenylenediboronic acid (3 g, 18.1 mmol, 1.00 eq.), 1-thioglycerol (4.01 g, 37.0 mmol, 2.04 eq.) 

and magnesium sulfate (5 g, 41.5 mmol, 2.3 eq.) were dissolved in the mixed solvent of 80 mL of 

tetrahydrofuran and 0.1 mL of water. The mixture was stirred at room temperature overnight, filtered 

and then concentrated under reduced pressure. The final product was obtained as white solid after 

being repeatedly washed with DCM and dried under vacuum oven at 45 ℃ (5.0 g, yield: 88%). 

 

1H NMR (400 MHz, CDCl3, δ in ppm): 7.75 (d, 4H, Ar), 4.66 (dq, 2H, –O–CH(CH2)–), 4.41 (dd, 2H, –O–

CH(CH2)–O–), 4.10 (dd, 2H, –O–CH(CH2)–O–), 2.73 (dd, 4H, –O–CH(CH2)–SH), 1.41 (t, 2H, –SH). 

 

 

 
Figure 8.3.14. 1H-NMR spectra (400 MHz) of 2,2‘-(1,4-phenylene)-bis [4-mercaptan- 1,3,2-dioxaborolane] 

(BDB) in CDCl3. 
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8.3.15 Synthesis of (pentafluorophenyl)methyl acetate (PFPMA) 

 

 

Scheme 8.3.15. The synthesis route of (Pentaflurophenyl)methyl acetate (PFPMA). 

 

Acetic acid (0.54 g, 9 mmol, 3.2 eq), pentafluorobenzyl bromide (0.73 g, 2.8 mmol, 1.0 eq) and 

potassium carbonate (0.83 g, 6 mmol, 2.1 eq) were dissolved into 50 mL of anhydrous acetone. 

Afterwards, the mixture was refluxed at 60 ℃ for 24 h, filtrated and condensed in a rotavaporator. 

The crude product was then re-dissolved into 30 mL of n-hexane, and washed by water (three times, 

10 mL for each). The final product was obtained as pale yellow liquid after removing n-hexane under 

reduced pressure. 

1H NMR (400 MHz, CDCl3, δ in ppm): 5.12 (t, 2H, –CH2–C6F5), 2.06 – 1.91 (m, 3H, –O–C(O)CH3). 

19F-NMR (376 MHz, CDCl3, δ in ppm): -141.96 – -142.37 (ortho), -152.87 (para), -161.71 – -162.06 

(meta). 

 

 

 
Figure 8.3.15. (A) 1H-NMR spectra (400 MHz) and (B) 19F-NMR spectra (376 MHz) of 

(Pentaflurophenyl)methyl acetate (PFPMA) in CDCl3. 
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8.3.16 Synthesis of tris((perfluorophenyl)methyl) propane-1,2,3-tricarboxylate (3PFB) 

 

Scheme 8.3.16. The synthesis route of (tris((perfluorophenyl)methyl) propane-1,2,3-tricarboxylate (3PFB). 

 

Cs2CO3 (17.5 mmol, 6.174 g, 5.00 eq.) was dispersed in dry 12 ml of dry DMF and degassed with nitrogen 

for 30 min. Afterwards, tricarballylic acid (3.50 mmol, 0.616 g, 1.00 eq.) was dissolved in 2 mL of dry DMF 

and added into the mixture under nitrogen atmosphere. After degassing for another 30 minute, 2,3,4,5,6-

pentafluorobenzyl bromide (11.3 mmol, 1.7 mL, 3.2 eq.) was added and the whole mixture was stirred 

overnight at room temperature. Afterwards, the mixture was filtered, diluted with 20 mL water and extracted 

with DCM (3 times, 20 mL for each). The combined organic phases were washed by saturated saline (three 

times, 20 mL each), dried over anhydrous MgSO4 and then condensed under reduced pressure. The crude 

product was purified by column chromatography (gradient DCM) to provide final product as a clear oil (1.5 

g, yield: 60%). 

1H NMR (400 MHz, CDCl3, δ in ppm): 5.28 – 5.16 (m, 6H, –O–CH2), 3.29 (p, 1H, CH), 2.80 (dd, 2H, –

CH2–COO), 2.66 (dd, 2H, –CH2–COO). 

19F NMR (376 MHz, CDCl3, δ in ppm): -142.00 (m, 2F, ortho), -152.20 (m,1F, para), -161.54 (m, 2F, meta). 

 

 

Figure 8.3.16. (A) 1H-NMR spectra (400 MHz) and (B) 19F-NMR spectra (377 MHz) of 

tris((perfluorophenyl)methyl) propane-1,2,3-tricarboxylate (3PFB) in CDCl3. 



109 
 

8.4 Fabrication procedures 

 

8.4.1 Preparation of Py-β-CD/SWCNTs hybrids (Chapter 4) 

Py-β-CD (50 mg) and SWCNTs (10 mg) were dissolved in 20 mL 0.1M NaOH, followed by 

sonication for 4 h. The supernatant was then loaded into a dialysis bag (MWCO 8000), dialyzed 

against 0.1 M NaOH for a week to remove excess free Py-β-CD. The Py-β-CD/SWCNTs hybrids 

were obtained after lyophilization for two days.  

 

8.4.2 Preparation of hydrogels based on non-covalent interactions (Chapter 4) 

Py-β-CD/SWCNTs hybrids (10 mg) and Polycations (poly((3-Acrylamidopropyl) 

trimethylammonium chloride) (PAMPT)) with adamantane end-group (200 mg) were dissolved into 

2 mL DI water, and stirred overnight to prepare the inclusion complexes between cyclodextrin an 

adamantane moieties. After that, anionic monomer sodium 4-vinylbenzenesulfonate (NaSS, 1 g) 

was added into the mixture solution, followed by the in-situ polymerization initiated with 

ammonium persulfate (APS, 20 mg) and accelerator N,N,N′,N′-tetramethylethylenediamine 

(TMEDA, 0.1 mL). Hydrogel was formed within 5 minutes at room temperature under vigorous 

stirring.  

 

8.4.3 Preparation of hydrogels based on boronate ester bonds (Chapter 4)  

100 mg copolymer P2 (containing ~ 11.6 mg, 0.03 mmol N-(6-aminohexyl)-4-(pyren-1-yl) 

butanamide (APB)) was dissolved in 0.9 mL purified DI water in a vial with different amount of 

SWCNTs (3, 6, 9 and 12 mg, respectively). The vial was sonicated for 20 min to evenly disperse 

CNTs in the aqueous media. Afterwards, 600 mg of PVA solution (10 wt%) was added, and the 

mixture was stirred heavily until gelation was observed. The final concentration of SWCNTs was 

2, 4, 6, and 8 mg/mL, responsively. 

 

8.4.4 Complex hyperbranched sample preparation for 1H-NMR (Chapter 5) 

A dilute solution of P(DMA-co-EDA-co-DHA) (P3, 20 mg, containing 0.006 mmol CH2=CH–) and 

PF127-SH (38 mg, containing 0.0061 mmol SH) was prepared by dissolving the polymers into 1 
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mL DI water, then borax solution (0.1M, 0.024 mL) was added dropwise into the mixture solution. 

The whole mixture solution was stirred for 30 minutes at room temperature and then reaction was 

quenched immediately in liquid nitrogen. The solution was lyophilized for 24 h, afterwards, 20 mg 

of the mixture was withdrawn and dissolved into CDCl3 to perform 1H-NMR measurements. 

 

8.4.5 Preparation of hydrogels under the catalyst of borax (Chapter 5) 

Hydrophilic copolymer (P(DMA-co-EDA-co-DHA)) (P3) (100 mg, containing around 0.03 mmol 

CH2=CH– and 0.07 mmol 1,2-diols groups) and PF127-SH (190 mg, containing 0.03 mmol –SH 

group) were dissolved in 1 mL ice cold water to form a homogenous solution. Afterwards, 0.12 mL 

of 0.1 mol/L borax solution was added dropwise into the polymer solution under vigorous stirring 

at room temperature. Final hydrogels with 20 wt% solid content formed within two minutes. Other 

hydrogel samples were prepared through the same procedure. 

 

8.4.6 General procedure for the PFTR model reactions (Chapter 6) 

PFPMA (52.8 mg, 2.2 mmol, 2.2 eq.) and the base (DBU, TBD or DBN, 2.2 mmol, 2.2 eq.) were dissolved 

in 0.3 mL THF-d8 to form mixed solution, then BDB (31.0 mg, 1.0 mmol, 1.0 eq.) dissolved in 0.1 mL THF-

d8 was added dropwise into the mixture. The whole mixture was then utilized for further characterizations.  

 

8.4.7 Synthesis of cross-linked network via PFTR reaction (Chapter 6) 

In a vial, 3PFB (72 mg, 0.3 mmol in PFB, 1.0 eq.) and DBU (49.5 µL, 0.31 mmol, 1.1 eq.) were dissolved 

in 0.2 mL THF. Afterwards, the cross-linker BDB (72 mg, 0.45 mmol in thiol, 1.5 eq.) was dissolved in 0.1 

mL THF and added dropwise into the aforementioned solution. The organic gel formed immediately after 

the addition of the BDB solution, hence requiring adequate stirring. The fresh gel was removed from the 

vial, washed with THF and then dried under vacuum oven at 45 ℃. 

 

8.4.8 Hot-press for the reprocessing procedure (Chapter 6) 

Hot-processing was operated on a HKP300 hot presser. Samples were first cut into small pieces or grind 

into a power, and then loaded into a I.D. = 13 mm mold connected with a vacuum pump. The sample was 

finally compressed into 1 mm thick disks at 60 °C under a pressure of 10 MPa for 10 min. 
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Appendix 

 

A. Abbreviations 

 

 

ABIB     1‐Adamantyl 2‐bromoisobutyrate 

 

Ad       Adamantane 

AIBN        2,2’-Azobis(2-methylpropionitrile) 

 

3-AMPBA 3-Aminophenyboronic acid 

AMPTMA   (3-Acrylamidopropyl) trimethylammonium chloride solution 

 

APB N-(6-aminohexyl)-4-(pyren-1-yl) butanamide 

APS      Ammonium persulfate 

ARS Alizarin Red S 

ATRP                           Atom transfer radical polymerization 

ATR-IR Attenuated total reflection-infrared spectroscopy 

BDB 2,2′-(1,4-Phenylene)-bis [4-mercaptan- 1,3,2-dioxaborolane] 

  

BPO Benzoyl peroxide  

Bpy   2,2’-Bipyridine    

CAN Covalent adaptable network 

CD Cyclodextrin 

CDCl3 Chloroform, deuterated 

β-CD-NH2                    Mono-6-dexoy-6-(p-ethylenediamine)-β-CD 

CDTPA 4-Cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid 
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β-CD-OTs                    Mono-6-dexoy-6-(p-tolysulfonyl)-β-CD 

CNT Carbon nanotube 

Cs2CO3 Cesium carbonate 

CTA       Chain transfer agent 

CuAAC   Copper catalyzed azide-alkyne cycloaddition 

 

CuBr    Copper(I) bromide  

DA reaction Diels-Alder reaction 

DBU 1,8- Diazabicyclo[5.4.0]undec-7-ene   

DBN   1,5-diazabicyclo[4.3.0]non-5-ene 

DCC N,N′-Dicyclohexylcarbodiimid    

 

DCM Dichloromethane 

DI water                       Deionized water 

DMA N,N-Dimethyl acrylamide 

DMAc Dimethylacetamine 

DMAP 4-(Dimethylamino) pyridine 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calometry 

DTT Dithiothreitol  

EDA Ethylendiamine 

FRP Free-radical polymerization 

FSWCNTs Functionalized single wall carbon nanotubes  
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FT-IR Fourier-transform infrared spectroscopy 

GPC Gel permeation chromatography   

HA Hyaluronic acid 

HCl Hydrochloric acid 

HEA 2- Hydroxyethyl acrylate 

HMTETA 1,1,4,7,10,10-Hexamethyltriethylenetetramine 

HOBt Hydroxybenzotriazol Hydrate 

K2CO3 Potassium carbonate 

LCR meter  Inductance (L), capacitance (C) and resistance (R) meter 

LVE Linear viscoelastic region 

Me6TREN Tris[2-(dimethylamino)ethyl]amine 

 

Mn   Number-average molar mass 

Mw    Weight-average molar mass 

MMA Methyl methylacrylate 

MgSO4 Magnesium sulfate 

NaOH Sodium hydroxide 

NaSS Sodium 4-vinylbenzenesulfonate 

NHS N-Hydroxysuccinimide 

 

NMP Nitroxide-mediated polymerization 

 

NMR Nuclear magnetic resonance 

NOESY Nuclear overhauser effect spectroscopy 

PAMPT Poly((3-Acrylamidopropyl) trimethylammonium chloride) 
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PBA Phenylboronic acid 

PBS Phosphate buffer solution 

PEG Poly(ethylene glycol) 

 

PEO Poly(ethylene oxide) 

PF127 Pluronic F-127 

PF127-SH Thiol-terminated Pluronic F127 

PFB Pentafluoro benzyl  

 

PFP Pentafluorophenyl 

 

PFPA Pentafluorophenyl acrylate 

PFTR Para-fluoro-thiol reaction       

PMDETA N,N,N’,N”,N”-Pentamethyldiethylenetriamine 

PPM Post-modification polymerization 

PVA Poly(vinyl alcohol) 

Py Pyrene 

Py-β-CD Mono-6-(2-pyrenebutylamino)-6-deoxy-β-CD 

RAFT Reversible addition-fragmentation chain transfer 

RDRP Reversible-deactivation radical polymerization 

SAOS Small amplitude oscillatory shear testing 

SDS Sodium dodecyl sulfate 

 

SEC Size exclusion chromatography 

 

SEM Scanning electron microscopy 

SWCNTs Single wall carbon nanotubes 
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TBD 1,5,7-Triaza-bicyclo-[4.4.0]dec-5-ene 

TEA Trimethylamine 

THF Tetrahydrofuran 

TMEDA N,N,N′,N′-tetramethylethylenediamine 

TMS Tetramethylsilyl group 

 

TPMA Tris[(2-pyridyl)methyl]amine 

TsCl p-Toluenesulfonyl chloride 

UPy 2-Ureido-4-pyrimidone 

UV-vis Ultraviolet-visible 
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B. Additonal figures of Chapter 4 

 

 

 

 

 

 

 

 

 

Figure B1. The 1H-NMR (400 MHz, in CDCl3) spectra of P(DMA-co-APB-co-PBA), i.e. P2, with detailed integral 

information. 
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Figure B2. The FT-IR spectra of perfluorophenyl 4-(pyren-1-yl) butanoate and N-(6-aminohexyl)-4-(pyren-1-yl) 

butanamide (APB). 

 

 

 

Figure B3. SEM image of the freeze-dried hydrogel formed at neutral pH, and micro-fibrils were highlighted in the 

red cycles. 
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C. Additonal figures of Chapter 5 

 

 

 

 

 

 

Figure C1. 1H-NMR spectra (400 MHz) of P(DMA-co-EDA-co-IPA), i.e. P2, with different ratios of EDA: IPA in 

CDCl3, respectively P2-1, P2-2, P2-3 and P2-4. 
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Table C1. The molar ratios of EDA : IPA as determined by 1H-NMR spectra in Figure C1 for P2, respectively P2-1, 

P2-2, P2-3 and P2-4. 

 

 

 

 

Table C2 Formulations for different specimens containing (P(DMA-co-EDA-co-DHA)) (P3) with different molar 

ratios of EDA : DHA  (P3-1, P3-2, P3-3 and P3-4 are the deprotection products of P2-1, P2-2, P2-3 and P2-4, 

respectively) and their corresponding gelation time. 
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Figure C2. 1H-NMR spectra (400 MHz) thiol-terminated Pluronic F127 (PF127-SH) in CDCl3 with detailed integral 

information. 

 

 

 

Figure C3. FT-IR spectra of thiol-terminated Pluronic F127 (PF127-SH, upper yellow line) and Pluronic F127 (PF127, 

bottom blue line).  
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Figure C4. Photograph showing the shape recovery of the hydrogel sample: original sample (a); stretched to around 

330 %; (c) after releasing the load for 30 min. 

 

 

 

Figure C5. Photograph showing the cut-and-heal tests on P(DMA-co-EDA-co-IPA) (P2, with designated molar ratio 

of EDA / IPA =30 : 70) based hydrogel. (a) disk-shaped samples with and without dye were prepared and cut into 

pieces; (b) two pieces were put into contact; (c) self-healing for 24 h; (d) the two segments failed to integrate into one 

after 24 h.  
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Additonal figures of Chapter 6 

 

Calculation of the conversion after the PFTR 

 

The conversion was calculated from 19F-NMR spectra by comparing the integral of parent ortho-, meta- and 

para-fluorine resonances with their corresponding ortho’- and meta’-fluorine resonances after PFTR (as 

shown in Figure D1) by using the following equation (1): 

 

𝐶𝑜𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑐) =
0.5 𝑚′

0.5 𝑚′ + 𝑝
=  

0.5 ∗ 11.34

0.5 ∗ 11.34 + 1
= 0.85 = 85%                                                                 (𝟏) 

 

Since the molar feeding ratio of PFB : thiol =1.1 : 1, the theoretical conversion was calculated to be 90.9%. 

Therefore, the experimental conversion was nearly equal to its theoretical one.  

 

 

 

Figure D1.  19F-NMR spectra (377 MHz) of the model reaction via DBU-catalyzed PFTR in THF-d8. 
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Figure D2. 1H-NMR spectra (400 MHz) of the model reaction by the catalyst of DBU (blue line), TBD (green line) 

and DBN (red line) in THF-d8, respectively. Insert pictures are the PFTR products in THF. From top to bottom, are 

the DBU, TBD and DBN catalyzed PFTR, respectively. Precipitation of a yellow gel occurred in TBD and DBN 

catalyzed PFTR, while the solution was transparent with the catalyst of DBU. 
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Figure D3. 19F-NMR spectra (377 MHz) of the model reaction by the catalyst of DBU (blue line), TBD (green line) 

and DBN (red line) in THF-d8, respectively. The resonance peaks were only identifiable for the DBU-catalyzed PFTR, 

while some additional peaks of TBD- and DBN-catalyzed products couldn’t be assigned due to the side reactions on 

ortho- and meta-fluorine positions. 

 

 

Figure D4. The solvent resistance tests of 3PFB-CN network. (A) the sample was immersed into a variety of organic 

solvent and (B) at room temperature after 24 h. The as-fabricated polymeric network wasn’t dissolved but swollen in 

common organic solvents, i.e. THF, DCM, Acetone, DMF, Ethyl acetate, but dissolved into the THF/Glycerol mixture 

solution. 
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