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Abstract 

 Engineered multifunctional polymers with stimuli-responsive and self-healing 

properties have drawn increasing attention in recent years for the development of “smart” 

materials with a broad range of applications. Hydrogen bonding, as one of the most 

developed approaches in supramolecular chemistry, has been extensively exploited for 

generating self-assembled structures and functional materials. However, the integration 

of on-demand multifunctionalities (e.g., excellent mechanical properties, sensitive 

response to external stimuli and rapid healing ability) in one platform still remains a 

challenge. Besides, the single-molecular level understanding of the interaction 

mechanism between hydrogen-bonding motifs, which plays a crucial role in developing 

desired hydrogen-bonded structures, is limited. In this thesis, a review of hydrogen-

bonded supramolecular materials and their properties is presented first, followed by three 

original studies regarding the development of multifunctional supramolecular materials 

(i.e., micelles, conductive composites, conductive hydrogels) based on a hydrogen-

bonding motif 2-ureido-4[1H]-pyrimidinone (UPy), and an original research elucidating 

the UPy dimerization mechanism is described as well. 

 Polymeric micelles with core-shell structures have been recognized as attractive 

platforms for drug delivery. In the first project, a thermo-responsive core cross-linked 

polymeric micelle was developed based on a double hydrophilic block copolymer of 

poly(ethylene glycol)-b-poly(N-isopropylacrylamide) (PEG-b-PNIPAm), with UPy 

functionality incorporated throughout PNIPAm block to direct the core cross-linking via 

self-complementary multiple hydrogen bonds. The PNIPAm core of the micelles 
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exhibited reversible thermo-sensitive swelling/shrinking behavior, where the stability and 

responsive properties of the obtained micelles with varying UPy side-group content were 

investigated by dynamic light scattering, atomic force microscopy and fluorescence 

spectroscopy. The temperature-controlled loading and release of pyrene molecules were 

demonstrated, indicating the potential of the synthesized micelles as drug carriers. 

 Flexible conductive materials, which mimic human skin’s functions, has gained 

special interest in the development of next-generation electronics. In the second project, 

an electrically conductive composite combining stretchability, self-healing, adhesiveness 

and sensing capability was prepared via a facial solution casting method, by triggering 

the in situ polymerization of pyrrole in a supramolecular polymer matrix cross-linked by 

UPy groups. The elastomer composite with the incorporation of 7.5 wt% conductive 

polypyrrole displayed a mechanical strength of 0.72 MPa with an elongation over 300%, 

and a complete self-healing of both mechanical and electrical properties was achieved 

within 5 min. Besides, the elastic material exhibited strong adhesiveness to a broad range 

of inorganic and organic substrates, which was further fabricated as a strain sensor for the 

successful detection of large and subtle human motions including finger bending and 

pulse beating. 

 In the third project, a novel type of multifunctional conductive polymer hydrogel 

was fabricated by incorporating UPy groups as cross-linking points into a conventional 

brittle polyaniline/poly(4-styrenesulfonate) (PANI/PSS) hydrogel, leading to a platform 

with the integration of high conductivity, excellent stretchability, injectability, and rapid 

self-healing capability. The formation of interpenetrating PANI/PSS network offered the 

hydrogel a superior conductivity of 13 S/m and a linear response (gauge factor=3.4) to 
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external strain (≈300%), exhibiting accurate and reliable detection of various human 

activities, including large motions of human body (e.g., finger and wrist bending) and 

subtle movements of muscles (e.g., swallowing, speaking, pulse beating). Taking 

advantage of the reversibility of the non-covalent cross-links, the hydrogels could be 

facilely molded into different shapes and injected from a needle, along with a complete 

self-healing within 30 s upon damage. 

 To further reveal the interaction mechanism of the hydrogen-bonding groups from 

a molecular perspective, in the fourth project, single-molecule force spectroscopy 

(SMFS) was employed to characterize the binding strength and dynamics of UPy-UPy 

dimers in aqueous environment, and the hydrophobic effect was investigated by tethering 

alkylene spacers of different lengths to the hydrogen-bonding moieties. The rupture force 

and unbinding energy of self-complementary UPy-UPy dimers were found to be 

remarkably enhanced with increasing spacer length, demonstrating cooperative effect 

between hydrogen bonding and hydrophobic interactions at the single-molecular level. In 

good agreement, molecular dynamics (MD) simulations on the interactions of UPy-UPy 

dimers also indicated higher structural stability with longer hydrophobic spacers. 

 This thesis work has developed three novel multifunctional supramolecular 

materials based on a multiple hydrogen-bonding motif UPy, and has elucidated the 

related hydrogen-bonding interactions at the single-molecule level. This work expands 

the applicability of hydrogen-bonding motifs to different multifunctional materials 

ranging from drug carriers to flexible electronics, providing new insights and approaches 

to the development of advanced functional materials based on multiple hydrogen bonds 

for diverse biomedical and engineering applications.  
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CHAPTER 1 Introduction  

1.1 Functional Supramolecular Polymers 

 Beyond conventional polymers generated by permanent covalent bonds, 

supramolecular polymers, which combine polymer science with supramolecular 

chemistry, are assembled from building blocks via reversible noncovalent interactions 

such as hydrogen bonding, metal-ligand coordination, ionic interactions, host-guest 

interactions, and π-π stacking,1-3 where the building units can be either low-molecular-

weight monomers or polymer chains.4,5 Compared to strong covalent interactions, the 

primary supramolecular binding motifs possess a broad range of binding strengths, as 

illustrated in Figure 1.1.6 The modulated strength and the directionality of the 

noncovalent connections allow the supramolecular polymers to exhibit characteristics of 

traditional polymers,7,8 and more importantly, their dynamic and reversible nature impart 

the resultant polymers capability to tune the structures and properties upon appropriate 

external stimuli.9,10 Taking advantage of these unique features, supramolecular polymers 

have emerged as a popular research area over the past three decades, with efforts spend 

on in-depth understanding of molecular interactions as well as development of advanced 

functional materials for practical applications in diverse fields.11 
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Figure 1.1. Schematic representations of some primary supramolecular binding motifs 

and their typical range of binding strength. 

 

1.1.1 Driving Forces  

1.1.1.1 Hydrogen Bonding  

 Hydrogen bonds ubiquitously exist in biological systems and hydrogen-bonding 

interactions play an essential role in various biological processes such as DNA pairing 

and protein folding.12 Owing to its affinity and reversibility, hydrogen bonding has 

evolved as one of the most developed approaches to generate synthetic supramolecular 

polymers.13 As single hydrogen bond is generally weak with binding energy in the range 
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of 10~25 kJ/mol,14 multiple hydrogen bonding groups, which can form triple, quadruple 

or sextuple hydrogen bonds within two complementary moieties, are favorable to direct 

the self-assembly of stable structures, due to their relatively high strength, excellent 

reversibility, and complementary recognition.15 The association strength between 

multiple hydrogen bonding units depends on the nature of donor (D)/acceptor (A), 

solvent, number of hydrogen bonds, and the arrangements of D/A sites. Figure 1.2 shows 

examples of several multiple hydrogen bonding groups and their association constants 

(Ka) in chloroform.16-19 The viscosity of hydrogen-bonded supramolecular polymers is 

generally reduced at elevated temperatures, rendering the materials thermo-

responsiveness and easy processability.  

 

Figure 1.2. Examples of supramolecular hydrogen-bonding motifs and their association 

constants in chloroform designed by (a) Binder et al.16 (b) Leigh et al.17 (c) Meijer et al.18 

(d) Zimmerman et al.19 

 

1.1.1.2 Metal-Ligand Coordination 

 Metal-ligand coordination offers variable binding energies as well as redox and 

photophyical properties, which has been widely used for the construction of metal-

organic frameworks and self-assemblies.20 Responsive, supramolecular materials 
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utilizing metal-ligand interactions are particularly attractive because the reversibility and 

physical properties of the coordination complexes can be facilely tuned by incorporating 

different metal ions and ligands.21 Rowan et al. reported a class of organic/inorganic 

hybrid materials self-assembled from telechelic rubbery polymers end-capped with 2,6-

bis(benzimidazolyl)-4-oxypyridine derivatives. The polymer chain was extended by 

forming complexes with a range of metal ions (e.g., Fe2+, Co2+, Zn2+, Cd2+).22,23 This 

concept of metallo-supramolecular polymers was also demonstrated by Schubert and 

coworkers, using terpyridine-functionalized building blocks and divalent metal ions to 

prepare switchable polymers via dynamic metal-ligand interactions.24 The coordination 

between Fe3+ and catechol ligands inspired by mussel adhesive proteins has attracted 

enormous attention, with the mono complex dominating at pH < 5.6, the bis complex at 

5.6 < pH < 9.1 and the tris complex at pH > 9.1, leading to “smart” materials with 

properties readily controlled by the pH of the surrounding environment.25  

1.1.1.3 Ionic Interactions 

 Ionomers are a class of polymers containing up to 15 mol% ionic groups along the 

polymer backbone.26 The ion pairs aggregate into discrete regions, which act as 

crosslinks exerting influence on the mechanical and physical properties of ionomers.27 

They are commonly used for commercial applications such as molded coatings, 

packaging films, and membranes in fuel cells.28 The reversible nature of ionic 

interactions leads to rearrangement of the clustered regions and contributes to the self-

healing behavior, which 

was demonstrated by projectile testing of poly(ethylene-co-methacrylic acid)-based 

ionomers.29 Besides, the mixing of oppositely charged polyelectrolytes can result in self-
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assembled hydrogels and coacervates with various applications in biomedical 

engineering.30  

1.1.1.4 Host-Gest Interactions 

 Macrocyclic host-gest complexation is formed via complementary shape and size 

recognition between the cavity of the macrocyclic host and the guest molecule, where the 

internal characteristics of the host provide noncovalent interactions (e.g., hydrophobic 

interactions, hydrogen bonds, van der Waals interactions) to bind the guest.10 Among 

various developed host-guest systems, two primary host molecules employed in 

supramolecular chemistry are cyclodextrins (CDs) and cucurbit[n]urils (CB[n]s).31,32 CDs 

consist of six to eight D-glucose units via α-1,4-glycosidic linkages, which possess a 

hydrophilic external surface to facility the solubility and a hydrophobic cavity to lock a 

variety of inorganic, organic or biological molecules.33 CDs have been incorporated into 

different polymeric systems to induce the formation of hydrogels, displaying temperature, 

pH, and redox sensitivity.34 CB[n]s are built from glycoluril repeating units and exhibit 

higher binding strengths compared to CDs due to additional ion-dipole interactions.35 

Since the cavity of CB[8] is larger than the other derivatives, it can bind two guest 

molecules simultaneously, and the ternary complex provides a facile approach toward 

multicomponent systems.36  

1.1.1.5 π-π Stacking 

 π-π stacking interactions are the association between electronically 

complementary aromatic π systems, and play an important role in supramolecular 

chemistry.37 Computational studies on model compounds indicated that a “chain-folding” 

motif comprising two π-electron-deficient diimide units separated by a triethylenedioxy 
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linking unit provides an ideal stereoelectronic center for binding complementary π-

electron-rich aromatic groups.38 Since the strength and directionality of π-π stacking 

usually decrease in nonpolar solvents, an effective strategy to generate stable 

supramolecular assemblies is to combine π-π stacking and other noncovalent interactions 

in one system. For example, by blending a chain-folding polyimide with a low-

molecular-weight polyurethane with pyrenyl end-groups, a tough and elastomeric 

material was produced. The polymer network contained both hydrogen bonding moieties 

(ureas and urethanes) and complementary π-π stacking residues, showing significant 

enhancement of tensile modulus and its mechanical properties could be repeatedly 

regained at elevated temperature.39 

1.1.2 Supramolecular Architectures 

1.1.2.1 Linear Polymers 

 When monomers or polymers are end-functionalized with supramolecular binding 

motifs, which are referred to as “ditopic monomeric species”, supramolecular linear 

polymers are formed through the recognition of the self-complementary (AA type) or 

hetero-complementary (AB type) units, and their structures are determined by both the 

recognition type and the monomer features.40 Homopolymers are generally produced 

from a single monomer modified with AA type groups, while different kinds of 

monomers functionalized with AB type units can lead to head-to-tail connections for the 

construction of alternating copolymers and block copolymers.41 The degree of 

polymerization is mainly dependent on the binding strength of the end groups and 

affected by the surrounding environment.42 Besides, the stacking and aggregation of the 

functional motifs can induce rod-like or wormlike structures. For instance, the discotic 
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liquid crystals were assembled by the stacking of planar aromatic cores with flexible 

alkyl side chains dissolved in the solvents.43  

1.1.2.2 Dendrimers and Hyperbranched Polymers 

 Supramolecular dendritic polymers, which are formed via the identical 

recognition of the dendritic building blocks, possess numerous terminals and weak 

intermolecular entanglement, exhibiting unique physiochemical properties such as low 

viscosity and high solubility.44 Compared to conventional dendrimers, the self-assembly 

process in the supramolecular dendritic polymers allows facile synthesis and switchable 

structures in response to external stimuli. However, the uniform topology of the dendritic 

structure is difficult to achieve due to the dynamic nature of the noncovalent 

interactions.3 Hyperbranched polymers are commonly utilized in biomedical applications, 

especially drug delivery systems, attributed to their highly branched globular morphology 

and abundant inner cavities. Host-guest interactions have been extensively applied for the 

preparation of hyperbranched polymers, where the supramolecular polycations 

constructed by the recognition between adamantane and CDs were able to show high 

DNA condensation ability and gene transfection activity.45  

1.1.2.3 Three-Dimensional (3D) Networks 

 When polymer building blocks are connected via the noncovalent interactions 

between the side groups or main chains, supramolecular 3D networks are established 

with a combination of the properties gained from the polymer units and the reversible 

cross-linking.46 Phase separation can be detected in the supramolecular networks due to 

the stacking, clustering and crystallization of the cross-linking points.47 Based on the 

dynamics of the utilized supramolecular interactions, the macroscopic properties of the 
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prepared materials can be readily modulated by various stimuli such as temperature, pH, 

light and electric/magnetic field, suggesting their potential application in diverse fields. 

For example, pH-sensitive hydrogen-bonded hydrogels were developed as carriers for 

anti-cancer drugs which could be delivered at the acidic tumor sites, 48 and shape-

memory materials were facilely fabricated by incorporating supramolecular cross-linking 

into a permanently bonded network.49 

1.1.3 Properties and Functions  

1.1.3.1 Stimuli-Responsive Materials 

 Most supramolecular interactions tend to be weakened at elevated temperatures, 

resulting in a reduced viscosity of the resultant supramolecular polymers, which endows 

thermoplasticity and thermo-responsiveness to the materials.46 When 

CB[8]/viologen/naphthoxy complex served as the cross-linking in a hydrogel system, the 

hydrogel could undergo reversible sol-gel transition during heating/cooling cycles with 

tunable microstructures.50 A photo-switchable hydrogel was fabricated by inclusion 

complexation between γ-CD and two accommodated coumarin units. Due to the 

reversible photo-dimerization/cleavage of the coumarin, the mechanical property of the 

hydrogel was controlled by UV radiation as well as temperature.51 Catechol-metal and 

catechol-boronate complexations have been applied for the design of pH-responsive 

materials, and the hydrogels based on phenylborate esters were demonstrated to display 

responsiveness to monosaccharides such as glucose, galactose, and fructose.52,53 Owning 

to the redox-responsive properties of metal ions, the supramolecular polymers linked by 

the coordination between ditopic ligands and copper ions exhibited a modulated degree of 
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polymerization and viscosity, which were dependent on the oxidation state of the copper 

ions.54  

1.1.3.2 Self-Healing Materials  

 One of the most fascinating properties of biological systems is that they can repair 

damages inflicted by external stimuli autonomously,55 which is rarely achieved in 

synthetic polymeric systems. Inspired by nature, the development of self-healing 

polymers, which possess the ability to repair themselves after environmental attack, is 

currently an active field of study around the world.56-58 The self-healing polymers are 

expected to show significantly enhanced durability, making them promising candidates 

for applications susceptible to damage or in poorly accessible areas.59 Figure 1.3 shows 

the common healing principle of self-healing polymers. Physical damage to polymers 

will result in chain cleavage and/or slippage and subsequently form reactive chain ends. 

If these end groups are stable in the environment and can be brought into contact by 

rearrangements of polymer chains, the bonds will reform and repair the polymer 

network.60 Therefore, the two essential elements for self-healing process are the 

reversibility of reactive groups and the mobility of polymer chains.61 Taking advantage of 

the dynamic nature of the noncovalent bonds, the polymers assembled by supramolecular 

interactions hold great promise for the fabrication of self-healing materials.  

 
Figure 1.3. Schematic representation of the damage-repair process in self-healing 

polymers. 
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 A serious of self-healing poly(acrylic acid) hydrogels were developed via facial 

free radical polymerization containing both covalently and ionically crosslinked 

networks.62 The covalent crosslinking of polymers provided mechanical support to 

sustain the shape of the hydrogels, while the autonomous self-healing of the hydrogel was 

achieved through the dynamic ionic bonding between ferric ions and carboxylic groups. 

The remarkable self-healing property of the metallo-hydrogels could be nicely modulated 

by changing the chain length of the amphiphiles and the type of metal ions. The unique 

physical and chemical interactions offered by catechol groups have also been utilized for 

the design of self-healing materials, where the mixing of catechol-functionalized 4-arm 

PEG with a variety of trivalent metal ions (i.e., Fe3+, V3+, Al3+) led to a series of 

hydrogels with self-healing capability enabled by metal-ligand interactions.25,63 Moreover, 

in metal-free environments, self-healing ability could also be realized in catechol-

functionalized polyacrylate and polymethacrylate materials, which was mainly attributed 

to bidentate hydrogen bonding between catechol groups and facilitated by other physical 

interactions.64 An injectable hydrogel was prepared based on a thermo-responsive ABA 

tri-block copolymer consisting of catechol-functionalized poly(N-isopropylacrylamide) 

as A block and hydrophilic PEG as B block,65 of which the rapid self-healing property 

was contributed not only by hydrogen bonding but also aromatic interactions (i.e., 

quadrupolar interactions and π−π stacking) between the catechol moieties. 

 The universal design of self-healing supramolecular systems is based on the 

scission and reformation of weak supramolecular interactions rather than stronger 

covalent bonds. This concept provides an upper limit to the strength of these materials as 

there is a dilemma between bonding strength and self-healing ability.66 Up to now, most 
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healable supramolecular materials are soft elastomers with relatively low glass transition 

temperature (Tg). Supramolecular nanocomposites may offer a promising approach to 

enhancing the strength of the material by utilizing nanoscale particles67 or high aspect-

ratio fillers68 as the strengthening phase. This class of supramolecular composites remains 

self-healing properties offered by the supramolecular polymer matrix and has the 

potential to generate materials with useful engineering applications, especially for high-

modulus structural materials. 

1.2 Hydrogen-Bonded Supramolecular Polymers 

1.2.1 Hydrogen-Bonded Nanostructures 

 Phase segregation is an effective strategy to control the morphologies and 

properties of polymeric materials, where micelle-like phase segregation induced by 

clustering of hydrogen-bonding groups have been demonstrated to facilitate the 

intermolecular interaction and enhance the stability of the network.69 When common 

nucleobases (i.e., adenine, cytosine, guanine, thymine) were utilized as end-

functionalities of poly(tetrahydrofuran) (PTHF) macromonomers, the weak hydrogen-

bonding interactions and π-π stacking between the nucleobase ends aided them to 

aggregate into “hard” domains which were connected by “soft” PTHF chains (Figure 

1.4a). The phase separation differed in different solutions and were dependant on 

temperature.70  

 Lateral stacking hydrogen-bonding units can promote the formation of ordered 

structures such as nanofibers, nanotubes and nanorods.2 Through the association of 

bifurcated hydrogen bonds, urea moieties have been widely incorporated into polymeric 

systems to adjust their mechanical properties including strength, hardness and adhesion.71 
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As presented in Figure 1.4b, a thermoplastic elastomer was developed based on a block 

copolymer, which was composed of soft poly(ε-caprolactone) segments and hard blocks 

containing two urea groups separated by a spacer. When small molecules also consisted 

of bisureas were added into the system, these molecules would self-assemble into 

supramolecular ribbons together with the hard blocks by the stacking of bisureas, and the 

formed nanofillers showed very high aspect ratio with monodispersed diameters of 5~6 

nm, significantly enhancing the modulus and stiffness of the elastomer.72,73  

 

Figure 1.4. Schematic representation of (a) phase segregation in a hydrogen-bonded 

supramolecular network,70 (b) supramolecular nanofiller formed via hydrogen bonding 

between bisureas,72 (c) a helical architecture assembled by BTA with a combination of 

hydrogen bonding, π-π interactions, and solvophobic effects.74 Image was adapted and 

compiled from references 70, 72 and 74. 

 

 DNA is one of the most well-known hydrogen bonded systems famous for the 

“double helix” structure. The 3D conformation of DNA originates from the 

complementary recognition between appropriate nucleotides via hydrogen bonding, 

which allows two strands to bind with each other and store information.75 Helical 

architecture was also demonstrated by the self-assembly of C3-symmetrical benzene-



  Chapter 1 

13 

 

1,3,5-tricarboxamide (BTA), which consisted of a single benzene core and three side 

chains connected by hydrogen-bonded amides (Figure 1.4c).74 Chiral control of the 

discotic amphiphiles provided a facile method to regulate the shape and stack length of 

the columnar aggregates, suggesting great potential in the synthesis of enantiopure 

medicines.76 

 

1.2.2 Hydrogen-Bonded Self-Healing Materials  

 A variety of self-healing polymers have been developed by incorporating 

hydrogen-bonding functionalities. In 2007, Leibler and coworkers designed thermo-

reversible rubbers consisting of oligomers with multiple hydrogen bonding units.77 These 

polymers were obtained using a two-step synthetic route, where fatty acids from 

renewable resources were condensed with an excess of diethylenetriamine, followed by 

reactions with urea. It resulted in the formation of a hydrogen-bonded network with a 

mixture of oligomers containing a large number of different hydrogen bonding residues, 

as depicted in Figure 1.5. When the hydrogen-bonded material was plasticized by 

dodecane and cut with a razor, it could be autonomously repaired by bringing the 

fractured surfaces together at room temperature, since the non-associated -C=O groups of 

amide and the amine-functionalized ends on the fractured surfaces tended to link with 

each other when brought into contact. Quadruple hydrogen-bonding unit 2-ureido-4[1H]-

pyrimidinone (UPy) has become a preeminent motif in supramolecular chemistry since it 

was introduced by Meijer and coworkers,78 because it is self-complementary with high 

dimerization constant and readily accessible in a one-step reaction from inexpensive 

starting materials. As the dimerization of UPy groups is reversible and highly thermally 
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responsive,79 a number of UPy-based healable materials have been reported either by 

applying a heat trigger or contact pressure trigger.80 The functional hydrogen-bonding 

groups can be employed as telechelic ends, chain-extended segments or pendant groups 

to form diverse supramolecular architectures.81 The introduction of UPy groups to a 

series of polymers has led to corresponding thermally healable materials manufactured by 

Suprapolix, including polysiloxane, polyethers and polyesters.82 At elevated temperatures, 

rearrangement of hydrogen-bonding interactions could be achieved due to reduced 

viscosity of polymers, while autonomous self-healing at room temperature occurred in 

low Tg materials which showed a higher level of dynamics of the polymer chains.82 

Taking advantage of high segmental mobility of polymer matrix, UPy groups were 

incorporated as side chains into soft poly(n-butyl acrylate), where dynamic 

dissociation/dimerization occurred at room temperature with a binding lifetime of about 

1.2 seconds.83  

  

Figure 1.5. The hydrogen-bonded network of a self-healing rubber composed of a 

mixture of fatty diacids and triacids.77 Image was reproduced from reference 77. 

 

 To construct materials with higher modulus, Guan and coworkers produced 

multiphase supramolecular thermoplastic elastomers with a hydrogen-bonding brush 

polymer consisting of a polystyrene backbone with polyacrylic amide side chains.66 
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These polymers could self-assemble into a two-phase nanostructure due to the 

immiscibility of polystyrene and polar side groups. The polystyrene backbones collapsed 

as discrete “hard” domains, which were connected by “soft” polyacrylic amid pendant 

chains with multiple hydrogen-bonding sites. The low Tg (~5 °C) of polymer matrix 

facilitated the regeneration of hydrogen bonds at room temperature with healing 

efficiency of 92% after 24 hours. Another heterogeneous strategy to achieve self-healing 

was designed by Hentschel et al. with poly(n-butyl acrylate)-b-polystyrene (PBA-PS) 

end-functionalized with UPy groups.84 These multiphase supramolecular polymers 

retained the hard (PS) /soft (PBA) two-phase morphology with reversible hydrogen-

bonding moieties in the soft matrix, which combined stiffness of thermoplastic 

elastomers with dynamic healing capabilities. This concept can be applicable to a wide 

range of multi-phase polymers and various types of supramolecular motifs for the design 

of stiff, strong, and tough self-healing polymers. 

 Plasticizing reduces the Tg of material and increases the mobility of polymer 

chains.77 Hydrogel systems can be viewed as highly plasticized systems with water being 

the plasticizer and have the potential to show autonomous self-healing at room 

temperature. A permanently cross-linked hydrogel with self-healing property was 

developed by arming the hydrogel with acryloyl-6-aminocaproic acid (PA6ACA) side 

chains, which formed hydrogen bonds across two hydrogel interfaces through the amide 

and carboxylic functional groups (Figure 1.6a).85 The healing process could be switched 

on and off by the change of pH due to protonation/deprotonation of carboxyl groups, 

correlating with association/dissociation of hydrogen bonds. Campo et al. reported a 

thermally regulated self-healing random copolymer comprising 2-(dimethylamino)-ethyl 
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methacrylate (DMAEMA) and UPy-based monomers as shown in Figure 1.6b, 86 where 

the reversibility of multivalent UPy groups imparted self-healing ability to the hydrogel. 

A tough stimuli-responsive supramolecular hydrogel was obtained by incorporating Upy 

groups into poly(ethylene glycol) (PEG) main chain.87 As presented in Figure 1.6c, the 

bulk materials contain nanoscopic physical cross-links composed of UPy−UPy dimers. 

The hydrogen-bonding groups were embedded in segregated hydrophobic domains 

dispersed within the PEG matrix both in dry state and in water-swollen hydrogel. As UPy 

groups were shielded by isophorone spacers, they formed strong hydrogen-bonded arrays 

offering the gel elasticity and recovery of mechanical properties after deformation.  

 

Figure 1.6. Hydrogen-bonded self-healing hydrogels. (a) pH-regulated self-healing 

mechanism of PA6ACA hydrogel.85 (b) Chemical structure of poly(DMAEMA-co-UPy) 

and the dynamic dimerization of UPy moiety.86 (c) Chemical structural of PEG-UPy 

chain-extended polymers and illustrative depiction of hydrogel morphology.87 Image was 

reproduced and compiled from references 85, 86 and 87. 

http://www.sigmaaldrich.com/materials-science/material-science-products.html?TablePage=20204110


  Chapter 1 

17 

 

1.2.3 Hydrogen-Bonded Polymers in Aqueous Environment 

 The polarity of solvent plays a critical role in hydrogen-bonding interactions. 

When hydrogen-bonding motifs are surrounded by a certain solvent, the intermolecular 

interactions between solute-solute, solvent-solvent and solute-solvent are schematically 

depicted in Figure 1.7.88 As a highly polar medium, water can greatly weaken the 

hydrogen-bonding strength between the bonded units, by providing competitive hydrogen 

bonds with the dissolved hydrogen-bond donors and acceptors.  

 

Figure 1.7. Schematic representation of intermolecular interactions of hydrogen-bonding 

motifs in solution.88 Image was reproduced from reference 88. 

 

 A theoretical analysis proposed by Smith et al.89 indicated that UPy-UPy binding 

energies could be reduced from 39 kcal/mol in vacuum to 17 kcal/mol in water, 

suggesting the interaction between N-H of the pyrimidinone ring and water molecules 

competed with dimerization. Therefore, hydrophobic shielding is generally evolved in the 

development of stable hydrogen-bonded structures in aqueous environment, either by 

employing long alkylene spacers,90 adamantyl substituent91 or forming micelles.92 The 

self-healing kinetics of supramolecular polymers based on fatty acids was investigated 
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and it turned out that the self-healing reactions were dependent on external 

conditions.93,94 Upon exposure to heat or moisture, the healing ability of freshly cut 

surfaces was diminished by new equilibrium resulting from redistribution of free 

hydrogen-bonding motifs. It is worth pointing out that water in the rubber not only acted 

as a plasticizer, which could increase the mobility of polymer network, but also interacted 

with hydrogen-bonding groups and changed the hydrogen bond structure. Adhesion 

mechanisms of UPy-modified poly(n-butyl acrylate) thin films was studied under 

humidity by surface forces apparatus (SFA).95 With increasing relative humidity, water 

molecules interacted with free UPy functional groups on the surface as well as diffused 

into the bulk of the polymer, changing both the surface energy and viscosity of polymer 

films. The increased density of free UPy groups on the surface led to an enhanced 

adhesion between the polymer films.  

1.3 Single-Molecule Force Spectroscopy(SMFS) of Supramolecular Interactions 

1.3.1 Principle of Atomic Force Microscopy (AFM)-Based SMFS 

 Since the self-assembled structures and macroscopic properties of supramolecular 

polymers are highly dependant on the molecular interactions of binding motifs, the 

fundamental understanding of the binding strength and dynamics of the supramolecular 

interactions can pave the way for the design of desirable supramolecular architectures and 

bulk materials. With the development of precise experimental tools, single molecule 

techniques, which allow the direct detection of mechanical forces at molecular level, have 

drawn enormous attention to investigating diverse intramolecular and intermolecular 

interactions.96 Among the most commonly used tools including cantilevers, microneedles, 

optical tweezers, and magnetic beads, AFM-based SMFS becomes predominant because 
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it provides a combination of high-resolution imaging with force spectroscopy, and is 

suitable to detect highly dynamic process (>10 µs).97  

 AFM was first introduced as an imaging tool in 1986, where the spatial resolution 

is determined by a piezoelectric transducer and the force signal is reflected by the 

cantilever defection monitored by a laser beam.98 The principle of AFM-based SMFS is 

illustrated in Figure 1.8.96,99,100 For the investigation of supramolecular interactions 

between two bonded units, generally speaking, both the AFM tip and the substrate are 

functionalized with one of the moieties, respectively, via either chemical or physical 

adsorption with a flexible polymer linker. During a typical force measurement cycle, the 

cantilever far away from the substrate (position 1) starts to approach towards the surface, 

and when the tip is in contact with the functionalized substrate, specific interactions can 

form between the binding groups (position 2). Usually a certain force is applied to 

facilitate the interaction between the tip and the surface, resulting in a repulsive signal. 

Upon separation, the polymer linker tends to be stretched, along with bending of the 

cantilever (position 3 and 4). At a certain position, the applied force reaches to the 

dissociation force of the weakest bond of the structure, leading to bond rupture and a 

sudden drop of the force-distance curve (position 5). The region showing increasing 

attractive force is related to the characteristics of the stretched polymer, while the 

maximum force is referred to as “rupture force” and employed for the investigation of 

molecular interactions.101,102  
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Figure 1.8. Schematic illustration of the experimental setup and representative force-

distance curve of AFM-based SMFS. 

1.3.2 Single Polymer Chain Stretching 

 Nanomechanical information of polymers and intramolecular interactions have 

been extensively studied by stretching a single polymer chain. When a flexible polymer 

chain with a random-coil conformation is stretched, the system will deviate from 

Brownian molecular motion due to the energy input by the applied force. At low force 

regime, the number of molecular conformation is reduced and the loss of entropy 

dominate the process, while high forces can generate deformation and stretching of bonds 

in molecular backbone, giving rise to enthalpic elasticity.96,103 The interpretation of force-

distance profiles obtained from SMFS measurements is based on the consideration of 

entropic contribution, and predominantly described by two statistical mechanical models, 

i.e., the freely jointed chain (FJC) model and the worm-like chain (WLC) model, 104-106 as 

displayed in Figure 1.9.  
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Figure 1.9. Schematic representation of modified freely jointed chain (M-FJC) model 

and worm-like chain (WLC) model. 

 

 In the FJC model, the polymer chain is treated as an aggregate consisting of N 

rigid Kuhn segments with an equal Kuhn length (lk), which are connected via flexible 

joints. Upon extension, the segments tend to align along the direction of external force, 

and the extension of polymer chain x correlates with the applied force F by: 

k B
c

B k

  coth( )
F l k T

x L
k T F l

 
  

 
  (1.1) 

where Lc, kB and T represent contour length, segment elasticity, Boltzmann constant and 

temperature, respectively.107 However, FJC model fails at high force regime, where 

enthalpic contribution is nonnegligible, and it can be modified by taking the elasticity of 

bonds into account. Therefore, the segment elasticity Ks has been introduced to each 

Kuhn segment by Bustamante and coworkers to optimize the FJC model, leading to a 

modified freely jointed chain (M-FJC) model with better fitting quality.108 
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x L N
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  (1.2) 

 In the WLC model, the polymer coil exhibits a continuous conformation and is 

regarded as a homogenous string with a persistence length lp, a contour length Lc and a 
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constant elasticity. The relationship between force and chain extension can be expressed 

as 

2B

p c c

1 1
 [ (1 ) ]

4 4

k T x x
F

l L L

      (1.3) 

This model combines both entropic and enthalpic contributions, and is commonly 

employed to reproduce the force-extension profiles of various biological molecules.109,110 

1.3.3 Molecular Interactions 

 Specific interactions originated from molecular recognition is characterized by the 

rupture force probed during stretching. As shown in Figure 1.10, when an reversible 

interaction between A and B groups is in equilibrium, the energy barrier of the 

complexation (△G(0)) is defined as the energy difference between the free state and the 

bound state, while the binding affinity is determined by the ratio of kinetic on-rate 

constant kon and off-rate constant koff. When a force is applied on AB complex, the 

system deviates from equilibrium, along with a reduced binding barrier △G(F) and an 

increased koff.
111,112 

( ) (0) BFG G F x       (1.4) 
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Bx  represents the dissociation distance of the specific bond. During SMFS measurement, 

the applied force is loading rate (Rf)-dependant, and according to Bell-Evans theory,113,114 

the most probable rupture force (FR) can be expressed by the following equation: 

B f B
R
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Both Bx and koff are obtained by conducting linear fitting on FR versus lnRf, providing 

dynamic information of the interaction, and the binding energy is calculated by: 

off
B

on

( )
k

G k T
k

     (1.7) 

 

Figure 1.10. Schematic representation of the energy profile of AB complexation upon an 

applied force. 

 

1.4 Objectives 

 The development of advanced multifunctional materials is becoming one of the 

most exciting and emerging areas of scientific interest. Combining stimuli-responsive 

properties with self-healing ability into engineered polymers will lead to a diverse range 

of applications, where supramolecular chemistry, especially hydrogen-bonding 

interaction, provides a promising approach. Up to now, extensive efforts have been 

devoted to the design of hydrogen-bonded functional materials; however, it still remains 

a challenge to achieve satisfying multifunctionalities, such as excellent mechanical 
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properties, sensitive response to external stimuli and rapid healing ability, in one platform. 

Besides, the understanding of the interaction mechanism between hydrogen-bonding 

motifs is limited from the molecular perspective, which is of great significance to direct 

self-assembled pathways and desired hydrogen-bonded structures.  

 The overall goal of this project is to develop multifunctional supramolecular 

polymers, including colloidal systems and bulk materials, based on multiple hydrogen-

bonding UPy groups toward engineering and biomedical applications, and elucidate the 

interaction mechanism of the hydrogen-bonding motifs at the single-molecule level. The 

detailed objectives are listed as follows.  

 (1) Develop thermo-responsive micelles from double hydrophilic block 

copolymers (DHBCs), using UPy groups as core cross-linkers to form stable micelles 

with tunable thermo-responsiveness.  

 (2) Fabricate a multifunctional polypyrrole (PPy)-doped conductive polymer 

composite from hydrogen-bonded elastomer via solution casting method, which 

integrates highly stretchable, fast self-healing, adhesive and sensing abilities.  

 (3) Fabricate a novel type of multifunctional conductive polymer hydrogel that 

combines high conductivity with excellent mechanical properties (i.e., stretchability, 

injectability and self-healing ability), by incorporating UPy motifs into a conducting 

polymer network. 

 (4) Quantitatively characterize the pairwise interactions between hydrogen-

bonded UPy dimers in water using AFM-based SMFS, and study the effects of 

hydrophobic interactions on the intermolecular hydrogen bonding. 



  Chapter 1 

25 

 

1.5 Thesis Outline 

 Chapter 1 gives an overview of supramolecular materials and their properties, 

followed by a literature review on hydrogen-bonded supramolecular polymers and a brief 

introduction of AFM-based SMFS technique. The objectives of this work are presented. 

 Chapter 2 presents the synthesis and characterization of the thermo-responsive 

core cross-linked DHBC micelles. UPy-containing DHBCs were synthesized via 

reversible addition-fragmentation chain transfer (RAFT) polymerization with UPy-

modified methacrylate monomers and N-isopropylacrylamide (NIPAm), using 

poly(ethylene glycol) (PEG) as a macro-initiator. In the developed copolymer PEG-b-

P(NIPAm-co-UPy), the dimerization of incorporated UPy groups acts as core cross-

linking sites and leads to a noncovalent network formed by hydrogen-bonding 

interactions. The temperature-induced swelling and shrinking of the self-assembled 

micelles were investigated, and the controlled drug delivery performance was 

demonstrated.  

 Chapter 3 introduces a facile solution casting method for the fabrication of a 

multifunctional conductive composite, by triggering the in situ polymerization of pyrrole 

within a UPy-functionalized elastomer matrix. Taking advantage of the hydrogen-bonded 

supramolecular polymer matrix, the prepared composite could be stretched over 400% 

with a complete and repeatable self-healing ability within 5 min after damage. Moreover, 

the composite has been demonstrated to display strong adhesiveness to various substrates 

including glass, metal and organic materials. The strain sensor fabricated from the 

composite possesses high sensitivity to successfully detect both large and subtle human 

motions including finger bending and pulse beating.  
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 Chapter 4 reports the preparation of a stretchable, injectable and self-healing 

conductive hydrogel, which incorporates UPy cross-linking sites into a fragile conducting 

polyaniline/poly(4-styrenesulfonate) (PANI/PSS) network. Due to the dynamic and 

reversible dissociation/association process of the hydrogen bonds, the prepared composite 

can be readily stretched and injected from a needle, as well as display a rapid self-healing 

ability within 30 s upon damage. The electronic conduction assisted by ionic transport 

renders the hydrogel a superior conductivity of 13 S/m and a high sensitivity to external 

strain, which has been applied to monitor diverse human activities, including large 

motions of human body (e.g., finger and wrist bending) and subtle movements of muscles 

(e.g., swallowing, speaking, pulse beating). 

 Chapter 5 presents the characterization of the kinetic parameters and 

nanomechanical strength of a single UPy dimer in water with a combination of SMFS 

and molecular dynamics simulations, and the effect of hydrophobic interactions on the 

intermolecular hydrogen bonding was also investigated. It reveals that although the 

dimerization of UPy was disrupted by water to some extent, the binding strength could be 

remarkably enhanced by attaching longer hydrophobic spacers adjacent to the hydrogen-

bonding moieties. 

 Chapter 6 outlines the major conclusions and contributions of this work, with 

suggestions for future research directions.  

 

 



  Chapter 2 

27 

 

CHAPTER 2 Core Cross-Linked Double Hydrophilic Block 

Copolymer Micelles Based on Multiple Hydrogen-Bonding Interactions 

2.1 Introduction 

 Polymeric micelles with typical core-shell morphology in aqueous media have 

found significant applications in diverse biomedical and engineering fields such as drug 

delivery,115-117 diagnostic imaging,118,119 sensing120,121 and catalysis.122 In recent years, 

double hydrophilic block copolymers (DHBCs) have attracted considerable attention,123-

125 in which water solubility of one or both blocks can be easily tuned by appropriate 

stimuli such as temperature, pH, and ionic strength.126-129 The resultant stimuli-responsive 

micelles are explored as intelligent drug carriers130-133 and catalysts.134 However, the 

structural stabilization of DHBC micelles has become a main challenge for practical 

applications, since the dynamic nature of the micelles may lead to micelle-to-unimer 

transition after dilution or under certain solvent conditions. A variety of strategies have 

been developed to address this problem, and core cross-linking is one of the most 

effective approaches to maintain the structural integrity as well as stimuli-responsiveness 

of the micelles.135-137 Compared to conventional covalent cross-linking which may reduce 

the biodegradability of micelles,138 non-covalent cross-linking methods are able to not 

only reinforce the micelles but also render them with additional intelligence.139,140 

Diverse non-covalent interactions have been employed to build core cross-linked 

micelles, including strong hydrophobic interactions,141 electrostatic interactions,142,143 

host-guest interactions,144 metal-ligand coordination,145,146 and hydrogen-bonding.147-149  
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 Inspired by biological systems (e.g., double-helical DNA and protein β-sheets),150 

complementary multiple hydrogen bonds have become one of the most developed 

approaches to generate supramolecular polymers due to their versatility, directionality 

and biocompatibility.2,151-154 Several hydrogen-bonding arrays have been successfully 

developed to direct the self-assembly of block copolymers and stabilize the cores of 

micelles.155-157 For example, diblock copolymers poly(ethylene glycol)-b-poly(ethyl-co-

urea carbonate) (PEG-P(E1-x-Ux)C) were synthesized with the incorporation of urea-

functional groups, and the hydrogen-bonding interactions between urea functionality 

enhanced the stability of the micelles as well as drug loading ability.147 Kuang et al. 

prepared core cross-linked micelles from nucleobases-modified amphiphilic block 

copolymers, where the hydrogen bonds between adenine (A) and thymine (T) served as 

cross-linking sites to stabilize the micellar structures for controlled drug release.149 

Similarly, Fan et al. developed novel pH-responsive nanocarriers from polyacrylate block 

copolymers containing adenine (A) moieties, which formed multiple hydrogen bonds 

with the addition of uracil (U)-containing cross-linkers.148 However, the reported weak 

hydrogen-bonding interactions only exist within a hydrophobic microenvironment and 

can be easily destroyed when exposed to water,158 which is not desirable for fabrication 

of stable micelles. 2-ureido-4[1H]-pyrimidinone (UPy) units can undergo strong 

dimerization via quadruple hydrogen bonds (dimerization constant >106 M-1 in 

chloroform),95,159,160 and possess high association constant in aqueous solutions.89 UPy 

moieties have been successfully incorporated into water-soluble poly(ethylene glycol) 

(PEG) to form hydrogels via non-covalent hydrogen-bonding interactions.48,87,161 

Recently, the fabrication of hydrogen-bonded micelles and vesicles from compounds 
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with UPy and tris(tetraethylene glycol monomethyl ether) moieties was reported, and the 

stability of the assemblies were attributed to the dimerization of UPy groups.162 In 

addition, Chen et al. prepared colloidal nanogels from UPy functionalized poly(N-

isopropylacrylamide) (PNIPAm), and the interactions of the multiple hydrogen-bonding 

groups were demonstrated to be strong enough to preserve the integrity of hydrogel 

particles over a wide temperature range.163 

 Herein, we report a facile fabrication of core cross-linked micelles from thermo-

responsive DHBCs by incorporating self-complementary multiple hydrogen-bonding 

groups. In this work, UPy-containing DHBCs were synthesized via reversible addition-

fragmentation chain transfer (RAFT) polymerization with UPy-modified 2-hydroxyethyl 

methacrylate (HEMA) monomer and N-isopropylacrylamide (NIPAm), using 

poly(ethylene glycol) (PEG) as a macroinitiator. The schematic illustration for the 

formation of micelles is shown in Figure 2.1. It is well known that PNIPAm 

homopolymer is thermo-sensitive with lower critical solution temperature (LCST) of 

about 32 C in water,164 and PEG-b-PNIPAm diblock copolymers can undergo reversible 

unimers-micelle transition with the change of temperature.165 In the developed copolymer 

PEG-b-P(NIPAm-co-UPy), the dimerization of incorporated UPy groups act as core 

cross-linking sites and lead to a non-covalent network formed by hydrogen-bonding 

interactions. The effects of hydrogen bonds on the stability of the self-assembled micelles 

were investigated as a function of temperature. To the best of our knowledge, this work 

represents the first report on the preparation and characterization of core cross-linked 

micelles via strong hydrogen-bonding interactions based on a well-defined thermo-

responsive DHBC. 
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Figure 2.1. Schematic illustration of the fabrication of core cross-linked micelles with 

thermo-responsive cores from UPy-containing DHBCs PEG-b-P(NIPAm-co-UPy) 

through hydrogen-bonding interactions of UPy groups. 

 

2.2 Experimental Methods 

2.2.1 Materials 

 2-Amino-4-hydroxy-6-methylpyrimidine (98%, Aldrich), hexamethylene 

diisocyanate (98%, Fluka), dibutyltin dilaurate (95%, Aldrich), 2,2ʹ-Azobis(2-

methylpropionitrile) (AIBN, 98%, Aldrich), dimethyl sulfoxide (DMSO, anhydrous, 

99.9%, Aldrich), N,N-dimethylformamide (DMF, 99%, Aldrich) were used as received. 

2-Hydroxyethyl methacrylate (HEMA, 97%, Aldrich) was destabilized by passing it over 

a column of aluminum oxide. N-isopropylacrylamide (NIPAm, 97%, Aldrich) was 

purified by recrystallization from n-hexane. Chloroform (CHCl3) was dried over calcium 

hydride (CaH2) and distilled before use. All other reagents and solvents were used as 

obtained. 
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2.2.2 Synthesis 

 2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone (OCN-

UPy). OCN-UPy was prepared according to the literature procedures.166 A mixture of 2-

amino-4-hydroxy-6-methylpyrimidine (5.00 g, 0.04 mol) in hexamethylene diisocyanate 

(40.32 g, 0.24 mol) was stirred at 100 C under N2 atmosphere for 24 h. 50 mL pentane 

was added in the flask after reaction and the resulting precipitate was filtered and washed 

with excess pentane for 3 times. The white powder was then dried under vacuum. 1H 

NMR (CDCl3, 400 MHz): δH (ppm)= 13.1 (s, 1H, CH3CNH), 11.9 (s, 1H, 

CH2NH(C=O)NH), 10.2 (s, 1H, CH2NH(C=O)NH), 5.8 (s, 1H, CH=CCH3), 3.3 (m, 4H, 

NH(C=O)NHCH2 + CH2NCO), 2.2 (s, 3H, CH3C=CH), 1.6 (m, 4H, NCH2CH2), 1.4 (m, 

4H, CH2CH2CH2CH2CH2). 

 UPy-containing methacrylate monomer (HEMA-UPy). Freshly distilled HEMA 

(1.30 g, 0.01 mol) was dissolved in chloroform (100 mL), and then OCN-UPy (5.86 g, 

0.02 mol) was added to the solution. After the addition of 2 drops of dibutyltin dilaurate 

as catalyst, the mixture was stirred at 60 C for 20 h. With completion of the reaction, 

another 100 mL of chloroform was added and the suspension was filtered to remove the 

solids. After concentrating the filtrate back to 100 mL by rotation evaporation, 5 g silica 

and 2 drops of dibutyltin dilaurate were added, and the mixture was heated at 60 C for 1 

h. The silica was removed by filtration and the chloroform in resulting solution was 

removed in vacuo. The obtained monomer was stored at 5 C prior to use. 1H NMR 

(CDCl3, 400 MHz): δH (ppm)= 13.1 (s, 1H, CH3CNH), 12.0 (s, 1H, CH2NH(C=O)NH), 

10.5 (s, 1H, CH2NH(C=O)NH), 6.1+5.6 (s, 2H, C=CH2), 5.8 (s, 1H, CH=CCH3), 4.9 (s, 

1H, NH(C=O)O), 4.3 (m, 4H, CH2O(C=O)), 3.3-3.2 (m, 4H, NH(C=O)NHCH2 + 
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CH2NH(C=O)O), 2.2 (s, 3H, CH3C=CH), 1.9 (s, 3H, (C=O)CCH3), 1.7-1.2 (m, 8H, 

CH2CH2CH2). 

 Block copolymer PEG-b-P(NIPAm-co-UPy). Poly (ethylene glycol)-based macro-

RAFT agent PEG113-CTA was synthesized by attaching the chain transfer agent 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid to the hydroxyl end group of 

poly(ethylene glycol) methyl ether (PEG113-OH, Mn=5000).167 Typical procedures 

employed for the RAFT synthesis of PEG-b-P(NIPAm-co-UPy) copolymer are as 

follows. A representative example of the copolymerization of 10 mol% UPy-HEMA with 

respect of NIPAm is given. The PEG113-CTA macroinitiator (178 mg, 0.033 mmol), 

NIPAm (339 mg, 3 mmol), HEMA-UPy monomer (128 mg, 0.3 mmol) and AIBN (1.3 

mg, 0.008 mmol) were dissolved in 10 mL DMSO. After being purged with continuous 

N2 for 20 min, the mixture was stirred at 70 C for 22 h. The solution was added 

dropwise into 300 mL diethyl ether and the precipitate was collected by filtration. Then 

the polymer was dried under vacuum overnight. For comparison, diblock copolymer 

PEG-b-P(NIPAm-co-HEMA) was also prepared by following the same route using 2-

hydroxyethyl methacrylate instead of HEMA-UPy as comonomers.  

2.2.3 Preparation of the Core Cross-Linked Micelles 

 To prepare the micellar aggregates, PEG-b-P(NIPAm-co-UPy) solutions were 

prepared by dissolving the DHBCs in DMF at a concentration of 5 mg/mL. Then, 5mL 

Milli-Q water was added into 5 mL of the stirred polymer solution via syringe pump at a 

rate of 12.5 μL/min, in order to induce the formation of micelles. Then 40 mL Milli-Q 

water was added quickly into the suspensions to quench the micellar structures. The 
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residual DMF was removed from the suspensions by dialyzing the resulting solutions 

against water for 3 days. The solutions were stored at 5 C for further characterization.  

2.2.4 Characterization of the Prepared Micelles 

 Nuclear magnetic resonance (NMR) Spectroscopy. All 1H NMR spectra were 

recorded on an Agilent DD2 400 MHz spectrometer using deuterated chloroform 

(CDCl3) as solvent. The testing temperature was 25 C.  

 Dynamic light scattering (DLS). Zetasizer Nano ZSP (Malvern Instruments, UK) 

was used to measure the average particle sizes and size distributions of the micelles at 

different temperatures between 5~40 C. The micelle solutions at a concentration of 0.3 

mg/mL were passed through 0.45 μm pore size filters, and all samples were equilibrated 

at the desired temperature for 10 min prior to measurements. 

 Atomic force microscopy (AFM). Morphology and size distributions of the 

polymer micelles were determined by AFM imaging using a Bruker ICON AFM system 

(Bruker, Santa Barbara, CA) operated in ScanAsyst mode. The topological images were 

obtained under ambient conditions in air with Bruker ScanAsyst-Air probes (silicon 

nitride cantilever, spring constant=0.4 N/m). Samples for AFM imaging were prepared by 

depositing one drop of the micelle solutions (0.3 mg/mL) onto cleaned silica substrates, 

and the solvent was allowed to evaporate freely in air at 5 C. 

 Fluorescence measurements. Low critical solution temperatures (LCSTs) of the 

diblock copolymers in water were determined by steady-state fluorescence measurements 

using pyrene as a probe. A typical fluorescence spectrum of pyrene in fluids exhibits five 

vibrational peaks, and the intensities of the first (I1 at 373 nm) and third (I3 at 384 nm) 

peaks are sensitive to the polarity of the probing microenvironment. The ratio of I1/I3 is 
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about 1.9 in water and drops to about 1.2 when pyrene molecules are solubilized in 

hydrophobic domains.168 The conformation change of the polymers can be obtained from 

the measurement of the change in I1/I3 as a function of temperature. To obtain sample 

solutions, 0.2 mL solution of pyrene in methanol (6×10-3 mg/mL) was added to a serious 

of volumetric flasks and the methanol was evaporated. 10 mL micelle solutions (0.3 

mg/mL) were added to each flask giving the pyrene concentration in the final solutions of 

6×10-7 M. The samples were stirred and equilibrated for 24 h at room temperature prior to 

measurements. Fluorescence spectra were recorded on a Varian Cary Eclipse 

spectrometer (Varian Inc., USA). The sample temperature was controlled by a circulating 

water bath between 10~40 C. The excitation and emission slit widths were set at 10 and 

5 nm, respectively. The excitation wavelength was 335 nm and fluorescence emission 

spectra were recorded within 350~550 nm. 

2.3 Results and Discussion 

2.3.1 Preparation of PEG-b-P(NIPAm-co-UPy) Double Hydrophilic Block 

Copolymers 

 The diblock copolymer PEG-b-P(NIPAm-co-UPy) was synthesized by RAFT 

copolymerization using PEG-based chain transfer agent (PEG113-CTA) with the presence 

of NIPAm and varying amounts of HEMA-UPy comonomers. The detailed synthesis 

route is illustrated in Figure 2.2. A series of polymerization reactions were carried out 

and the obtained block copolymers are named as BC-Ux, where x indicates the molar 

percentages of UPy-containing monomer with respect to NIPAm in the feed. To 

investigate the effect of UPy groups on the formation of micelles, a reference polymer 

with 10 mol% HEMA as comonomers instead of UPy moieties was prepared (BC-U0).  
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Figure 2.2. Synthesis route of diblock copolymer PEG-b-P(NIPAm-co-UPy). 

 

 1H NMR was employed to characterize the structure of the diblock copolymers. 

Figure 2.3a shows the characteristic peaks of PEG-b-P(NIPAm-co-HEMA) in CDCl3. 

Besides signal attributed to methylene protons of PEG block at 3.6 ppm (a), the spectrum 

also reveals the presence of characteristic signals of NIPAm residues at 5.9-7.0 ppm (b), 

4.0 ppm (c), and 1.1 ppm (d),135 and HEMA residues at 4.2 ppm (e), and 3.8 ppm (f),169 

suggesting the coexistence of these moieties. The 1H NMR spectrum of the UPy 

functionalized polymer BC-U6 in CDCl3 is shown in Figure 2.3b. Besides protons 

characteristic of PEG and NIPAm residues, we can clearly see the signals at 13.1 ppm 

(h), 12.0 ppm (i), and 10.5 ppm (j) by enlarging the spectrum signal in the range from 

15.0 ppm to 9.0 ppm, which are ascribed to the urea NH protons of UPy groups and 

consistent with the previous researches by Meijer et al.87,160,170 The characteristic 

chemical shifts of UPy group did not change during polymerization (Figure S2.1 in 
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Appendix A). Comparing the integral values of PEG113 block to the ones for the 

characteristic peaks of NIPAm, HEMA and ureidopyrimidinone groups, the actual 

degrees of polymerization (DPs) of NIPAm, HEMA and HEMA-UPy in the prepared 

block polymers were calculated and summarized in Table 2.1.  

 

Figure 2.3. 1H NMR spectra of (a) PEG-b-P(NIPAm-co-HEMA) (BC-U0) and (b) PEG-

b-P(NIPAm-co-UPy) (BC-U6) diblock copolymers in CDCl3. 
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Table 2.1. Characteristics of synthesized block copolymers determined by 1H NMR. 

 

2.3.2 Formation of Core Cross-Linked DHBC Micelles 

 As the obtained DHBCs were not soluble in water, the copolymers were initially 

dissolved as unimers in DMF and self-assembled into micelles via nanoprecipitation as 

presented in Figure 2.1.171 To avoid large aggregates formed by direct dialysis,172 mono-

dispersed micelles were induced with the slow addition of water, where PNIPAm blocks 

could progressively associate into cores of micelles.173 From the dynamic light scattering 

(DLS) data measured by Zetasizer, all of the polymers could form micelles exhibiting 

narrow size distributions at 40 C due to the aggregation of hydrophobic PNIPAm chains. 

With increasing the amount of UPy groups, the micelles assembled from BC-U0, BC-U3, 

BC-U6 and BC-U10 showed average hydrodynamic diameters of 49.6, 44.3, 40.4, and 

37.9 nm, respectively (Figure S2.2 in Appendix A). Upon cooling to 5 C, the PNIPAm 

blocks became soluble in water and the hydrogen-bonding groups were exposed to a 

hydrophilic environment. Figure 2.4 illustrates the intensity-average hydrodynamic 

 

Sample 

 

Polymer 

 

DP 

UPy fraction 

(mol%) 

 

Mn 

(g/mol)  

Feed 

 

Product 

BC-U0 PEG113-b-P(NIPAm84-co-

HEMA7) 

91 0 0 15,767 

BC-U3 PEG113-b-P(NIPAm82-co-

UPy2) 

84 3 2.4 15,477 

BC-U6 PEG113-b-P(NIPAm74-co-

UPy4) 

78 6 5.4 15,419 

BC-U10 PEG113-b-P(NIPAm70-co-

UPy6) 

76 10 8.6 15,813 
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diameter (DH) distributions for aqueous solutions of polymers with different functional 

groups at 5 C. Without the presence of UPy groups, the HEMA-containing polymer BC-

U0 shows an average DH about 10 nm, which indicates that the polymer chains directly 

dissolve in water as random coils because of the lack of strong core cross-links. The 

broad size distribution reveals that some loose aggregates are probably formed due to the 

association of HEMA moieties. With incorporation of a low content of UPy groups, BC-

U3 assembled into aggregates with a very broad hydrodynamic diameter distribution 

from 10 to 400 nm, which indicates that quadruple hydrogen-bonding groups of different 

molecules interact with each other and the polymer chains are only partially dissolved in 

water. With increasing UPy functionality, the higher cross-link density leads to a stronger 

network formed among PNIPAm blocks, and stable core cross-linked micelles with 

relatively narrow size distributions could be obtained from BC-U6 and BC-U10. The 

average DH of the micelles were determined to be 49.7 nm and 40.2 nm, respectively.  
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Figure 2.4. Hydrodynamic diameter distributions obtained from aqueous solutions of 

synthesized polymers BC-U0, BC-U3, BC-U6 and BC-U10 at 5 °C. 

 

 The morphology and the sizes of the polymer aggregates were also investigated 

by AFM in the dry state with samples prepared at 5 C. As displayed in Figure 2.5, the 

surface of BC-U0 is relatively smooth with root-mean-square (RMS) roughness of ~1.6 

nm, where no micellar structures could be detected. However, with the presence of 

quadruple hydrogen-bonding groups, BC-U3 is able to assemble into aggregates with 

sizes in a wide range, and the RMS roughness of the surface is 4.01 nm.  
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Figure 2.5. AFM topography images of (a) BC-U0 (b) BC-U3 (c) BC-U6 (e) BC-U10; 

and the corresponding diameter histograms of (d) BC-U6 (f) BC-U10.  

 

 The AFM images of surfaces obtained from the solutions of BC-U6 and BC-U10 

show the appearance of spherical and uniform nanoparticles, which reveals the formation 
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of core cross-linked micelles. The number-average particle diameters of the micelles 

formed by BC-U6 and BC-U10 were generated from the sectional analysis of 50 

particles, which were randomly picked from the analysis regions. According to the 

diameter histograms in Figure 2.5d and Figure 2.5f, the micelles prepared from BC-U6 

and BC-U10 show sizes of 58.7±10.1 nm and 52.8±6.2 nm, respectively. Compared to 

DLS results, the larger particle size measured by AFM imaging is possibly due to the tip-

induced deformation and the deformation of the soft micelles upon adsorption onto silica 

substrates. Although the measured particle sizes of the micelles are not accurate, the 

results can still reflect the characteristics of the polymer micelles. The smaller size of 

BC-U10 micelles is most likely due to the higher cross-link density with higher content 

of UPy moieties. These results are in excellent agreement with the corresponding 

hydrodynamic diameter distributions measured by DLS.  

2.3.3 Thermo-Responsive Properties of the Core Cross-Linked Micelles 

 To investigate the thermo-responsive properties of the core cross-linked micelles, 

DLS was utilized to investigate the size and polydispersity of the UPy-containing 

polymers in water at different temperatures between 10 and 40 C. Figure 2.6a shows the 

temperature dependence of polydispersity index (PDI) of polymers with different 

fractions of UPy groups. The aqueous solutions of BC-U6 and BC-U10 show relatively 

low PDI values (PDI<0.1) from 10 to 40 C, which indicates that the polymers assemble 

into micelles over the selected temperature range. However, the PDI of polymers with 3 

mol% UPy groups increases rapidly when the temperature decreases below 30 C, which 

is a result of the dissociation of the polymeric micelles. The intensity-average 

hydrodynamic diameters of BC-U6 and BC-U10 as a function of temperature were 
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further characterized. As shown in Figure 2.6b, when the temperature increases from 10 

to 40 C, the average diameter of micelles formed by BC-U6 decreases from 49.5 nm to 

40.3 nm, while the change of micelles of BC-U10 is less than 2 nm (from 40.1 nm to 38.2 

nm). The above results demonstrate the swelling/shrinking processes of the polymeric 

micelles occur over a wide temperature range and the swelling capacity of the micelles 

decreases with increasing the content of UPy moieties on the block polymers. Besides, it 

has been clearly verified that the thermally triggered swelling/shrinking processes of the 

core cross-linked micelles are fully reversible as evident from the changes of 

hydrodynamic diameters detected during cyclic heating-cooling tests (Figure 2.7). 

 

Figure 2.6. Temperature dependence of (a) polydispersity index (PDI) and (b) 

hydrodynamic diameters measured by DLS for micelles prepared from UPy-containing 

block copolymers. 
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Figure 2.7. Hydrodynamic diameter changes of core cross-linked micelles during heating 

(40 C) and cooling (10 C) cycles. 

 

 Low critical solution temperature (LCST) is a basic physical property of thermo-

responsive block copolymers and can be tuned by regulating the copolymer 

composition.174 In this study, the effect of hydrogen-bonding groups on the LCST of the 

polymers was characterized by fluorescence probe technique. The variation of 

fluorescence intensity ratio (I1/I3) of pyrene is used to illustrate the polarity of the 

microenvironment surrounding pyrene molecules. Figure 2.8 displays the temperature 

dependence of I1/I3 in aqueous solutions with the presence of functionalized block 

copolymers. Above 35 C, all the samples show I1/I3 values around 1.3, revealing the 

formation of micelles due to the hydrophobic interactions of PNIPAm blocks above 

LCST. However, when temperature decreases below LCST, the PNIPAm cores become 

hydrophilic and the micelles tend to swell or dissociate, thus the polymers would release 

the encapsulated pyrene, and the fluorescence intensity ratios tend to increase as pyrene 

molecules are exposed to a relatively polar environment. As expected, the change of 

fluorescence intensity ratio is more significant with lower percentage of UPy groups, 
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since the strength of the network in the cores is weaker and the stability of micelles 

decreases. The LCSTs of BC-U0, BC-U3 and BC-U6 are determined to be 31 C 24 C 

and 20 C, respectively. But the LCST of BC-U10 cannot be determined. The transition 

temperatures of the polymers are different from the LCST of PNIPAm, which is related 

with the amounts of incorporated functional groups. As the HEMA-UPy is relatively 

hydrophobic, the LCST of PNIPAm copolymer will decrease with its incorporation, 

which is consistent with DLS measurements and the results from the previous 

researches.135,175,176 Due to its very low water solubility, pyrene could be used as a model 

chemical for hydrophobic drug. The thermo-responsive loading and release of pyrene 

reveal a potential application of the synthesized core cross-linked micelles in controlled 

drug delivery. To realize drug release in human physiological environments, the LCST of 

the copolymers can be facilely tuned to a desired temperature by incorporating 

hydrophilic comonomers such as poly (ethylene glycol) methacrylate (PEGMA) or 

acrylic acid (AA).177 

 
Figure 2.8. Fluorescence intensity ratios (I1/I3) of pyrene as a function of temperature in 

solutions of block copolymers with different functionalities.  
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2.4 Conclusions 

 In summary, we have successfully synthesized double hydrophilic block 

copolymers PEG-b-P(NIPAm-co-UPy), in which the thermo-responsive PNIPAm block 

was functionalized with varying content of self-complementary multiple hydrogen-

bonding group 2-ureido-4[1H]-pyrimidinone (UPy) via RAFT copolymerization. Non-

covalently core cross-linked micelles were self-assembled in water through dimerization 

of the self-complementary hydrogen-bonding UPy groups. The hydrogen-bonded 

micelles show excellent structural stability even with relatively low cross-linker fractions 

(e.g. 6 mol%) over a wide temperature range, which demonstrates that the hydrogen-

bonding interactions of UPy are strong enough to hold the copolymer chains together 

even in hydrophilic aqueous environment. Besides, the PNIPAm core of the cross-linked 

micelles exhibits fully reversible thermo-responsive swelling/shrinking behavior, as 

evident from the hydrodynamic diameter changes detected during cyclic heating-cooling 

tests. The stability, size and thermo-responsive properties of these polymer micelles can 

be readily tuned by the incorporated content of hydrogen-bonding UPy groups. The 

thermo-responsive loading and release of pyrene molecules as a model hydrophobic drug 

reveal a potential application of the synthesized core cross-linked micelles in controlled 

drug delivery. The facile preparation of the core cross-linked micelles from double 

hydrophilic block polymers PEG-b-P(NIPAm-co-UPy) provides new insights into 

designing stable and stimuli-responsive polymer micelles with a wide range of 

applications in drug delivery, diagnosis and sensing. 
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CHAPTER 3 Polypyrrole-Doped Conductive Supramolecular 

Elastomer with Stretchable, Rapid Self-Healing, and Adhesive 

Properties for Flexible Electronic Sensors 

3.1 Introduction 

 The development of electronic materials with flexible, stretchable and sensory 

features have attracted increasing attention in recent years,178-180 which expands 

electronic devices to a broad range of applications such as artificial skin,181-183 wearable 

electronics,184,185 implantable biomedical devices,186 and soft robotics.187 Due to the 

rigidity of conventional electrical chips based on semiconductor wafers and metal foils, 

tremendous efforts have been dedicated to coupling electroconductive components with 

elastic polymers as the support material to accommodate the flexibility and stretchability 

of the soft electronics.188-190 Although various attempts have been made to locate the 

conductors with micro- or nano-patterns on the surfaces of elastomeric substrates such as 

polydimethylsiloxane (PDMS) for the fabrication of skin-like electronics,191,192 this 

strategy suffers from the high cost and complexity of microfabrication, as well as limited 

extensibility.193 A facile and promising route toward the development of elastic 

conducting sensors is incorporating conductive fillers into the flexible polymer matrix, 

which complies with traditional processing methods such as solution casting and 

injection moulding.194-196 Metallic particles,197,198 carbon back,199 carbon nanotubes,200,201 

and graphene202 have been exploited as conducting nanofillers, however, the weak 

interaction between conductors and elastomers tend to result in aggregation and 

inhomogeneous distribution of the particles,203,204 which is detrimental to the mechanical 
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properties of the material. Due to the versatile solubility of their corresponding 

monomers,205 conductive polymers such as polypyrrole, polyaniline and polythiophene 

can form in situ within a soft polymer matrix, showing flexibility in processing and 

compatibility with the elastomeric polymers,206-209 which makes them promising 

candidates for the fabrication of mechanically soft and electrically conducive sensing 

platform.  

 Inspired by the self-healable capability of human skin, it is highly desirable to 

endow conductive sensors with self-healing ability, which can undergo autonomous and 

repeatable repair processes when exposed to environmental or mechanical damages, 

leading to enhanced robustness and durability of the electronic devices with extended 

service lifetime for practical applications.55,210,211 Several design strategies have been 

applied to achieve healing ability in flexible and stretchable electronics. For example, Xu 

et al. reported a conductive ternary polymer composite showing high stretchability and 

self-healing property, but the healing process required a relatively long time (24 h) and 

humidity assistance.212 Bao and coworkers developed a self-healing electronic sensor 

based on a hydrogen-bonded supramolecular polymer with embedded nickel 

microparticles,198 and Yu et al. prepared a conductive hybrid gel by incorporating metal-

ligand supramolecules within a nanostructured polypyrrole matrix.213 In spite of their 

self-healing ability under ambient conditions, the composite materials suffer from low 

stretchability due to the high content of rigid conductive components. Generally speaking, 

adhesive tapes are needed for attaching wearable sensors to the contacted substrates, and 

a conductive platform with self-adhesive behavior is favorable to simplify the operation 

process as well as facilitate the stability of the signal detection.214 Therefore, the 
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development of multifunctional electronics with excellent stretchability, adhesiveness 

and fast self-healing ability still remains a challenge.  

 In this work, for the first time, we have demonstrated a facile solution casting 

method for the fabrication of novel polypyrrole (PPy)-doped conductive polymer 

composites from hydrogen-bonded elastomers, which exhibit highly stretchable, fast self-

healing, adhesive and sensing abilities. The supramolecular elastomers were prepared by 

incorporating 2-ureido-4[1H]-pyrimidinone (UPy) groups into fully water-soluble 

poly(ethylene glycol) methyl ether methacrylate (PEGMA)-based polymers via free 

radical polymerization of PEGMA and UPy-modified 2-hydroxyethyl methacrylate 

(HEMA-UPy), and then the conductive composites were constructed by triggering the in 

situ polymerization of pyrrole within the polymer matrix. The uniformly dispersed PPy 

particles construct conductive pathways in the elastic network, which promotes the 

transport of electrons as well as provides mechanical reinforcement to the hybrid system. 

The self-complementary quadruple hydrogen bonding between UPy units serves as cross-

linking sites for the formation of flexible elastomers, and the reversibility of the linkages 

render the composite materials fast self-healing property.215-218 Moreover, the presence of 

dynamic hydrogen bonds contributes to the excellent and repeatable adhesiveness of the 

materials to various substrates including glass, metal and polymeric substrates.95,219 The 

as-prepared strain sensor from the elastomer composite possesses low detection limit and 

high sensitivity to monitor both large and subtle human motions, which is capable to 

maintain its mechanical and electrical properties after several cutting/healing cycles. The 

facile strategy reported in this study provides new insights and opportunities for the 
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fabrication of multifunctional strain sensors with diverse applications in flexible 

electronic devices.  

3.2 Experimental Methods  

3.2.1 Materials 

 Hexamethylene diisocyanate (98%, Fluka), 2-Amino-4-hydroxy-6-

methylpyrimidine (98%, Aldrich), dibutyltin dilaurate (95%, Aldrich), 2,2ʹ-Azobis(2-

methylpropionitrile) (AIBN, 98%, Aldrich), copper phthalocyanine-3,4ʹ,4ʺ,4ʺʹ-

tetrasulfonic acid tetrasodium salt (CuPcTs, 85%, Aldrich), ammonium persulfate (APS, 

98%, Aldrich), N,N-dimethylformamide (DMF, 99%, Aldrich) were used as received. 

Chloroform (CHCl3) was dried over calcium hydride (CaH2) and distilled before use. 2-

Hydroxyethyl methacrylate (HEMA, 97%, Aldrich) and poly(ethylene glycol) methyl 

ether methacrylate (PEGMA, Mn=500, Aldrich) were destabilized through aluminum 

oxide columns before polymerization. Pyrrole (98%, Alfa Aesar) was purified by passing 

it over a silica gel column.  All other reagents and solvents were used as received.  

3.2.2 Synthesis 

 2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone (OCN-

UPy). OCN-UPy was synthesized according to a typical method.166 2-amino-4-hydroxy-

6-methylpyrimidine (5.00 g, 0.04 mol) was added into excess hexamethylene 

diisocyanate (40.32 g, 0.24 mol) and then the mixture was reacted at 100 ºC for 20 h 

under argon atmosphere. After 50 mL pentane was added into the flask, the resulting 

precipitate was filtered and then washed with pentane for 3 times. The white powder was 

then dried under vacuum overnight. 1H NMR (CDCl3, 400 MHz): δH (ppm) = 13.1 (s, 1H, 
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CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 10.2 (s, 1H, CH2NH(C=O)NH), 5.8 (s, 1H, 

CH=CCH3), 3.3 (m, 4H, NH(C=O)NHCH2 + CH2NCO), 2.2 (s, 3H, CH3C=CH), 1.6 (m, 

4H, NCH2CH2), 1.4 (m, 4H, CH2CH2CH2CH2CH2). 

 UPy-based methacrylate monomer (HEMA-UPy). The preparation of HEMA-UPy 

monomer was carried out by following a procedure reported previously.220 Freshly 

distilled HEMA (6.5 g, 50 mmol) and synthesized OCN-UPy (7.325 g, 25 mol) were 

dispersed in 200 mL chloroform, where 2 drops of dibutyltin dilaurate were added as a 

catalyst. The mixture was then heated at 60 C with reflux for 20 h, and the resultant 

solution was filtered to remove the remaining solids. The filtrate was then concentrated to 

50 mL by rotation evaporation and dropped into excess ethyl ether, where the precipitated 

monomers were collected, washed, and dried under vacuum overnight. 1H NMR (CDCl3, 

400 MHz): δH (ppm) = 13.2 (s, 1H, CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 10.2 (s, 

1H, CH2NH(C=O)NH), 6.1+5.6 (s, 2H, C=CH2), 5.9 (s, 1H, CH=CCH3), 5.0 (s, 1H, 

NH(C=O)O), 4.3 (m, 4H, CH2O(C=O)), 3.3-3.2 (m, 4H, NH(C=O)NHCH2 + 

CH2NH(C=O)O), 2.2 (s, 3H, CH3C=CH), 1.9 (s, 3H, (C=O)CCH3), 1.7-1.2 (m, 8H, 

CH2CH2CH2). 

 Copolymer P(PEGMA-co-UPy). Polymers with different contents of PEGMA and 

HEMA-UPy were prepared by free radical copolymerization as follows. A representative 

example of the synthesis of P(PEGMA-co-UPy) with 5 mol% HEMA-UPy, referred as 

PEG-5UPy, is given as follows. First, PEGMA (7.125 g, 14.25 mmol), HEMA-UPy 

(0.317 g, 0.75 mmol) and AIBN (12.3 mg, 0.075 mmol) were dissolved in 25 mL DMF. 

Afterwards, the flask was sealed and purged with continuous argon for 30 min to remove 
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oxygen, and the solution was then stirred at 60 ºC for 24 h. The resultant product was 

dialyzed against water for one week and freeze-dried to yield the purified copolymer.  

3.2.3 Preparation of PPy/PEG-5UPy Composites 

 A series of PPy/PEG-5UPy nanocomposites were developed by a solution casting 

method with various amounts of pyrrole. In a typical process, 0.3 g PEG-5UPy and 22.5 

mg pyrrole (23.2 μL, 0.34 mmol) were dissolved in 1.5 mL ethanol as solution A. 

Meanwhile, solution B was prepared by dissolving APS (77.5 mg, 0.34 mmol) and 

CuPcTs (8.4 mg, 0.0085 mmol) in 1 mL Milli-Q water. The polymerization of pyrrole 

was induced by adding solution B dropwise into solution A in an ice bath under vigorous 

stirring, followed by a further reaction at 4 °C for 24 h. After dialysis against water, the 

polymer solution was cast into a polytetrafluoroethylene (PTFE) mold and dried under 

vacuum to render an elastomer composite. 

3.2.4 Characterization of the As-Synthesized Polymers 

 1H NMR spectra were recorded in deuterated chloroform (CDCl3) solutions at 25 

°C on an Agilent 400-MR DD2 System (Agilent Technologies, USA). The Fourier 

transform infrared spectroscopy (FTIR) analysis of the polymers and nanocomposites 

were performed on a Nicolet iS50 FTIR spectrometer (Thermo Scientific, USA) over a 

range of 500–4000 cm−1 with a resolution of 4 cm−1. The molecular weight (Mn) and 

polydispersity index (PDI) of the polymers were measured by gel permeation 

chromatography (GPC, Waters 1515 system, USA) using THF as the eluent at a flow rate 

of 1 mL/min. The thermal stability of the prepared composites with different PPy 

contents was investigated by thermogravimetric analysis (Discovery TGA, TA 

Instruments, USA) from 25 to 800 °C at a heating rate of 10 °C/min under N2 
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atmosphere. Rheological characterizations were performed on an AR-G2 stress-

controlled rheometer (TA Instruments, USA) with a 40-mm parallel-plate configuration 

and 1 mm gap. Oscillatory frequency sweep tests were performed at a strain of 1% with 

shear rates ranging from 0.1 to 100 rad/s. The morphologies of the composites were 

examined using a Zeiss EVO M10 scanning electron microscopy (SEM) at an 

acceleration voltage of 5 kV.  

 All mechanical tensile tests were conducted at room temperature using a AGS-X 

universal tensile testing machine (Shimadzu, Japan) equipped with a 50 N load cell. For 

each PPy fraction, three rectangular specimens with the dimension of 12 mm (length) × 8 

mm (width) × 1.5 mm (thickness) were prepared and the uniaxial tensile tests were 

performed at a constant stretching rate at 10 mm/min. Healing tests were carried out by 

cutting the original sample into two halves with a blade and bringing the two separated 

interfaces into contact without applied stress for a certain time at room temperature. After 

self-healing, the mechanical properties of the sample were also measured by the uniaxial 

tensile test for the evaluation of healing efficiency. The adhesive strengths of the 

nanocomposites on a variety of substrates, including glass, stainless steel, copper, 

polycarbonate (PC), PTFE and porcine skin, were characterized via a lap shear testing 

method. Porcine skin was employed to mimic the human skin tissue. The samples were 

sandwiched between the surfaces of the substrates with a bonded area of 10 mm × 10 mm 

and compressed with a pressure of 5 kPa for 2 min. The adhered plates were mounted on 

the tensile tester and then pulled at a speed of 10 mm/min until separation. The adhesion 

strength was calculated by the measured maximum load divided by the initial bonded 
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area. Detachment/reattachment cyclic tests were conducted to evaluate the repeatability 

of adhesion. 

 The electrical conductivities of composite films with 6 mm diameter and 300 μm 

thickness were determined by a four-point probe tester (Lucas Labs Pro4, USA). To 

detect the resistance change during stretching, the samples were fixed on a self-made 

stretching stage with different strains applied. The real-time I-t (current versus time) 

curves of the strain sensors were recorded on an electrochemical workstation (CHI920, 

CH Instruments, USA) with a constant voltage of 1.5 V.  

3.3 Results and Discussion  

3.3.1 Preparation of Hydrogen-Bonded Elastomer 

 As illustrated in Figure 3.1, the conductive composite was developed based on a 

supramolecular polymer as the support matrix which is crosslinked by self-

complementary, quadruple hydrogen-bonding groups. The copolymers were prepared by 

free radical copolymerization of PEGMA with varying amounts of HEMA-UPy, and 

were abbreviated as PEG-nUPy, where n presented the molar fraction of UPy-containing 

monomer in the feed (0, 3, 5, 8 mol%). The detailed synthesis process of the copolymers 

was depicted in Figure 3.2, and their molecular weights and polydispersities obtained by 

GPC were summarized in Table 3.1. 1H NMR characterization of HEMA-UPy and PEG-

5UPy were shown in Figure S3.1-S3.2 in Appendix B, in which the characteristic peaks 

located in the range of 14.0~10.0 ppm were assigned to the urea NH protons of UPy 

groups, suggesting successful incorporation of UPy functionality in the prepared 

copolymers. The actual molar fraction of the UPy units in each polymer was determined 
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from the integral values of the characteristic signals in the corresponding spectrum, 

which was close to the feed molar content (Table 3.1). 

 

Figure 3.1. Schematic illustration of the fabrication process of the PPy-doped composite 

from hydrogen-bonded supramolecular elastomer.  

 

 

Figure 3.2. Synthesis route of supramolecular copolymer P(PEGMA-co-UPy). 
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Table 3.1. Summary of molecular characterizations of synthesized PEG-nUPy 

copolymers. 

Polymer UPy fraction (mol%) Mn (kDa) b Polydispersity b 

Feed Product a 

PEG-0UPy 0 0 119 1.68 

PEG-3UPy 3 3.2 108 1.91 

PEG-5UPy 5 5.1 110 1.80 

PEG-8UPy 8 7.6 121 1.79 

a Molar fractions of the monomers were measured by 1H NMR spectroscopy. b Mn and 

PDI were determined by GPC. 

 

 Macroscopically, PEG-0UPy without multiple hydrogen-bonding functionalities 

behaved as a viscous liquid under ambient conditions, while the introduction of UPy 

groups turned the PEG-based copolymers into an elastic state, which is ascribed to the 

formation of cross-linking sites via the intermolecular multiple hydrogen bonds. The 

mechanical properties of the PEG-based copolymers were evaluated by rheological study 

and the results were exhibited in Figure 3.3a. With the increasing amount of UPy 

moieties from 3 mol% to 8 mol%, both the storage modulus (G )́ and loss modulus (Gʺ) 

of the copolymers were enhanced obviously, indicating a higher cross-linking density and 

stronger hydrogen-bonded network. Due to the strong dimerization of the UPy groups,221 

even when the content of hydrogen-bonding moieties was as low as 5 mol%, the G  ́ of 

PEG-5UPy could reach a plateau around 1.0×105 Pa at a frequency of 10 rad/s. The 

transparent PEG-5UPy exhibited outstanding flexibility and elasticity (Figure 3.3b), 
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which could be stretched more than 10 times its original length without breaking. It is 

attributed to the automatic breaking and recombining of the hydrogen bonds upon strain, 

which facilitated energy dissipation. Besides, the supramolecular hydrogen-bonding 

network could undergo reversible association/dissociation at room temperature,90,92 and 

this dynamic nature endowed the elastomer excellent self-healing ability as shown in 

Figure 3.3c. The specimens were stained with different colors for easy visual inspection 

and each of them was cut into halves with a blade, followed by bringing the freshly cut 

surfaces into contact immediately. After healing for 5 min in ambient environment, the 

two halves of the elastomer merged into a single piece which could withstand stretching 

without showing fracture at the damaged interface. The fatigue properties of both as-

prepared and self-healed PEG-5UPy elastomers were investigated by applying 50 

successive loading-unloading cycles with 100% strain (Figure S3.3 in Appendix B), 

where the strength is only slightly compromised after 50 cycles of stretching. The 

mechanical properties of the self-healed sample were comparable to the original one, 

indicating efficient healing of the polymer network. The repeatable self-healing of the 

polymer was demonstrated by rheological characterization, with alternate frequency steps 

cycling between 100 rad/s and 0.1 rad/s, as presented in Figure S3.4 in Appendix B. The 

elastic behavior, reversible network formation, as well as excellent stretchability and fast 

self-healing capability of the PEG-5UPy suggest its superiority to serve as the polymer 

matrix for the fabrication of elastomer composites, and it was utilized for preparing 

conductive composites in this work. 
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Figure 3.3. (a) Rheological frequency sweep measurements of PEG-based copolymers 

with different contents of UPy. (b, c) Optical images of PEG-5UPy showing (b) high 

stretchability and (c) autonomous self-healing ability (healing for 5 min after cut and 

contact) in ambient environment.  

 

3.3.2 Fabrication of the PPy-Doped Elastomer Composites 

 The conductive nanocomposite was developed via a facile mixing and solution 

casting method by triggering pyrrole polymerization inside the PEG-5UPy elastomer 

network (Figure 3.1). Firstly, a homogenous solution was prepared by mixing pyrrole 

molecules with PEG-5UPy in ethanol owning to their good miscibility, followed by in 

situ polymerization of pyrrole induced with the addition of APS as the oxidant and 

CuPcTs as the dopant.222 After 24 h reaction and dialysis, the color of the viscous 

solution changed from blue to black, and it was poured into a flat PTFE mold for the 

removal of water under reduced pressure, leading to an elastic composite material. A 

series of PPy/PEG-5UPy composites were prepared with the incorporated pyrrole 

fractions ranging from 2.5 to 10 wt%, and all the specimens were examined by 

thermogravimetric analysis (TGA) as shown in Figure S3.5 in Appendix B. The elastic 
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polymer PEG-5UPy was thermally stable up to 300 °C and experienced a complete 

decomposition when the temperature reached 450 °C. The weight loss of the composite 

materials started around 200 °C ascribed to the degradation of PPy element,223 and the 

remaining residues at 800 °C increased with a higher content of PPy. The TGA results 

indicated that PEG-5UPy served as the main component in the composites, and the actual 

weight fractions of PPy were calculated to be 2.4 wt%, 4.7 wt%, 7.2 wt% and 9.5 wt% 

for samples with 2.5 wt%, 5 wt%, 7.5 wt %, 10 wt% pyrrole in feed, respectively, which 

were determined by the final residual weights of PPy at 800 °C. Figure 3.4a shows the 

morphologies and microstructures of the four PPy-doped composites obtained by 

scanning electron microscope (SEM). With an increasing amount of pyrrole addition, the 

density of PPy particles dispersed in the continuous soft matrix was enhanced 

significantly, and the PPy phase displayed a rough and irregular shape resulted from the 

interconnection of small sphere-like nanoparticles.204 Compared to the severe aggregation 

of PPy particles generated by the direct mixing of polymerized PPy with PEG-5UPy 

(Figure S3.6 in Appendix B), the much more uniform distribution of PPy particles 

displayed in Figure 3.4a was ascribed to the in situ polymerization of pyrrole molecules, 

during which the PPy particles provided intermolecular hydrogen bonding sites to the 

elastomer network,224 and the resultant rough PPy surface facilitated the wetting by the 

soft polymer matrix.225 The chemical structure of the prepared composites was 

investigated by Fourier transform infrared spectroscopy (FTIR), and Figure 3.4b displays 

the FTIR spectra of PEG-5UPy matrix, PPy and polymer composite with 7.5 wt% PPy. In 

the spectrum of PEG-5UPy, two absorption peaks appeared at 1662 and 1589 cm-1 

corresponding to the C=O (-CO-NH- bond) and in-ring C=C stretching of UPy units, 
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respectively.216 The characteristic peak located at 1560 cm-1 in the spectrum of PPy was 

attributed to the in-plane bending of C=N bonds in the pyrrole rings.222 These 

characteristic peaks could be observed in the spectrum of the prepared composite, 

suggesting that the hydrogen bonding between UPy groups still remained with a 

successful introduction of PPy in the PEG-5UPy network. Besides, the bending of C=N 

bonds shifted from 1560 cm-1 for pure PPy to 1550 cm-1 for the 7.5 wt% PPy composite, 

and the red shift was mainly attributed to the delocalization of π-electrons in PPy, 

indicating interactions between PPy fillers and the elastomer matrix.213,226,227 The 

conductivities of the composites with varying content of PPy were characterized by a 

four-point probe and depicted in Figure 3.4c. Pure PEG-5UPy is non-conductive, and 

with increasing incorporated PPy content from 2.5 wt% to 10 wt%, the conductivity of 

the composites was improved by three orders of magnitude from 1.6×10-3 S/m to 1.48 

S/m. It should be noted that the enhancement of electrical conductivity was nonlinear as a 

function of the PPy weight fraction, where the conductivity experienced a rapid increase 

with the amount of PPy changing from 5 wt% to 7.5 wt%. This phenomenon is most 

likely originated from the formation of the continuous PPy network206 which acted as the 

transporting path for electrons in the composite material. The conductivity of the soft 

composites with relatively low PPy content (≤10 wt%) is close to that of the pure PPy 

hydrogel (1.7 S/m),228 suggesting the potential of the composites for sensing and 

conducting applications.  
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Figure 3.4. (a) SEM images of PPy/PEG-5UPy composites with incorporated PPy 

content of 2.5 wt%, 5 wt%, 7.5 wt % and 10 wt%, respectively. (b) FTIR spectra of PEG-

5UPy, PPy and the polymer composite with 7.5 wt% PPy. (c) Electrical conductivity of 

PPy/PEG-5UPy composites with different fractions of PPy.  

 

3.3.3 Mechanical Properties 

 The mechanical properties of the obtained nanocomposites were characterized by 

uniaxial tensile tests and Figure 3.5a presents the stress-strain curves of PEG-5UPy 

elastomer and composite materials containing different contents of PPy. Without the 

presence of conductive PPy fillers, the PEG-5UPy elastomer exhibited a high 

stretchability with a fracture strain more than 1000%, but the strength of the polymer was 

relatively low (<0.1 MPa). It can be observed that the introduction of PPy into the elastic 

matrix would significantly improve the tensile fracture stress of the composites from 0.11 

MPa (2.5 wt% PPy) to 0.93 MPa (10 wt% PPy), while compromise the strain at breaking 
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point from 740% (2.5 wt% PPy) to 190% (10 wt% PPy), demonstrating that the 

formation of PPy particles could endow effective mechanical reinforcement to the 

composite materials. However, a high PPy content tended to impair the stretchability of 

the composites due to the rigidity of PPy.229 It is worth mentioning that when the fraction 

of PPy increased from 5 wt% to 7.5 wt%, the fracture stress was greatly improved 2.4 

times (from 0.30 MPa to 0.72 MPa), while the stretchability was slightly decreased by 18% 

(from 500% to 410%). The stretchability of the composite with 7.5 wt% PPy is also 

shown in Figure 3.5b. Due to its excellent mechanical properties as well as high 

conductivity, the composite was exploited for further characterizations involving self-

healing, adhesive and sensory abilities. 

 

Figure 3.5. (a) Typical stress-strain curves of PEG-5UPy and PPy/PEG-5UPy composite 

materials with various PPy contents characterized by tensile tests. (b) Optical images of 

7.5 wt% PPy composite before and after stretching.  
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3.3.4 Self-Healing and Adhesive Performances 

 The dynamic hydrogen bonds maintained in the elastomer matrix were expected 

to enable autonomous self-healing ability in the composite. As demonstrated in Figure 

3.6a, the composite with 7.5 wt% PPy was cut into three pieces and the separated parts 

could be cured into a complete piece by attaching the freshly cut interfaces together 

without imposing any pressure or stimuli. Within 5 min, the interfaces were well-bonded, 

and the self-healed sample was strong enough to sustain stretching without breaking. The 

self-healing ability of the composite was further evaluated by tensile tests of the self-

healed samples with different prescribed healing time, where the stress-strain curves and 

calculated healing efficiency are presented in Figure 3.6b-c. Both healing efficiencies of 

the strength and elongation were examined, which were defined as the proportions of 

ultimate stress and elongation recovered in the healed specimens compared to the original 

one. It is observed that the composite could display fast self-healing under ambient 

condition, and only after 2 min of contact, the stress-strain curve of the healed sample 

could restore 48% of its original ultimate stress and 63% of the original elongation. At 

the early stage of self-healing, the mechanical properties of the healed composite were 

remarkably improved with increasing healing time. When the healing time extended to 3 

min, the healing efficiency enhanced to 81% of strength and 85% of elongation. After 

healing for a longer time, the healing process reached equilibrium and the stress-strain 

curves of the specimens overlapped with the curve of the pristine sample, where the 

calculated healing efficiencies were up to 98% (4 min) and 100% (5 min) of strength, 

while 96% (4 min) and 100% (5 min) of elongation. The fast self-healing capability of 

the composite was contributed by the rapid and reversible reconstruction of the physical 
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crosslinking in the elastomer network, taking advantage of the reversible nature of the 

dynamic hydrogen bonding interactions at room temperature as well as the mobility of 

PEG-based polymer chain.215 With a higher content of PPy particles, the movement of 

the polymer chains in the matrix were restricted, and the composite with 10 wt% PPy 

could be healed after 30 min of contact (Figure S3.7 in Appendix B). Compared to 

previously reported composite elastomers which either lack stretchability (<50%) 198,230 

or require relatively long time for healing process (> 24h),196,212 the prominent 

combination of satisfied mechanica property with rapid self-healing ability offers the as-

prepared composite material advantages for numerous practical applications involving 

flexible electronics. 

 

Figure 3.6. Self-healing ability of the composite with 7.5 wt% PPy. (a) A composite is 

cut into three pieces and recombined to self-heal into a complete piece that can sustain 

stretching. The red rectangles indicate the healing interfaces of the composite. (b) Typical 

stress-strain curves of the original and self-healed composites with different healing time 

under ambient condition. (c) Healing efficiency of the strength and elongation of the 

composites as a function of healing time. 
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 The hydrogen-bonding moieties in the polymer matrix provided the composite 

self-adhesiveness to a broad range of substrates, where the adhesion was generated from 

several possible physical interactions including hydrogen bonding (with -OH, -NH2 

groups and N, O, F components),231 metal coordination (with metal ions on the solid 

surfaces)232 and van der Waals interactions.219 As indicated in Figure 3.7a, the composite 

with 7.5 wt% PPy could firmly adhere two weights together and easily support a mass of 

500 g. The adhesive strength of the composite to a variety of inorganic and organic 

substrates were quantitatively evaluated by lap shear measurements, and the results were 

summarized in Figure 3.7b. The adhesive strength between the composite and metal 

surfaces such as stainless steel and copper were the highest (53 kPa on steel and 48 kPa 

on copper) among the substrates, which was ascribed to the synergetic interactions of 

hydrogen bonding and metal complexation. Hydrogen bonding, together with van der 

Waals interactions, played an important role in the adhesion of the composite with glass, 

polycarbonate (PC) and polytetrafluoroethylene (PTFE), where the adhesive strengths 

were determined to be 44 kPa, 46 kPa and 17 kPa, respectively. Porcine skin was 

employed to imitate the human skin tissue, and the hydrogen bonds formed on the 

interface of the composite and porcine skin resulted in an adhesion of 29 kPa. The sample 

containing 10 wt% PPy could also adhere to the abovementioned substrates, where the 

adhesive strength was lower than that of the composite with 7.5 wt% PPy, which was 

mainly ascribed to the reduced mobility of the polymer chains (Figure S3.8 in Appendix 

B). Adhesiveness were rarely reported in conductive elastomer systems due to the lack of 

noncovalent interactions, and the adhesion strength of the as-prepared composite to skin 

preceded that of fibrin glue (<10 kPa), a commercialized tissue adhesive, as well as the 
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reported conductive adhesive hydrogels (5~20 kPa).214,223,233. The strong self-

adhesiveness of the composite material to skin tissue suggested its superiority for the 

applications in wearable electronic devices. Due to the reversibility of the physical 

interactions, the composite exhibited repeatable adhesion to the substrates. As shown in 

Figure 3.7c, the adhesive strengths of the composite to glass and stainless steel were 

completely maintained during five detachment/reattachment cycles, suggesting the 

excellent reusability of the composite for practical applications.  

 

Figure 3.7. Adhesive property of the composite with 7.5 wt% PPy. (a) An optical image 

showing a composite attached to the metal surfaces can completely support 500 g mass. 

(b) Adhesive strengths of the composite to different substrates examined by lap shear 

tests. (c) Repeatable adhesive behaviors of the composite during several 

detachment/reattachment cycles.  

 

3.3.5 Electrical Behaviors of the Strain Sensor 

 Taking advantage of its elasticity and conductivity, the composite material shows 

great potential application for fabrication as a strain sensor, and a representative plot of 

relative resistance change (△R/R0, where R0 and △R denote the pristine resistance and 
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variation in resistance after being stretched) as a function of strain is presented in Figure 

3.8a. It is observed that resistance of the composite experiences a monotonic increase 

with the applied stain up to 300%, and the strain sensitivity of the material was further 

evaluated by the gauge factor (GF), which is defined as the ratio of △R/R0 to the applied 

strain and presented as the slope of the curve in Figure 3.8a. Within 180% strain, the GF 

was found to be 4.5, which increased to 10.8 with strains in the range of 180~230%, and 

it was significantly enhanced to 30.8 for strains exceeding 230%. During the stretching 

process, the increasing strain would lead to the deformation and breakage of the formed 

PPy network, and the increased gap between the conductive particles resulted in a higher 

resistance of the composite.234 Simultaneously, some rearrangements and network 

reconstruction of the dispersed PPy particles also took place, and this process tended to 

compensate for the increase in resistance, especially at low elongation.235 The sensing 

repeatability of the composite was demonstrated in Figure 3.8b. During 15 

stretching/releasing cyclic tests with strain varying between 0% and 150%, the resistance 

change of the composite was completely reversible, and the electrical property remained 

stable even after 1000 loading-unloading cycles (Figure S3.9 in Appendix B), indicating 

the durability of the material for practical applications. Since the composite possessed 

high sensitivity at both small and large strains, it could be exploited as wearable strain 

sensors to monitor diverse human activities, where the adhesiveness of the material 

enabled it to directly attach to skin or other substrates. As illustrated in Figure 3.8c, when 

the composite was mounted on a finger, the large motions of finger joint were detected 

with a stepwise increase in the relative resistance change, which corresponded to the 

bending angles of the finger from 0° to 120°. It should be noted that the electrical 
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response of the sensor to the finger bending was quite fast, and the resistance could return 

to the original value when the joint was straightened. The detection of subtle motions 

such as pulse beating was proved by adhering a composite film on the radial artery, 

where the frequency of cyclic resistance change of the sensor agreed well with the 

frequency of the human pulse (Figure 3.8d).  

 The electrical self-healing ability was further demonstrated in Figure 3.8e-f. An 

LED bulb could be illuminated using the composite as a conductor in the circuit, and it 

immediately went off when the composite was cut into two halves, where the current 

diminished with an open circuit.  After a separation for 30 s, the surfaces of the two 

pieces were brought into contact with a gentle pressure and the bulb was lighted up again 

with a rapid increase in the current, suggesting a reestablishment of the conductor. 

During the following 3 min healing, the current gradually restored to the original value, 

indicating the self-healing of the hydrogen-bonded elastomer network facilitated the 

rearrangement of the PPy particles and the reconstruction of the conductive network.198 

Moreover, the self-healing in conductivity was repeatable, which was examined by 

multiple cut-healing cycles at the same location (Figure 3.8f and Figure S3.10 in 

Appendix B), where the conductivity could be fully recovered to the initial value within 

20 cycles of healing. 
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Figure 3.8. (a) Relative resistance change (△R/R0) of the composite with 7.5 wt% PPy 

under increasing strain. (b)  Relative resistance change of the composite during multiple 

stretching/releasing cycles between 0% and 150% applied strain. (c, d) Demonstration of 

the composite as a wearable sensor for monitoring (c) finger bending and (d) pulse 

beating. (e) Demonstration of electrical self-healing ability of the composite with an LED 

bulb in the circuit. The red rectangle represents the contact interface of the cut composite. 

(f) Current change of the composite with three cut and healing processes.  
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3.4 Conclusions 

 In this work, we have developed a novel conductive composite by introducing in 

situ polymerization of pyrrole within a hydrogen-bonded supramolecular elastomer 

matrix through a facile solution casting method, which, for the first time, combines 

excellent stretchability, self-healing ability and adhesiveness of the UPy-functionalized 

elastomer with strain sensing capability resulted from the formation of conductive PPy 

network. The uniformly dispersed PPy particles not only provide high conductivity to the 

composite but also reinforce the polymer matrix, where the composite with 7.5 wt% PPy 

exhibits a conductivity of 0.88 S/m and mechanical strength of 0.72 MPa. Due to the 

dynamic nature of the quadruple hydrogen-bonding groups, the composite possesses a 

fast and repeated self-healing ability under ambient condition, achieving a complete 

recovery of both mechanical and electrical properties after 5 min of healing. Moreover, 

the composite has been demonstrated to display universal adhesiveness to various 

substrates including glass, metal and organic materials. The conductive elastomer 

possesses high strain sensitivity up to 300% elongation, and it can be successfully 

exploited as strain sensors for monitoring various human motions such as finger bending 

and pulse beating. Taking advantage of the unique features of supramolecular chemistry, 

the PPy-doped conductive elastomer can be readily integrated with the multifunctionality 

of the components, holding great promises for sensing applications, and the facial 

fabrication of the composite elastomer provides new inspirations for the development of 

advanced functional soft electronic devices. 
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CHAPTER 4 Stretchable, Injectable and Self-Healing Conductive 

Hydrogel Enabled by Multiple Hydrogen Bonding toward Wearable 

Electronics 

4.1 Introduction 

 Hydrogels are three-dimensional (3D) cross-linked porous polymer networks 

containing high water content and have emerged as promising candidates for biological 

applications due to their resemblance to human tissues.10,236 Conductive hydrogels, which 

combine the electronic properties of conductors with the soft nature of hydrogels,223,229,237 

can mimic the functions of human skin with mechanical and sensory properties,212,238 and 

have drawn enormous attention in the past decade for the fabrication of flexible 

electronics with applications in wearable devices, implantable biosensors, and artificial 

skin for soft robotics.239-244 Conductive hydrogels have been directly prepared by 

introducing conducting fillers such as metallic particles,245,246 carbon nanotubes247,248 and 

graphene249 into polymer networks, but this blending method usually suffers from low 

loading amount and aggregation of the conducting components, resulting in either poor 

conductivity or compromised mechanical properties.250,251 An alternate facile approach to 

imparting conductivity to hydrogels is triggering in situ polymerization of conjugated 

precursors for the generation of conducting polymers such as polythiophene, polyaniline 

and polypyrrole in hydrogel matrixes.252-254 Due to the formation of mesh-like conducting 

networks which entangle with the soft primary networks, the hydrogels possess both fast 

electron transfer and enhanced mechanical strength.204 As a widely studied conducting 

polymer with tunable electrical properties, polyaniline (PANI) has been employed for the 
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fabrication of various conductive hydrogels, with the utilization of phytic acid255 or 

polyelectrolytes250,256 as dopants. Despite the satisfying electrical conductivity, the 

relatively weak and brittle networks severely impede their practical applications.257 One 

fascinating feature of human skin is its capability to self-repair the injuries inflicted by 

external force or stimuli,198 thus it is highly desirable to endow conductive hydrogels with 

self-healing ability,258,259 leading to “smart” and durable materials for real-world 

applications, which still remains a challenge.  

 An effective strategy toward autonomous self-healing hydrogels is based on the 

utilization of a variety of reversible molecular interactions including dynamic covalent 

bonds,211 ionic interactions,260,261 hydrogen bonding,15 metal-ligand coordination,25 host-

guest interactions, and hydrophobic association.262 Among them, hydrogen bonding 

interactions are of particular interest for the fabrication of self-healing hydrogels owing to 

their modulated strength, biocompatibility as well as the fast dissociation/association 

behavior.2 Besides, the dynamics of the hydrogen bonds can be readily modulated by 

temperature and pH of the surrounding environment,85,90,220 which renders the hydrogels 

stimuli-responsive properties. As a multiple hydrogen-bonding motif, 2-ureido-4[1H]-

pyrimidinone (UPy) has been extensively exploited to direct self-assembly of molecules 

in supramolecular chemistry since it was introduced by Meijer and coworkers,78 taking 

advantage of its easy accessibility and strong self-complementary dimerization (>106 M-1 

in chloroform) via quadruple hydrogen bonds.221,263,264 Several functional materials 

displaying self-healing abilities have been developed based on the dynamic interaction 

between UPy groups. Del Campo and coworkers reported an injectable and thermo-

responsive hydrogel cross-linked by dimerized UPy pendants, where the self-healing 
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property could be tuned by temperature.86 When UPy moieties were grafted onto the 

backbone of biocompatible dextran, a self-integrating and injectable hydrogel was 

developed, which was capable of sustainably releasing encapsulated biomolecules and 

facilitating the regeneration of bone tissues.265 Cui and Vlassak et al. prepared an 

extremely stretchable hydrogel by protecting the dimerization of UPy groups in 

hydrophobic micelles, and the hydrogel could be stretched more than 100 times without 

fracture as well as exhibited fast self-healing property.92 However, the multiple 

hydrogen-bonded moiety has not been extended to conducting polymer hydrogels to 

provide these systems self-healing ability and other functionalities.  

 In this work, we have developed a novel conductive polymer hydrogel that 

combines high conductivity with stretchability, injectability and rapid self-healing ability 

in one platform, by introducing UPy groups into fragile conducting PANI/poly(4-

styrenesulfonate) (PSS) polymers. The hydrogel was primarily composed of a negatively 

charged PSS supramolecular network cross-linked by UPy groups, where an 

interpenetrating conducting PANI network was formed by in situ polymerization and 

electrostatically interacted with PSS chains.256 The dynamic and reversible 

dissociation/association process of the hydrogen bonds contributed to the energy 

dissipation and network reconstruction in the hydrogel, which offered the hydrogel 

stretchable and self-healing properties. Meanwhile, the thermo-sensitive nature of the 

hydrogen-bonding interaction provided thermoplasticity of the material,266 making it 

injectable and moldable. The hydrogel possessed excellent conductivity as well as high 

sensitivity to external strain due to the electronic conduction assisted by ionic transport, 

and it was successfully employed for the detection of various human activities with rapid 



  Chapter 4 

73 

 

and repeatable response, holding great promise for applications in artificial skins and 

flexible intelligent sensors. 

4.2 Experimental Methods 

4.2.1 Materials 

 2-Amino-4-hydroxy-6-methylpyrimidine (98%, Aldrich), 2-isocyanatoethyl 

methacrylate (98%, TCI), dimethyl sulfoxide (DMSO, anhydrous, 99.9%, Aldrich), 4-

styrenesulfonic acid sodium salt (NaSS, Aldrich), sodium hydroxide solution (NaOH, 50 

wt% in H2O, Aldrich), ammonium persulfate (APS, 98%, Aldrich), N,N,N′,N′-

tetramethylethylenediamine (TEMED, 99%, Aldrich), hydrochloric acid (HCl, 37%, 

Aldrich), aniline (ANI, 99.5%, Aldrich), iron(III) chloride hexahydrate (FeCl3·6H2O, 

97%, Aldrich) were used as received if not specified. Milli-Q water was utilized for 

preparing all the aqueous solutions.  

4.2.2 Synthesis of UPy-Functionalized Methacrylate Monomer (UPyMA) 

 The methacrylate monomer functionalized with UPy moiety was synthesized via a 

previously reported method.86 2-amino-4-hydroxy-6-methylpyrimidine (2.0 g, 16 mmol) 

was dispersed into 50 mL DMSO and the mixture was stirred at 170 °C in an oil bath for 

10 min until the solids were completely dissolved. Then the oil bath was removed and 

followed by the instant addition of 2.5 mL 2-isocyanatoethyl methacrylate (2.75g, 17.7 

mmol) into the flask under vigorous stirring. After reaction for 3 min, the solution was 

quickly cooled to room temperature by immersing in a water bath with the appearance of 

fine white solids. After 6 h, the precipitate was filtered and washed with excess acetone 

for 3 times. The collected white power was dried under vacuum overnight. 1H NMR 
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characterization was performed with an Agilent 400-MR DD2 system (Agilent 

Technologies, USA) at 25 °C, using deuterated chloroform (CDCl3) as the solvent. δH 

(ppm) = 13.0 (s, 1H, CH3CNH), 12.0 (s, 1H, CH2NH(C=O)NH), 10.5 (s, 1H, 

CH2NH(C=O)NH), 6.2+5.6 (m, 2H, C=CH2), 5.8 (s, 1H, CH=CCH3), 4.3, (t, 2H, OCH2), 

3.6 (m, 2H, NHCH2), 2.2 (s, 3H, CH3C=CH), 1.9 (s, 3H, (C=O)CCH3). 

4.2.3 Formation of Hydrogen-Bonded PSS (PSS-nUPy) Hydrogels 

 Supramolecular hydrogels with different amounts of hydrogen-bonding moieties 

(UPyMA) were prepared by one-pot free radical polymerization, and the resultant 

products were named as PSS-nUPy, where n indicated the molar percentage of UPyMA 

with respect to NaSS in the feed. For example, a PSS-20UPy hydrogel was developed 

from 0.5 mL aqueous solution containing NaSS (0.5 mmol, 103 mg) and UPyMA (0.1 

mmol, 28 mg), and the pH of the solution was adjusted to 10 by NaOH to facilitate the 

dissolution of UPyMA. After the addition of 5 μL TEMED and 5 μL APS stock solution 

(120 mg APS dissolved in 1mL Milli-Q water) as reaction initiator, the polymerization 

was conducted at 50 °C for 20 h in a sealed vial, yielding a viscous solution. At room 

temperature, by adjusting the pH back to 7 using HCl solution, a hydrogen-bonded PSS 

hydrogel was formed.  

4.2.4 Preparation of PANI/PSS-20UPy Hybrid Hydrogels 

 A series of conductive hydrogels with the incorporated ANI concentration varying 

from 0.1 M to 0.4 M were prepared. In a typical process, the prepared PSS-20UPy 

hydrogel was heated to 50 °C resulting in a viscous solution, and a desired amount of 

ANI was added into the solution with an equivalent amount of HCl. After vigorous 

agitation for 5 min, ANI was uniformly dispersed in the solution and the mixture was 
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cooled to room temperature. The reformed hydrogel was immersed in an acidic (0.1 M 

HCl) solution containing 0.5 M FeCl3 to initiate the polymerization of ANI at 4 °C for 48 

h. The obtained dark green hydrogel was purified by immersing in Milli-Q water to 

remove the unreacted residues and excess ions. The resultant hybrid hydrogels were 

named as PANI/PSS-20UPy hydrogels with x M ANI, where x indicated the feed 

concentration of ANI in the hydrogels. 

4.2.5 Characterizations of the Hydrogels 

 The water contents (Q) of the hydrogels were determined by the weight of the 

swollen hydrogel (Ws) and the corresponding weight of the freeze-dried polymer network 

(Wd) according to the following equation: 

s d

s

( )W W
Q

W


    (4.1) 

The weight fraction of PANI network in the hybrid hydrogel was characterized by UV-

vis spectroscopy on an Evolution 300 UV-vis spectrophotometer (Thermo Scientific, 

USA). The concentration of ANI diffused into FeCl3 solution during polymerization was 

determined by a calibration curve of absorbance at 440 nm versus the concentration of 

added ANI, showing a linear relationship of A=1.184C-0.0214, where A and C 

represented the absorbance and ANI concentration, respectively. The actual weight of 

PANI in the products was calculated by subtracting the diffused amount of ANI from the 

feed.  

 All Fourier transform infrared spectroscopy (FTIR) spectra of the freeze-dried 

hydrogels were recorded by a Nicolet iS50 FTIR spectrometer (Thermo Scientific, USA), 

over a range of 500~4000 cm−1 with a resolution of 4 cm−1. The internal morphologies of 
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the hydrogels were investigated by a Zeiss EVO M10 scanning electron microscopy 

(SEM) operated at 5 kV acceleration voltage. Before observation, the as-prepared 

hydrogels were quenched in liquid nitrogen, and after freeze-drying, the samples were 

fractured using a scalpel, with a thin layer of gold sputtered on the fractured surface prior 

to imaging.  

 Stretchability of the hydrogels was characterized using a AGS-X universal tensile 

testing machine (Shimadzu, Japan) at a constant stretching rate of 10 mm/min with a 50 

N load cell, and the rectangular hydrogel specimens were prepared with a dimension of 

12 mm (length) × 8 mm (width) ×4 mm (thickness). Rheological behaviors and self-

healing properties of the hydrogels were examined by oscillatory rheological 

measurements on an AR-G2 rheometer (TA Instruments, USA). All characterizations 

were carried out with a 20 mm, 2 ° cone configuration, and silicone oil was applied 

around the plate to prevent water loss from the hydrogels during the experiments. 

Oscillatory frequency sweep measurements were conducted at a strain of 1% with shear 

frequency in the range of 0.1 to 100 rad/s at 25 °C to determine the storage and loss 

moduli of the hydrogels, and temperature sweep measurements were performed from 

10 °C to 50 °C with a heating rate of 2 °C/min. The strain amplitude sweep was 

performed with strain increasing from 0.1% to 1000% at a frequency of 10 rad/s to 

induce a failure of the hydrogen network, followed by an immediate return to 1% strain 

for the examination of network reconstruction. Self-healing performances in response to 

the applied shear force were also evaluated by cyclic tests, with strain steps shifting 

between 1% and 800%, and the procedure was programmed as follows: 1% (300 s) → 

800% (60 s) → 1% (300 s) → 800% (60 s) → 1% (300 s) → 800% (60 s) → 1% (300 s). 
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 Sheet resistance (Rs) values of the prepared hydrogel slabs were determined by a 

four-point probe tester (Lucas Labs Pro4, USA) with a linear probe head. The 

conductivity (σ) was calculated by the following equation:  

s

1
=

R h
    (4.2) 

 where h represents the thickness of the hydrogel. The strain sensing performances of the 

hydrogels were evaluated by an electrochemical workstation (CHI920, CH Instruments, 

USA), where the real-time I-t (current versus time) curves were recorded with a constant 

applied voltage (U) of 1.5 V and the resistance (R) change induced by stretching was 

calculated by Ohm’s law (
U

R
I

 ). Various strains were introduced to the hydrogels by 

mounting the samples on an in-house prepared stretching stage, which could record the 

deformation during stretching and releasing. The electrical self-healing property of the 

hydrogels was detected by both the LED illumination and the current change during 

cutting and healing process. To evaluate the sensing performances of the hydrogels for 

diverse human activities, the hydrogels were mounted onto the finger, wrist, throat, and 

radial artery of a volunteer, and the real-time I-t curves were recorded during finger 

bending, wrist bending, swallowing, speaking and pulse beating. 

4.3 Results and Discussion 

4.3.1 Formation of Primary Hydrogen-Bonded PSS Networks 

 As presented in Figure 4.1, hydrogen-bonded anionic polyelectrolyte PSS served 

as the primary network for the preparation of the conductive hydrogels, which was 

developed by one-pot free radical polymerization of NaSS and UPyMA using APS as the 



  Chapter 4 

78 

 

initiator. The synthesis route and 1H NMR characterization of the UPy-functionalized 

monomer are shown in Figure S4.1-S4.2 in Appendix C. A series of the PSS hydrogels 

with different amounts of incorporated UPyMA were prepared and referred to as PSS-

nUPy, where n denoted the molar percentage of UPyMA with respect to NaSS in the feed. 

The copolymerization reactions were carried out under alkaline conditions (pH=10) to 

facilitate the dissolution of UPy groups in aqueous environment, since the deprotonation 

of the UPy groups would generate negatively charged enolate tautomers.162 When the pH 

of the as-prepared viscous solutions was adjusted back to 7, the gelation of the 

copolymers were induced immediately, indicating that the protonation of UPy units led to 

the formation of hydrogen-bonded dimers and the construction of the 3D network.90,161  

 

Figure 4.1. Schematic illustration of synthesis process of the supramolecular conductive 

PANI/PSS-UPy hydrogels and the formation mechanism.  

 

 The viscoelastic behaviors of the PSS-nUPy hydrogels were characterized by 

rheological measurements, where the evolution of storage modulus Gʹ (elastic behavior) 
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and loss modulus Gʺ (viscous behavior) as a function of angular frequency was displayed 

in Figure 4.2a. Both Gʹ and Gʺ were found to be significantly improved with the 

increasing amount of UPy addition, suggesting a higher cross-linking density resulted 

from the increment of intermolecular hydrogen bonds. It should be noted that the in each 

hydrogel, Gʹ and Gʺ were strongly dependent on the frequency and presented a crossover 

within the range of 0.1~100 rad/s, which demonstrated the temporary character of the 

hydrogen-bonded network.267 At low frequencies, Gʹ<Gʺ, indicating a quasi-liquid 

behavior, while Gʹ>Gʺ at high frequencies, signifying an elastic gel. The crossovers of 

PSS-10UPy and PSS-15UPy were 63 rad/s and 25 rad/s, respectively, where the resultant 

materials could flow slowly, while PSS-20UPy and PSS-25UPy showed crossovers at 1.5 

rad/s, yielding compliant yet solid-like gels. Polymerization of PSS-20UPy hydrogel was 

conducted at different temperatures (i.e., 20, 50, 70 °C) for 20 h, and at 50 °C for 

different times (i.e., 10, 20, 30 h). The viscoelastic behaviors of the hydrogels prepared at 

each temperature and reaction time are shown in Figure S4.3 in Appendix C. At 20 °C, 

the polymerization rate is very low, and after 20 h, only a highly viscous solution was 

obtained. When the polymerization occurred at 70 °C, the initiator decomposed fast, 

leading to high polydispersity, and the strength of the prepared hydrogel was lower than 

that prepared at 50 °C. As indicated in Figure S4.3b in Appendix C, the shear moduli of 

the hydrogel were enhanced with longer reaction time, and the strengths of the hydrogels 

prepared for 20 h and 30 h were comparable. Therefore, the optimized reaction condition 

was determined to be 50 °C for 20 h. 

 Since hydrogen-bonding interactions tend to be weakened at elevated 

temperatures,87 the hydrogels were expected to exhibit thermo-responsiveness, and the 
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thermosensitivity of PSS-20UPy hydrogel was examined by rheological tests over the 

range of 10 to 50 °C at a constant frequency of 10 rad/s (Figure 4.2b). The gel-sol 

transition temperature, defined as the crossover of Gʹ and Gʺ, was determined to be 32 °C, 

and the viscosity of the hydrogel was rapidly reduced with increasing temperature, which 

dropped below 1 Pa·s at 50 °C. The reversible thermo-induced gel-sol-gel transition was 

also demonstrated in Figure 4.2c and Figure S4.4 in Appendix C, rendering the 

hydrogel moldability and injectability at moderately elevated temperatures. The 

performances of PSS-20UPy hydrogel upon applied external strain was characterized by 

strain sweep measurements (Figure 4.2e), where the Gʹ and Gʺ remained stable up to 

~700% strain, suggesting the hydrogel was capable of withstanding large deformation. 

When the strain was further increased, the hydrogel would collapse accompanied by a 

rapid decrease of the shear moduli. Notably, once the strain turned back to 1% after 

severe damage (2000% strain), the hydrogel could fully recover to the original strength 

without hesitation, which was attributed to the fast reassociation process of the multiple 

hydrogen bonds.268 The rapid self-healing ability of the hydrogen-bonded hydrogel was 

also visually verified in Figure 4.2d, where the two separated pieces of the stained and 

dissected hydrogels could be easily attached to each other at the cut surfaces and healed 

into one integrated piece within seconds. 
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Figure 4.2. (a) Frequency-dependent rheological measurements of PSS hydrogels with 

different amounts of UPy as cross-linkers at 25 °C. (b) Changes of shear moduli and 

viscosity of PSS-20UPy hydrogel as a function of temperature at ω=10 rad/s. (c-d) 

Optical pictures showing (c) temperature-responsive property and (d) self-healing ability 

at room temperature of PSS-20UPy hydrogel. The scale bar is applied to all the images. 

(e) Strain sweep measurement (left) followed by immediate recovery from 2000% strain 

to 1% strain (right) of PSS-20UPy hydrogel at 25 °C. 

 

4.3.2 Preparation of PANI/PSS-20UPy Hybrid Hydrogels 

 The PSS-20UPy hydrogel was employed for the fabrication of conductive hybrid 

hydrogels via triggering the in situ polymerization of the incorporated ANI in the 
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hydrogel frameworks using FeCl3 as the oxidizing agent. (Figure 4.1). Different contents 

of ANI were loaded in the hydrogels by mixing the components at 50 °C, where the 

liquid state of the hydrogels promoted the uniform dispersion of ANI monomers. In 

acidic environment, cationic anilinium ions were generated due to the protonation of ANI, 

which were attracted by the negatively charged sulfonate groups in the hydrogel 

framework through Coulombic interactions, and the following oxidative polymerization 

would result in interpenetrating PANI/PSS network within the hydrogel.229,269 The excess 

amount of Fe3+ ions also coordinated with the anionic PSS via electrostatic interaction 

and served as cross-linking points,270 while the hydrogel polymerized in APS solution 

dissociated into fragments (Figure S4.8a in Appendix C). The resultant dark green 

hydrogels were purified by Milli-Q water for further characterization. Figure 4.3a shows 

the FTIR spectra of the hybrid hydrogels prepared with ANI concentrations ranging from 

0~0.4 M. The adsorption peaks located at 1030 and 1001 cm-1 were ascribed to the 

asymmetric and symmetric S=O stretching, confirming the presence of PSS primary 

network in all samples.256 With the introduction of ANI, the characteristic peaks of 

emeraldine PANI salt appeared at 1559, 1497 and 1339 cm-1, which were assigned to 

quinoid and benzenoid ring deformation as well as C-N stretching of 

benzenediamine.253,256 The intensities of these peaks increased with a higher content of 

ANI, suggesting the successful formation of PANI in the hydrogel networks. The water 

contents of the initial PSS-20UPy hydrogel and the PANI/PSS-20UPy hydrogels were 

evaluated, as shown in Table S4.1 in Appendix C. After immersing into FeCl3 solution, 

the hydrogels experienced a slight swelling and the swelling ratio decreased with a higher 

loading amount of ANI. The actual weight fraction of PANI network in each hybrid 
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hydrogel was examined by UV-vis spectroscopy, which was close to the feed ratio, 

indicating most ANI were polymerized in the hydrogel network (Table S4.1 in 

Appendix C).The morphologies of the corresponding freeze-dried PANI/PSS-20UPy 

hydrogels were examined by SEM and presented in Figure 4.3b-e. Compared to the 

microstructure of pure PSS-20UPy hydrogel without the addition of ANI (Figure S4.5 in 

Appendix C), all of the hydrogels loaded with different amounts of ANI displayed 

similar 3D porous networks, indicating the generation of interpenetrating networks due to 

the entanglement of PANI and PSS polymer chains, where PSS served as the template as 

well as dopant to stabilize the in situ formed PANI.254,271 With increasing amount of 

PANI, the pore size of the hydrogels was gradually diminished, leading to a denser 

network. 

 

Figure 4.3. (a) FTIR spectra and (b-e) representative SEM images of PANI/PSS-20UPy 

hybrid hydrogels with different contents of ANI varying from 0.1 to 0.4 M.  
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4.3.3 Mechanical Properties and Self-Healing Behaviors of the Hydrogels 

 The viscoelastic mechanical properties of the prepared PANI/PSS-20UPy hybrid 

hydrogels with different ANI concentrations were evaluated by performing frequency 

sweep measurements at 1% strain, and the variations of shear moduli are depicted in 

Figure 4.4a. For all samples, Gʹ was higher than Gʺ over the detection range of 0.1~100 

rad/s even without the incorporation of PANI, implying that the sulfonate groups were 

coordinated with Fe3+ ions which served as cross-linkers of the networks and contributed 

to the elastic behavior of the hydrogels. In addition, both Gʹ and Gʺ were significantly 

enhanced with a higher content of PANI, verifying an efficient mechanical reinforcement 

resulted from the establishment of the continuous PANI/PSS interpenetrating networks, 

which was in good accordance with the SEM images. The frequency dependence of the 

shear moduli also revealed the dynamic nature of the non-covalent interactions (e.g., 

hydrogen bonding between UPy groups, Fe3+ coordination) of the cross-linking points, 

which was further examined with thermo-responsiveness in (Figure S4.6 in Appendix 

C). The results in Figure S4.6 in Appendix C indicate that the formation of the hydrogel 

and the thermo-responsive property were mainly contributed by the dimerization between 

UPy groups, while the relatively weak Fe3+ coordination could further improve the elastic 

property of the hydrogel. Figure 4.4b illustrates the response of Gʹ to applied strain. 

When 0.3 M or a lower amount of ANI were introduced into the hydrogel, Gʹ remained 

unchanged within 300% strain, indicating their excellent stability upon large deformation, 

while the hydrogel with 0.4 M ANI started to break down over 30% strain due to the 

rupture of the densely cross-linked rigid PANI network. Therefore, the hybrid hydrogel 
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loaded with 0.3 M ANI exhibited an outstanding combination of mechanical strength and 

flexibility, which was exploited for further characterizations and applications.  

 

Figure 4.4. (a-b) Rheological measurements of PANI/PSS-20UPy hydrogels with 

different contents of ANI at 25 °C showing (a) frequency dependence of storage modulus 

Gʹ (left) and loss modulus Gʺ (right) at 1% strain and (b) strain dependence of Gʹ at ω=10 

rad/s. (c) Temperature dependence of shear moduli and viscosity of the hybrid hydrogel 

with 0.3 M ANI. (d-e) Optical images of the hybrid hydrogels with 0.3 M ANI (d) 

molded into different shapes, the scale bar is applied to all the images, and (e) injected 

through an 18-gauge needle.  

 

 The thermal response of the hybrid hydrogel with 0.3 M ANI was investigated, 

where the shear moduli and viscosity were greatly reduced upon heating, leading to a 

liquid-like material above 45 °C (Figure 4.4c). This thermo-induced gel-sol transition 
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was mainly attributed to the reversible hydrogel bonding between the large amount of 

UPy groups in the hydrogel network, imparting the hybrid hydrogel thermoplasticity at 

moderate temperatures. As shown in Figure 4.4d, the hydrogel could be facilely molded 

into a variety of shapes (e.g., circle, triangle, square, and pentagon) by melting it at 50 °C 

in a particular mold followed by gelation at room temperature. The melting/solidification 

process was totally reversible and the hydrogel could be readily reshaped and reused. The 

injectability of the hydrogel was verified in Figure 4.4e, where a hydrogel preserved at 

50 °C was injected through an 18-gauge needle into different characters due to the 

reduced viscosity at elevated temperatures, and the injected shapes could be fixed at room 

temperature. The injectable behavior of the hydrogel implies its great potential in 3D 

printing.  

 Strain sweep and cyclic step strain measurements were employed to characterize 

the self-healing performances of the hybrid hydrogel with 0.3 M ANI. As shown in 

Figure 4.5a, although Gʹ experienced a decrease when the strain reached to 350%, the 

crossover of Gʹ and Gʺ, which denoted severe damage of the hydrogel network, appeared 

at 670% strain, suggesting the capability of the hydrogels to undergo large deformation. 

The excellent stretchability was macroscopically proved in Figure 4.5b, where the hybrid 

hydrogel was readily stretched beyond 6 times of its original length without any fracture, 

and a typical stress-strain curve is presented in Figure S4.7 in Appendix C. Moreover, 

when the strain returned to 1% after the failure of the hydrogel at 1000% strain, the 

reconstruction of the network occurred immediately demonstrated by an instant 

restoration of the mechanical strength. Both Gʹ and Gʺ were recovered to the initial 

values within 30 s. The spontaneous and reversible dissociation/association of the non-
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covalent cross-linkers formed by UPy dimerization and Fe3+ coordination was 

responsible for the efficient energy dissipation upon elongation as well as the fast self-

healing ability.234,272 The effect of Fe3+ concentration on the viscoelastic behavior and 

self-healing property of the hydrogels is displayed in Figure S4.8b-c in Appendix C. 

The repeatability of the self-healing behavior was further studied by applying continuous 

strain steps cycling between large and small amplitude (Figure 4.5c). Upon 1% strain, Gʹ 

and Gʺ of the hydrogel were found to be 5.1 kPa and 1.9 kPa, respectively, while the 

following 800% strain destroyed the network with a sudden decrease of Gʹ (to 410 Pa) 

and Gʺ (to 820 Pa). With a continuous 1% strain step, the hydrogel was reformed rapidly 

with a healing efficiency of 100%, and this process could be repeated several times 

without any loss in mechanical properties. The cyclic step strain measurements were also 

performed at 5 °C and 40°C (Figure S4.9 in Appendix C), and the fast self-healing 

ability of the hydrogel was demonstrated under both temperature conditions, suggesting 

its potential in practical applications. Figure 4.5d provides optical evidence of the self-

healing ability. When an intact hybrid hydrogel was cut into two halves by a scalpel, the 

freshly-generated surfaces were brought into contact to allow autonomous healing. The 

two segments adhered to each other instantly, and only after a few seconds, they merged 

into one piece with a well-bonded interface that could withstand stretching.  

 



  Chapter 4 

88 

 

 

Figure 4.5. Stretchability and self-healing ability of PANI/PSS-20UPy hybrid hydrogel 

with 0.3 M ANI. (a) Strain sweep measurements (left) followed by time sweep 

measurement of recovery from 1000% strain to 1% strain (right). (b) Optical 

demonstration of the stretchability. (c) Variation of the shear moduli during cyclic steps 

with strain shifting between 1% and 800%. (d) Two separated parts of the hybrid 

hydrogel merge into one piece after healing for 30 s and withstand stretching. The orange 

rectangles indicate the contact interface and the scale bar is applied to all the images. 

 

4.3.4 Strain Sensing Performances of the Conductive Hydrogels 

 Due to the formation of interpenetrating PANI/PSS network which was cross-

linked by hydrogen bonding and electrostatic interactions, the conductivity of the hybrid 
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hydrogels was contributed by two factors: electronic conduction offered by conjugated 

PANI and ionic conduction due to the existence of Fe3+ and PSS.253,258 The conductivities 

of the as-prepared hydrogels with various ANI concentrations were detected by a four-

point probe and summarized in Figure 4.6a. In the absence of ANI, the conductivity of 

the hydrogel was found to be 1.1 S/m, which was solely dependent on the ion conduction, 

and this value was notably enhanced to 7.4 S/m with the addition of 0.1 M ANI, 

suggesting the establishment of efficient electron transfer pathways due to the formation 

of the PANI network, The conductivity was further improved to 14.2 S/m with 0.4 M 

ANI loaded in the hydrogel matrix, which was mainly contributed by electronic transport 

and higher than that of the fragile pure PANI hydrogel (11 S/m).59 Compared to 

previously reported hydrogels involving conducting polymers (Table S4.2), the 

integration of high conductivity, stretchability and fast self-healing ability in the 

developed hybrid hydrogel indicates its promising applications for the fabrication of 

flexible electronics, especially strain sensors. Figure 4.6b displays the relative variation 

of resistance (△R/R0) of the hybrid hydrogel with 0.3 M ANI in response to applied strain, 

calculated by △R/R0=(R-R0)/R0, where R0 and R represent the initial resistance and real-

time resistance upon stretching, respectively. Within 300% elongation, the hydrogel 

exhibited a linear increase in resistance under external strain, and the linearity was most 

likely attributed to the uniform deformation of the network upon stretching.271 The slope 

of the curve, which was referred as gauge factor (GF), was employed to assess the strain 

sensitivity and determined to be 3.4 within the whole detection range. It is worth 

mentioning that the previously reported conductive hydrogels generally either lack self-

healing ability241,271 or suffer from low sensitivity (GF<0.5) at small strains,214,233,273 
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therefore, the high sensitivity over the wide strain range of the developed self-healing 

hydrogel suggests its superiority for the detection of both large and subtle deformations. 

Cyclic loading/unloading tests were carried out on the hydrogel to evaluate the reliability 

and repeatability of the sensing performances. As shown in Figure 4.6c, when the 

applied strain varied between 0% and 100%, the relative resistance change of the 

hydrogel was identical in each cycle and the sensitivity was well preserved after 20 cyclic 

measurements, demonstrating its excellent stability and reproducibility for practical 

applications. The reversible sensing ability was also illustrated in the inset photos, 

displaying the luminance variation of an LED bulb in the circuit upon stretching and 

releasing of the hydrogel. The self-healing ability of the electrical performance was 

investigated by recording the current change during cut/healing process (Figure 4.6d) 

with an optical demonstration (Figure 4.6e). When the original hydrogel employed as the 

conductor in a closed loop was cut into two parts, the resultant open circuit would lead to 

a sudden drop of the current to zero and an immediate extinction of the illuminated LED 

bulb. After a certain time of separation, the two fractured surfaces were brought into 

contact, and the LED bulb was turned on instantly along with a complete recovery of the 

current to the initial value. The slight fluctuation of current in the initial stage of self-

healing resulted from the viscoelastic nature of the hydrogel,198 and the efficient 

reconstruction of the conductive network was ascribed to the fast reassociation of the 

non-covalent cross-links. Successive cut and healing steps were carried out on the 

hydrogel at the same location, and the rapid restoration of electrical performance in each 

cycle verified the repeatable self-healing of conductivity in the hybrid hydrogel.  
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Figure 4.6. (a) Conductivity of PANI/PSS-20UPy hydrogels with different incorporated 

concentrations of ANI. (b) Relative resistance change (△R/R0) of the hybrid hydrogel 

with 0.3 M ANI as a function of applied strain. (c) Relative resistance change of the 

hybrid hydrogel during cyclic loading/unloading tests with strain varying between 0% 

and 100%. The insets show the luminance variation of an LED bulb in the circuit with 

different applied strains. (d-e) Electrical self-healing ability of the hybrid hydrogel 

showing (d) current change and (e) illuminance variation of an LED bulb during 

cut/healing process. The orange rectangle highlights the contact interface and the scale 

bar is applied to all the images. 
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Figure 4.7. Real-time relative resistance change of the hybrid hydrogel with 0.3 M ANI 

used as wearable strain sensors for monitoring various human activities including (a) 

finger bending, (b) wrist bending, (c) swallowing, (d) speaking and (e) pulse beating. 
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 Taking advantage of its flexibility and high sensitivity in response to deformation, 

the hybrid hydrogel with 0.3 M ANI was directly exploited as strain sensors to monitor 

diverse human activities in real time. As illustrated in Figure 4.7a, when a finger 

attached with the hydrogel was bent from the straightened state to 15 °, 30 °, 60 ° and 

90 °, the stretching of the hydrogel would generate a corresponding increase in the 

relative resistance change to 0.25, 0.60, 1.15 and 2.35, respectively. Moreover, at each 

certain bending angle, the variation of resistance was founded to be repeatable and 

reliable during the cyclic bending and straightening process, showing excellent 

reversibility along with fast response. Similarly, the hydrogel mounted on the wrist also 

distinguished the bending activity repeatedly with stable resistance change (Figure 4.7b). 

 In addition to the successful detection of the abovementioned large motions, the 

capability of the hydrogel to monitor subtle motions was further demonstrated. By 

attaching the hydrogel to the neck, the movement of throat caused by repetitive 

swallowing was clearly reflected by the change of resistance with two associated peaks 

(Figure 4.7c). When the tester pronounced different phrases such as “Hello”, “How are 

you” and Thank you” in sequence, the diverse vibrations of the vocal cords could be 

recorded accordingly and these phrases were readily differentiated by the distinct patterns 

of the signals (Figure 4.7d). As displayed in Figure 4.7e, the hybrid hydrogel was placed 

over the radial artery to detect pulse beating, where the frequency of the blood pulse was 

determined by the frequency of resistance change. Under relaxation condition, it was 

calculated to be 80 beats/min, while after exercise, both frequency and amplitude of the 

signals were clearly enhanced, indicating an increased pulse frequency of 115 beats/min. 

Based on the above demonstrations of human motion monitoring, the hybrid hydrogel 
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shows great potential to be explored as wearable devices for the detection of full-range 

human activities with high sensitivity and reliability.  

4.4 Conclusions  

 In this study, we have developed a multifunctional conductive hydrogel which 

integrates high conductivity with stretchability, injectability and rapid self-healing ability 

by triggering in situ polymerization of ANI in a hydrogen-bonded PSS network. Taking 

advantages of the dynamic and reversible nature of the non-covalent cross-links (i.e. 

multiple hydrogen bonding, Fe3+ coordination), the hybrid hydrogel exhibits an excellent 

stretchability along with an autonomous self-healing ability, showing complete and 

repeatable recovery of both mechanical properties and electrical conductivity within 30 s. 

The thermo-responsive dissociation/association of the quadruple hydrogen-bonding 

groups offers the hydrogel thermoplasticity and injectability, which can be facilely 

molded into different shapes and injected from a needle. The formation of PANI/PSS 

interpenetrating network not only provides mechanical enhancement but also endows 

electronic conduction assisted by ionic transport, where the hybrid hydrogel with 0.3 M 

ANI displays a superior conductivity of 13 S/m with a linear and sensitive response to a 

wide range of applied strains. The prepared hydrogel has been successfully employed as 

strain sensors to monitor diverse human activities with accuracy and reliability, including 

large motions of human body (e.g., finger and wrist bending) and subtle movements of 

muscles (e.g., swallowing, speaking, pulse beating), suggesting their great potential to be 

used as wearable devices. The combination of supramolecular chemistry and conductive 

polymers has been demonstrated an effective approach toward the fabrication of flexible 

electronics with multifunctionalities.  
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CHAPTER 5 Mechanistic Understanding and Nanomechanics of 

Multiple Hydrogen-Bonding Interactions in Aqueous Environment 

5.1 Introduction 

 Hydrogen bonding interaction has become one of the most commonly used 

approaches for directing self-assembly of molecules and generating self-organized 

structures in supramolecular chemistry,2 owing to their modulated strength, directionality 

and biocompatibility.15 Although a variety of supramolecular polymers such as polymer 

glasses,274 elastomers,66,77 micelles218,275 and hydrogels85,276 have been prepared via 

hydrogen bonding interactions, it still remains a challenge to use hydrogen bonds as the 

sole driving interaction for the formation of supramolecular architectures stable in 

aqueous environment, due to the competition of intermolecular hydrogen bonds by polar 

water molecules.277-279 Inspired by biological self-assembly systems, such as DNA double 

helix and secondary structures of proteins (α-helix and β-sheet),12,280 hydrophobic 

domains have been exploited to provide nonpolar microenvironments281,282 to shield the 

hydrogen bonding groups from water and enhance their interactions, leading to stabilized 

supramolecular structures.220,283-285  

 As a preeminent multiple hydrogen bonding motif, self-complementary 2-ureido-

4[1H]-pyrimidinone (UPy) unit has been successfully applied to direct the formation of a 

variety of supramolecular polymer networks due to the strong dimerization via quadruple 

hydrogen bonding,81,159,264,286 but the association constant and lifetime of the dimers are 

greatly diminished in polar solvents,89,221 leading to weak hydrogen-bonded 

hydrogels.86,287 Hence, UPy-based hydrogels with high water content and enhanced 
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mechanical performance were developed by generating hydrophobic pockets to protect 

hydrogen bonding moieties, such as incorporation of long alkyl-urea spacers,87,90 

structure modification with adamantyl substituent,91 and formation of sodium dodecyl 

sulfate (SDS) micelles.92 In spite of considerable progress in developing various materials 

with tunable mechanical properties based on “protected” hydrogen-bonding groups, there 

is still a lack of fundamental understanding of the corresponding intermolecular forces 

from the molecular perspective, which is crucial for directing self-assembly pathways and 

developing stable hydrogen-bonded structures. 

 Over the past two decades, atomic force microscopy (AFM)-based single-

molecule force spectroscopy (SMFS) has evolved as a powerful technique for directly 

measuring inter/intramolecular interaction forces at the single-molecular level with pico-

newton resolution,100,104,288 providing useful information about the underlying unbinding 

energy landscapes and molecular interaction mechanisms.289-291 Vansco et al. first 

detected the rupture forces of individual supramolecular polymer chains bonded by UPy 

dimers in hexadecane using SMFS, in which the binding strength and kinetic parameters 

were comparable to the results probed by NMR measurements.292-294 Recently, single-

chain polymeric nanoparticles295 and biomimetic modular polymers296 carrying UPy 

functionalities were also investigated by SMFS, where a complete potential energy 

profile of binding and unbinding of the hydrogen-bonded dimer was constructed and 

correlated to their bulk mechanical behaviors. However, the previous SMFS studies on 

the interactions of UPy groups were all conducted in nonpolar solvents, where the 

dimerization is favorable. As the polarity of solvent plays an important role in the 

interaction of hydrogen-bonded arrays,88,297 it is of great significance to understand the 
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binding behaviors of the dimeric complexes in aqueous solutions,298,299 which contribute 

to numerous self-assembling systems including synthetic hydrogels, colloids and various 

biological structures.15,300  

 Herein, we present the first attempt to quantitatively characterize the pairwise 

interactions between hydrogen-bonded UPy dimers in water using AFM-based SMFS. To 

study the effects of hydrophobic interactions on the intermolecular hydrogen bonding, 

alkylene spacers of varying lengths are incorporated between the multiple hydrogen-

bonding group and the water-soluble poly (ethylene glycol) (PEG) linkers. By conducting 

dynamic force spectroscopy, we unveil the dynamics and free energy landscapes on 

dissociation of different alkylene-functionalized UPy dimers. Moreover, complementary 

molecular dynamics (MD) simulation is performed to obtain the free energies of 

corresponding UPy dimers as a function of distance in water by umbrella sampling 

method. Our results provide a fundamental understanding of hydrogen-bonding 

interactions in aqueous environment at the single-molecular level, which is of 

significance in directing the self-assembly of molecules based on multiple hydrogen 

bonds. 

5.2 Experimental Methods 

5.2.1 Materials 

 2-Amino-4-hydroxy-6-methylpyrimidine (98%, Aldrich), hexamethylene 

diisocyanate (98%, Fluka), 1,12-diisocyanatododecane (97%, Aldrich), 1,1′-

carbonyldiimidazole (CDI, 97%, Aldrich), polyethylene glycol 1500 (PEG1500, Alfa 

Aesar), thioctic acid (TA, 98%, Alfa Aesar), N,N'-dicyclohexylcarbodiimide (DCC, 99%, 

Alfa Aesar), 4-dimethylaminopyridine (DMAP, 99%, ACROS), poly(ethylene glycol) 
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bis(3-aminopropyl) terminated (NH2-PEG-NH2, Mw~1,500, Aldrich), dibutyltin dilaurate 

(95%, Aldrich), heptanoic acid (99%, Aldrich), tridecanoic acid (98%, Aldrich), dimethyl 

sulfoxide (DMSO, anhydrous, 99.9%, Aldrich), methylene chloride (DCM, 99.9%, 

Fisher)were used as received. Chloroform (CHCl3) was dried over calcium hydride (CaH2) 

and distilled before use. 

5.2.2 Synthesis of Functional PEG Linkers 

 The synthesis routes of PEG linkers with Cn-UPy (n=3, 6 and 12, which denotes 

the number of carbon atoms) functionalities were illustrated in Figure 5.1. Firstly, PEGs 

with averaged molecular weight of 1500 Da were attached to thioctic acid via 

esterification or amidation reaction, and then the 1,2-dithiolane-3-pentyl-derivatized 

PEGs (TA-PEG-OH and TA-PEG-NH2) reacted with the prepared pyrimidinone-

containing molecules (OCN-C6-UPy, OCN-C12-UPy and Im-Py), leading to PEG linkers 

end-functionalized with hydrophobic and hydrogen-bonding moieties (PEG-Cn-UPy). 

For comparison, PEG linkers without hydrogen-bonding groups (PEG-C6 and PEG-C12) 

were also prepared by performing reactions between TA-PEG-OH and heptanoic acid / 

tridecanoic acid instead of pyrimidinone-containing molecules. The detailed synthesis 

procedures and 1H NMR characterization of the products are described in Appendix D. 



  Chapter 5 

99 

 

 

Figure 5.1. Synthesis routes of UPy terminated PEG linkers with different lengths of 

hydrophobic spacers (a) PEG-C6-UPy, PEG-C12-UPy and (b) PEG-C3-UPy. 

 

5.2.3 Sample Preparation 

 For all AFM-based SMFS experiments, gold coated silicon nitride cantilevers 

(NPG-10, spring constant = 0.06~0.35 N/m, Bruker), and gold coated silicon wafers (1×1 

cm2, 100-nm-thick gold, Aldrich) were used. Prior to use, each surface and tip were pre-

cleaned by UV/Ozone treatment for 30 min in a UV-ozone chamber (Bioforce 

Nanosciences). Upon removal, they were rinsed with large amounts of Milli-Q water and 

ethanol thoroughly, and then dried with high-purity N2 before further modification.  

 The modification of the gold surfaces was realized by the chemisorption of 

thioctic-functionalized PEG linkers, where the other end of PEG was functionalized with 

UPy groups (PEG-C3-UPy, PEG-C6-UPy and PEG-C12-UPy) or alkanes (PEG-C6 and 
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PEG-C12). A representative example of modification with PEG-C12-UPy is given. PEG-

C12-UPy and TA-PEG-OH were dissolved at a molar ratio of PEG-C12-UPy: TA-PEG-

OH = 1:8 in anhydrous DMSO at a total concentration of 1 mM, and then the solution 

was passed through 0.45 μm pore size filters. The high polarity of DMSO would prevent 

the dimerization of UPy. The hydroxy terminated TA-PEG-OH was used to dilute the 

number of functional groups (UPy or alkanes). The substrates and tips were immersed in 

10 ml of the solution at room temperature for 16 h. Surface modification with PEG-C6-

UPy, PEG-C3-UPy, PEG-C6 and PEG-C12 were performed by following the same 

procedures. The samples were washed thoroughly with DMSO and excessive Milli-Q 

water, dried in N2 stream and immediately mounted into the AFM. 

5.2.4 Force Measurements. 

 AFM-based force spectroscopy measurements were carried out with an MFP-3D 

AFM (Asylum Research) using the chemically modified probes and substrates described 

above. All the experiments were performed in Milli-Q water (18.2 MΩ·cm, Thermo 

Scientific) at room temperature. The spring constant of each tip was calibrated by the 

built-in thermal noise analysis method and was found around 130 pN/nm. 

 Force-extension curves were obtained by controlling the movement of the piezo 

tube of the AFM tip approaching to and retracting from the modified substrates. In each 

detection, the tip was retracted immediately after being in contact with the substrate, and 

the contact force between the tip and substrate was as low as 2 nN to avoid the physical 

entanglement of the PEG linkers. In loading rate-dependent force spectroscopy 

experiments, the probe retract velocity was varied between 400, 800, 1400, 2000 and 

2600 nm/s, and more than 2000 force curves were accumulated at different points for 
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each velocity by scanning over the sample’s surface. Igor Pro software (Wave Metrics) 

was used for the data processing analysis. 

5.2.5 Data Analysis 

 The Force-Extension curves with specific rupture events were fitted with the 

modified freely-jointed chain (M-FJC) model to characterize the polymer chain by 

extracting contour length and Kuhn length parameters. The equation of M-FJC model 

correlates the extension of polymer chain ( )E F  with applied force F . 

k B
c

B k s

( )  coth( )
F l k T F

E F L N
k T F l K

 
    

 
    (5.1) 

where cL , kl , N , sK , Bk  and T  represent contour length, Kuhn length, total number of 

segments, segment elasticity, Boltzmann constant and temperature, respectively. 

Equation 5.1 indicates that the extension of PEG chain is dominated by either kl  in the 

low-force regime or sK  in the high-force regime.301 

 In aqueous solutions, both planar and helical conformations could be retained in 

PEG chains, and the applied force would induce a conformation transition from shorter 

helical state to elongated planer state. Therefore, contour length cL  is dependent on F , 

and the polymer extension is given by equation 5.2.  
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0 planar helical( ) ( )G F G F L L        (5.3) 

Here, planarL  and helicalL  are the monomer lengths in planar and helical conformations, and 

are fixed to 3.58 Å and 2.8 Å respectively as reported previously.103 ( )G F  is the 
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difference in free energy of the two states, and at zero applied force, 0G  is fixed to 3

Bk T .103 The PEG force-extension curves measured in Milli-Q water were fitted with 

three parameters: Kuhn length kl , number of segments N , and segment elasticity sK . 

These parameters were varied to obtain a close fit to the data near the rupture point.  

 Dynamic force spectroscopy was carried out to determine the dissociation kinetics 

of the complexes, where the loading rates were determined by the pulling velocity of the 

probe and the measured spring constant. The most probable rupture forces were obtained 

by fitting histograms of rupture forces with Gaussian distributions. 

5.2.6 Molecular Dynamics Simulation 

 All-atom molecular dynamics (MD) simulations were carried out using 

GROMACS with GROMOS force field (54A7)302 for the all-atom models of Cn-UPy 

(n=3, 6, 12) dimers. Each pair of the dimers was immersed in an explicit water box with 

SPC water molecules. The energy minimization of each system was performed and 

followed by NPT equilibration (constant number of particles, pressure and temperature) 

at a temperature of 298 K and a pressure of 1 atm for 100 ps. For all the simulations, 

electrostatic energy was evaluated by particle mesh Ewald (PME) method303 with a cut-

off distance of 1.4 nm , and the cut-off distance for van der Waals interactions was also 

taken to 1.4 nm . 

 To conduct umbrella sampling, for each system, a series of configurations were 

generated along a reaction coordinate. For each system, 5 ns simulations per window 

were performed with a biasing harmonic potential with a spring constant of 

21000 kJ/(nm mol) . The potential of mean force (PMF) was calculated using the weighted 
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histogram analysis method (WHAM).304 The free energy for the unbinding process is the 

difference between the highest and lowest value of the PMF curve which tends to 

converge to a stable value with increasing distance.  

5.3 Results and Discussion 

5.3.1 Single-Molecule Force Spectroscopy  

 The SMFS experimental setup for measuring interaction forces of hydrogen-

bonded dimers is schematically depicted in Figure 5.2. The hydrogen-bonding moieties 

UPy were immobilized on a smooth gold substrate as well as a gold-coated AFM tip via a 

widely used PEG linker strategy, where the chemisorption of molecules was induced by 

thioctic acid group linked to one end of the PEG chain. The flexible PEG linker could not 

only suppress the nonspecific tip-surface interaction but also identify single molecule 

stretching with well-defined length.305 To study the hydrophobic effects on hydrogen-

bonding groups, alkylene segments of different lengths were tethered between PEG and 

UPy moieties, and the functionalized groups were named as Cn-UPy (n=3, 6 and 12), 

where n indicated the number of carbon atoms of the alkylene spacers. The symmetric 

force measurements were conducted in aqueous medium by bringing Cn-UPy modified 

AFM tip into contact with the surface functionalized with the same group, and a contact 

force of 2 nN  was applied to facilitate the formation of molecular bonds between two 

hydrogen-bonding moieties. Upon retracting the AFM probe at a constant force loading 

rate ( fR ) of 51.8 10 pN/s , the stretching of PEG bridges and unbinding forces of 

molecular dimers were recorded.  
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Figure 5.2. Schematic representation of SMFS setup for quantifying the interactions of 

multiple hydrogen-bonding dimers with hydrophobic alkylene spacers. 

 

 Typical force-extension curves exhibiting single molecular bond rupture events 

are presented in Figure 5.3a, in which the blue and black curves represent the force 

signal of AFM tip approaching to and withdrawing from the surface, respectively. Upon 

retraction, the initial attractive force within 2 nm  separation corresponded to nonspecific 

interaction of AFM tip with the modified surface. To differentiate the specific molecular 

binding between Cn-UPy end-capped molecule pairs, the force measurements of “empty 

tethered” PEG chains which were terminated by hydroxyl groups were performed as 

control experiments, and a typical force-extension curve between PEG-OH was displayed 

as the bottom trace in Figure 5.3a. In most cases, no specific rupture events could be 

measured between PEG linkers with a detection probability less than 0.5%, and the 
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negligible adhesion also revealed extremely weak interactions between the hydrophilic 

chains.306 When the flexible PEG linkers were grafted with hydrogen-bonding moieties 

and hydrophobic spacers, ~10% force profiles with specific rupture events around 20 nm 

were detected by SMFS. The consistent extension length corresponded to twice the 

length of PEG linkers used in the surface modification (PEG1500 is about 9.5 nm292), and 

it served as an essential signature to identify desired dimer dissociation events from the 

interference of initial adhesion and other interactions of impurities showing rupture 

events at random distances.307 The characteristic stretching events preceded before bond 

rupture were fitted by modified freely-jointed chain (M-FJC) model taking into account 

the conformation transition of PEG linkers in water (Equation 5.2 and 5.3).103 From the 

superimposed traces (red curves in Figure 5.3a), the Kuhn length of the flexible linker 

was obtained as 7 Å and the segment elasticity was found to be around 4 nN/nm , which 

were in good accordance with the reported mechanical parameters of PEG292 and thus 

further confirmed the successful stretching of single PEG chains. The values of rupture 

forces measured between Cn-UPy dimers are in the range of tens of pN and increase with 

longer alkylene spacers. Despite the low surface density of UPy groups which were 

diluted by the utilization of excess hydroxyl-ended PEG linkers, on some rare occasions, 

multiple rupture events appeared in force profiles indicated multiple binding sites 

between the two opposite surfaces, and the effect of multiple attachments were 

eliminated from the following statistical process. Figure 5.3b-d display the statistical 

histograms of rupture forces ( RF ) with different functional moieties, and in each case 

about 200 force profiles showing a single specific rupture event with extensions between 

10 and 30 nm were collected, in consideration of the polydispersity of the PEG chains 
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and different anchoring locations of linkers on AFM tip.301 By fitting the unimodal 

histograms with Gaussian distribution, the most probable rupture forces of each dimer 

could be determined with a distribution width around 15 pN, which is consistent with the 

force resolution of AFM-based SMFS.308 When the length of hydrophobic spacer 

increases from 3 carbon atoms to 6 carbon atoms, the rupture force of UPy-functionalized 

dimer is only slightly increased from 24 pN to 41 pN. However, with a longer alkylene 

spacer, the unbinding force of C12-UPy dimer is considerably enhanced to 109 pN, and 

this value is almost 5 times higher than that of C3-UPy dimer, indicating that the 

hydrophobic spacer adjacent to the hydrogen bonding group plays a critical role in the 

interaction of UPy-based dimers in aqueous media and can provide additional binding 

strength to the dimers. To further evaluate the interaction between hydrophobic segments, 

SMFS measurements between alkanes in the absence of hydrogen-bonding moiety were 

conducted, where PEG linkers were tethered with hexane (C6) or dodecane (C12). The 

rupture forces measured between C6 and C12 dimers were rather low and both within 30 

pN (Figure S5.1 in Appendix D). It is worth mentioning that the unbinding force of 

C12-UPy dimer is much larger than the sum of C3-UPy and C12 dimers, providing direct 

evidence of synergetic effect between hydrogen bonding and hydrophobic interactions. 
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Figure 5.3. (a) Representative force-extension curves measured between PEG-OH or 

PEG-Cn-UPy (n=3, 6 and 12) dimers by symmetric SMFS at 5

f 1.8 10 pN/sR   . The red 

curves correspond to modified freely-jointed chain (M-FJC) fitting to the rupture events. 

(b-d) Normalized histograms of rupture forces for individual Cn-UPy (n=3, 6 and 12) 

dimers. The red curves are Gaussian fits to the corresponding histograms. 

 

 Simply comparing the bond dissociation forces at a given pulling speed is not 

sufficient to fully characterize the binding strength of molecular interactions.309 To 

decipher the binding mechanism of Cn-UPy dimers, dynamic force spectroscopy was 

carried out to evaluate the dissociation kinetics and establish the free energy landscapes 

of the unbinding processes. The most probable rupture forces of each dimer were 

systematically determined at five different loading rates, over a range from 44.4 10  to 



  Chapter 5 

108 

 

53.4 10 pN/s , and the associated histograms with unimodal distributions were 

summarized in Figure S5.2-S5.4 in Appendix D. Figure 5.4a compares the dynamic 

force spectra of Cn-UPy dimers, presenting the evolution of the most probable rupture 

force with the corresponding loading rate. It is found that the unbinding forces of both 

C6-UPy and C12-UPy dimers respond linearly with the logarithm of the loading rate, and 

the rupture force of C12-UPy dimer is about 4 times higher than that of C6-UPy dimer at 

each specific loading rate. However, with shorter hydrophobic spacers, the loading rate 

dependence of the C3-UPy dimer displays two distinct regimes with a clear transition at a 

pulling speed around 51.8 10 pN/s . As reported by Friddle et al., when natural 

dissociation/association rate of the detected interaction is comparable to or faster than the 

timescale of the experiments, the thermal equilibrium state of the bond is reached during 

detection and not affected by the duration of the applied force, leading to a plateau of 

unbinding force.310,311 Therefore, at low loading rates, the force required for bond 

breaking of C3-UPy dimer is insensitive to the loading rate and converges to a constant 

value of about 25 pN, presenting a typical characteristic of near-equilibrium regime and 

suggesting the relatively fast kinetics of the bonded structure. While in the range of high 

loading rates, the logarithmic increase of rupture force with respect to loading rate is 

similar to the change of C6-UPy and C12-UPy dimers, indicating that the dynamic 

unbinding processes are kept far from equilibrium, where the bond re-forming is 

neglected. According to the Bell-Evans theory,112,113 which describes the deformation of 

the energy landscape under an externally applied force, we can extract structure 

information and dynamics of molecular unbinding process by fitting the loading rate-

dependent rupture forces using the following equation: 
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Where RF  is the most probable rupture force, fR  is the loading rate, Bk  is the Boltzmann 

constant, T  and is the absolute temperature. The slope of linear fitting on RF  versus 

fln R  provides a characteristic dissociation distance Bx , over which the dimer goes from 

the bound state to the transition energy barrier; and the dissociation rate offk , which 

denotes the thermal off rate in the absence of external force, can be extrapolated from the 

interception on the x-axis. Both Bx  and offk  serve as important measures for the stability 

of interactions,221 and the height of the energy barrier G  along the dissociative pathway 

is estimated by  

off
B ( )

k
G k T

A
       (5.5) 

A is the Arrhenius prefactor and is kept at 107 s-1 in our calculation in accordance with 

previous studies on hydrophobic alkane pairs in water.306 The dynamic and energetic 

parameters during the unbinding processes of Cn-UPy dimers are summarized in Figure 

5.4b, and all of the values fall into the range of hydrogen bonding interactions. The 

forced unbinding of C3-UPy dimer in water shows a dissociation distance of 

B = 0.31 nmx  and thermal off rate of -1

off = 2,086 sk , yielding an energy barrier with the 

height of  = 21.0 kJ/molG . Since previous UPy-based SMFS studies conducted in 

nonpolar solvents usually gives an energy barrier around 50 kJ/mol ,293,295,296 the much 

higher offk  and lower G  measured in aqueous medium in our experiments indicate that 

the hydrogen bonding interaction between UPy groups greatly depends on the local 

environment and would be weakened by solvent with high polarity. With increasing 
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length of the hydrophobic spacer, Bx  is found to be reduced to 0.29 nm  of C6-UPy and 

0.24 nm  of C12-UPy, characterizing the corresponding width of energy barriers, and the 

decreasing distance suggests an extra binding affinity. It should be noted that offk  

measured in the rupture of C12-UPy dimer is reduced to -121 s , which is almost two 

orders of magnitude lower than that of C3-UPy dimer. The significant difference of offk  

reveals that when longer hydrophobic segment was tethered to UPy moiety, the 

molecules would bind to each other more tightly with higher stability. G  of C6-UPy 

and C12-UPy are calculated to be 23.7 kJ/mol  and 32.4 kJ/mol , respectively. With 

longer alkylene spacers, the energy landscape of Cn-UPy becomes steeper and narrower, 

and it is most likely ascribed to the synergetic effect of hydrophobic spacers. The 

incorporation of hydrophobic segments tends to supress the solvent-solute interactions 

between water molecules and UPy groups, which would facilitate the formation of UPy 

dimers via self-complementary hydrogen bonding with enhanced bonding strength.88 To 

differentiate the hydrophobic interactions, dynamic force spectroscopy was also 

conducted on C6 and C12 dimers (Figure S5.5 and S5.6 in Appendix D), and no 

increase of the rupture force was observed over the entire range of loading rates (Figure 

5.4c). The low values of rupture force and the persistence of near-equilibrium regime to 

high loading rates demonstrate very fast dynamics of the pairwise interaction between the 

hydrophobic species, and G  of C6 and C12 dimers are both expected to be lower than 

20 kJ/mol . Therefore, hydrogen bonding interaction between UPy moieties is critical for 

the formation of dimers, and the presence of long hydrophobic spacers remarkably 

improves the strength of the dimerization in water. It should be noted that although G  

is commonly used to denote the binding free energy, they are not identical.312 Binding 
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energy is the equilibrium free energy difference between bound state and dissociated state, 

while in SMFS experiments, G  is the barrier height of the rupture transition state, 

which depends on dissociation pathway.111,312 

 
Figure 5.4. (a) Loading rate dependence of the most probable rupture forces for Cn-UPy 

(n=3, 6 and 12) dimers. (b) Summary of dissociation kinetics and energetic parameters 

based on the Bell−Evans theory for the unbinding processes of Cn-UPy (n=3, 6 and 12) 

dimers. (c) Loading rate dependence of the most probable rupture forces for C6 and C12 

dimers. In (a) and (c), the error bars present standard deviations of the most probable 

unbinding forces determined from Gaussian curve fits, and the solid lines correspond to 

the far-from-equilibrium linear fits by the Bell−Evans model. 

 

5.3.2. Molecular Dynamics Calculations 

 To gain insight into molecular mechanics and confirm the synergetic effect 

between hydrogen bonding and hydrophobic interactions revealed by SMFS results, 

umbrella sampling molecular dynamics simulations were conducted on Cn-UPy (n=3, 6 

and 12) dimers without consideration of PEG linkers, where alkanes of different lengths 
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were tethered to UPy groups. The potential of mean force (PMF) of each dimer was 

calculated by pulling one molecule from another in an explicit water box (Figure S5.7 in 

Appendix D) and a biasing potential was introduced to the system as a function of the 

reaction coordinate between two Cn-UPy molecules. The PMF curves were obtained via 

the weighted histogram analysis method (WHAM).303 As shown in Figure 5.5, the PMF 

depicts free energy variations versus center-of-mass distance between the two molecules, 

where notable attractive interactions were detected at the short range. Each curve 

exhibited an energy minimum starting around 5 Å, which was usually expected to be 

interactions between nonpolar atoms.313 However, in our study, the distance is defined 

based on the center-of-mass between the two molecules, hence short range polar 

interactions likely contribute to the total free energy variation. The minimum free energy 

represents the stability of each dimer in equilibrium with water. We can notice that C3-

UPy and C6-UPy dimers exhibit shallow energy barriers with free energies of 

0.72 kJ/mol  and 1.89 kJ/mol , respectively; but when the length of hydrophobic alkane 

increases to 12 carbon atoms, the slope of potential becomes quite steep and the binding 

free energy is rapidly enhanced to 7.37 kJ/mol . The typical configurations of each dimer 

at three different separating distances were presented in Figure S5.8 in Appendix D. At 

separations with free energy minima, both of C6-UPy and C12-UPy dimers showed 

configurations that can form intermolecular hydrogen bonds with short range distance, 

while the two C3-UPy molecules did not display bonded structure. The results indicate 

that longer hydrophobic chain adjacent to UPy group would contribute to the stability of 

hydrogen-bonded dimerization and improve the binding free energy. It should be noted 

that the binding energies of Cn-UPy dimers calculated from MD simulation are lower 
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than the SMFS results. One possible reason for the discrepancy is that MD simulations 

were conducted in equilibrium and reversible free energies were directly calculated, 

while in non-equilibrium SMFS experiments, the soft PEG linkers would lead to 

deflected loading rates and an overestimation of the extrapolated equilibrium binding 

energies.314,315 Besides, in GROMOS force field exploited in simulation, aliphatic 

hydrogens are not explicitly modeled, which may lead to a certain deviation.316 Despite 

the differences, the values of free energy change with the increasing length of 

hydrophobic spacers obtained from the two methods are similar. To be specific, the 

difference of free energy between C6-UPy and C12-UPy dimer was estimated as 

8.7 kJ/mol  from the experiment, which compares well with the simulation result of 

5.5 kJ/mol , and both clearly confirm the enhanced binding strength of the hydrogen-

bonded dimers with the assist of hydrophobic interactions at the single-molecular level, 

where the hydrogen bonding units are not “completely shielded” from the surrounding 

water. 

 
Figure 5.5. PMF plots of free energy change for Cn-UPy (n=3, 6, 12) dimers in bulk 

water as a function of center-of-mass distance. 
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5.4 Conclusions 

 By combining SMFS experimental measurements and MD simulation, we have 

quantitatively determined the kinetic parameters and nanomechanical strength of multiple 

hydrogen-bonding interaction between UPy-based dimers in aqueous environment, and 

the influence of hydrophobic interactions on hydrogen bonds was investigated by 

tethering different lengths of alkylene spacers to UPy moieties. In SMFS experiments, 

although the dimerization of UPy was disrupted by water to some extent, the rupture 

forces and binding energies were found to increase with the spacer length. In good 

agreement, the complementary MD simulations of UPy dimers also indicated higher 

structural stability with increasing length of the adjacent hydrophobic segment. 

Specifically, when the number of carbon atoms of hydrophobic fragment increased from 

6 to 12, the binding free energy was enhanced by 8.7 kJ/mol  from the experiment, which 

is in good accordance with the simulation result, revealing synergetic effect between 

hydrogen bonding and hydrophobic interactions. Our results elucidate the effects of 

surrounding environment on hydrogen-bonding interactions at the single-molecular level 

and demonstrate the validity of using hydrophobic interactions to stabilize hydrogen-

bonded structures in aqueous environment. This work provides fundamental and practical 

insights into the design of functional molecular machines, novel self-assembled structures 

and advanced soft materials based on multiple hydrogen-bonding interactions. 
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CHAPTER 6 Conclusions and Future Work 

6.1 Major Conclusions and Contributions 

 In this thesis work, the multiple hydrogen-bonding motif 2-ureido-4[1H]-

pyrimidinone (UPy) has been applied into various polymeric systems (e.g., micelles, 

elastomers, hydrogels) for the development of novel supramolecular materials with 

multifunctionalities, and the interaction mechanism of the hydrogen-bonding groups has 

been investigated at the single-molecule level. The major conclusions and original 

contributions are presented as below. 

 (1) Thermo-responsive core cross-linked polymeric micelles have been prepared 

from double hydrophilic block copolymers PEG-b-P(NIPAm-co-UPy), where the strong 

dimerization of the quadruple hydrogen-bonding UPy groups induces non-covalent 

interactions between the copolymer chains and serves as core cross-linking sites. The 

stability, size and thermo-responsive properties of the polymer micelles can be readily 

tuned by the incorporated content of hydrogen-bonding UPy groups. The thermo-

responsive loading and release of pyrene molecules (as a model hydrophobic drug) 

demonstrate a potential application of the synthesized core cross-linked micelles in 

controlled drug delivery, and the facile fabrication strategy provides new insights into the 

design of stable and stimuli-responsive polymer micelles with a wide range of 

applications in drug delivery, diagnosis and sensing. 

 (2) By triggering in situ polymerization of pyrrole in a UPy-cross-linked 

supramolecular elastomer matrix, an electrically conductive polymer composite, which 

combines stretchability, self-healing ability, adhesiveness and sensing capability, has 
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been readily fabricated via solution casting method. The polypyrrole particles are 

uniformly dispersed and impart the composite desirable conductive properties (0.88 S/m), 

while the reversible nature of the dynamic multiple hydrogen bonds in the polymer 

matrix leads to excellent stretchability (>300%), fast self-healing ability (~5 min) under 

ambient condition, and universal adhesiveness to a broad range of inorganic and organic 

substrates. The composite has been successfully exploited as strain sensors for 

monitoring various human motions such as finger bending and pulse beating, suggesting 

its great potential in sensing applications and providing a promising approach to the 

development of flexible electronic materials with multifunctionalities by combining 

conductive components with supramolecular polymers. 

 (3) A multifunctional conductive polymer hydrogel with the integration of high 

conductivity, stretchability, injectability and rapid self-healing ability has been developed 

via introducing UPy groups as cross-linking points into a brittle PANI/PSS conducting 

network. The formation of interpenetrating PANI/PSS network offers the hydrogel 

unique electronic/ionic conduction with a superior conductivity of 13 S/m and a linear 

response (gauge factor=3.4) to external strain (≈300%). Both large and subtle human 

motions (e.g., finger bending, throat movement and pulse beating) have been successfully 

distinguished by employing the hydrogel as wearable sensors, demonstrating its accuracy 

and reliability for monitoring diverse human activities. Taking advantage of the 

reversibility of the non-covalent cross-links, the hydrogels can be facilely molded into 

different shapes and injected from a needle, as well as demonstrate a complete self-

healing within 30 s upon damage. The combination of supramolecular chemistry with 

conducting polymers enables multifunctionalities in the novel type of conductive polymer 
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hydrogel with inspirations into the design of advanced functional materials with 

applications in 3D printing, wearable devices (e.g., intelligent skins) and flexible 

electronics. 

 (4) The pairwise interactions between hydrogen-bonded UPy dimers and the 

effects of hydrophobic interactions on the intermolecular hydrogen bonding have been 

investigated by AFM-based SMFS in aqueous environment in combination with 

molecular dynamics (MD) simulations. The rupture force and unbinding energy of self-

complementary UPy-UPy dimers are found to be remarkably enhanced with increasing 

spacer length, which reveals cooperative effect between hydrogen bonding and 

hydrophobic interactions. In good agreement, the MD simulations on interactions of 

UPy-UPy dimers also indicate higher structural stability with longer hydrophobic spacers. 

Our results provide quantitative information and fundamental insights into the 

understanding of the multiple hydrogen-bonding interactions in aqueous environment, 

with important implications on the design of hydrogen-bonded assemblies for various 

bioengineering and engineering applications, such as functional molecular machines, 

novel self-organized structures and advanced soft materials. 

6.2 Future Work 

 In this study, we have introduced the hydrogen-bonding UPy group into micelles, 

elastomer composites and conducting hydrogels to explore the potential of hydrogen-

bonding motifs in the preparation of functional materials and pave the way to 

applications in diverse fields. However, there are still challenges regarding practical 

applications, and some recommendations for future research are presented.  
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 (1) In biological systems, the changes of physiological conditions (e.g., temperate, 

pH) are generally subtle; thus, it is desirable to develop stimuli-responsive materials 

which show sensitive response to the surrounding environment within the range of 

physiological fluctuations. Besides, different stimuli-responsiveness can be integrated 

into one system for the development of versatile drug delivery vehicles. 

 (2) For flexible electronics, high conductivity is still limited in elastic polymeric 

materials, since the soft polymer matrix are generally non-conductive. By employing 

deformable highly-conductive additives or forming continuous conductive networks 

within supramolecular materials, excellent conductivity can be combined with stretchable, 

adhesive, self-healing properties and other functionalities for the fabrication of high-

performance electronic devices.  

 (3) Robust mechanical properties and self-healing ability has been regarded as a 

dilemma in materials science. The combination of hydrogen bonding with other 

interactions (covalent bonds, non-covalent bonds, phase aggregation) in one system can 

induce synergetic effect and lead to materials with superior properties. The fundamental 

study in Chapter 5 provides a principle to prepare materials based on hydrogen bonding 

and hydrophobic interactions, and this technique can be applied to study the mechanism 

of other interactions, which further facilitates the development and optimization of 

supramolecular materials.   
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Appendices 

Appendix A Supporting Information for Chapter 2 

 

 

Figure S2.1. 1H NMR spectra of (a) HEMA-UPy monomer and (b) BC-U6 diblock 

copolymer in CDCl3. 
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Figure S2.2. Hydrodynamic diameter distributions obtained from aqueous solutions of 

synthesized polymers BC-U0, BC-U3, BC-U6 and BC-U10 at 40 °C. 
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Appendix B Supporting Information for Chapter 3 

 

 

Figure S3.1. 1H NMR spectrum of the synthesized HEMA-UPy monomer in CDCl3. 
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Figure S3.2. 1H NMR spectrum of copolymer PEG-5UPy in CDCl3. 

 

 

Figure S3.3. Successive loading-unloading cycles of the (a) original PEG-5UPy 

elastomer and (b) self-healed PEG-5UPy elastomer with a healing time of 10 min.  
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Figure S3.4. Variation of the shear moduli during cyclic steps with angular frequency 

shifting between 100 rad/s and 0.1 rad/s.  

 

 

Figure S3.5. TGA curves of PEG-5UPy, PPy and elastic composites with different PPy 

contents. 
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Figure S3.6. SEM images of (a) PPy particle, (b) elastomer composite formed by direct 

mixing of PEG-5UPy and 7.5 wt% PPy, (c) PPy/PEG-5UPy composite formed by in situ 

polymerization of 7.5 wt% PPy within PEG-5UPy matrix. 

 

 

Figure S3.7. Typical stress-strain curves of the original and self-healed composites with 

10% wt% PPy at different healing time.  
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Figure S3.8. Adhesive strengths of the composite with 10 wt% PPy to different 

substrates.  

 

 

Figure S3.9. Relative resistance change of the composite with 7.5 wt% PPy during 1000 

stretching-releasing cycles of 50% strain.  
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Figure S3.10. Current change of the composite with 25 cut (15 s) and healing (60 s) 

cycles.  

 

.  
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Appendix C Supporting Information for Chapter 4 

 

 

Figure S4.1. Synthesis route of hydrogen-bonding monomer UPyMA. 

 

 

Figure S4.2. 1H NMR spectrum of the synthesized UPyMA monomer in CDCl3. 
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Figure S4.3. Frequency sweep measurements of PSS-20UPy hydrogel prepared at (a) 20 

°C, 50 °C, and 70 °C for 20 h and (b) 50 °C for 10 h, 20 h, and 30 h.  

 

Figure S4.4. Variation of the shear moduli of PSS-20UPy hydrogel during multiple 

heating-cooling cycles between 25 °C and 40 °C. 
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Table S4.1. Water content and PANI fraction of the prepared hydrogels.  

Sample Water content 

(wt%) 

PANI fraction in polymer network 

(wt%) 

Feed Product 

PSS-20UPy (before soaking) 72.8 None None 

PSS-20UPy without ANI 

(after soaking) 

80.9 None  None 

PSS-20UPy with 0.1 M ANI 

(after soaking) 

80.3 3.5 3.4 

PSS-20UPy with 0.2 M ANI 

(after soaking)) 

79.4 6.7 6.5 

PSS-20UPy with 0.3 M ANI 

(after soaking) 

78.0 9.7 9.4 

PSS-20UPy with 0.4 M ANI 

(after soaking) 

76.8 12.5 12.0 

PSS-10 UPy with 0.3 M ANI 

(after soaking) 

hydrogel 

dissolves 

9.7 N/A 

PSS-15UPy with 0.3 M ANI 

(after soaking) 

hydrogel 

dissolves 

9.7 N/A 

PSS-25 UPy with 0.3 M ANI 

(after soaking) 

75.7 9.7 9.3 

 

 

Figure S4.5. Representative SEM image of PSS-20UPy hydrogel after immersing in 

FeCl3 solution without addition of ANI. 
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Figure S4.6. (a) Optical image of PSS solution (1 M NaSS) added with 0.6 M FeCl3. (b) 

Frequency sweep measurements at 25 °C and (c) temperature sweep measurements at 10 

rad/s of PSS solution with 0.6 M FeCl3, PSS-20UPy hydrogel, and PSS-20UPy hydrogel 

soaked in 0.6 M FeCl3, respectively.  
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Figure S4.7. Typical stress-strain curve of the PANI/PSS-20UPy hybrid hydrogel with 

0.3 M ANI. 
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Figure S4.8. PANI/PSS-20UPy hydrogel with 0.3 M ANI polymerized in different 

solutions. (a) Optical image of the hydrogel polymerized in 0.3 M APS solution. (b) 

Frequency sweep measurements of the hydrogels polymerized in FeCl3 solution with a 

concentration of 0.2 M, 0.5 M, 0.8 M, respectively. (c)Strain sweep measurements (left) 

followed by time sweep measurement of recovery (right) of the hydrogels polymerized in 

FeCl3 solution with a concentration of 0.2 M and 0.8 M. 
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Figure S4.9. Variation of the shear moduli of PANI/PSS-20UPy hydrogel with 0.3 M 

ANI during cyclic steps with strain shifting between 1% and 800% at (a) 5 °C and (b) 

40°C. 

Table S4.2. Summary of recently reported conductive hydrogels prepared with 

conducting polymers for flexible electronics. 

Hydrogel Conductivity Stretchability Self-healing ability 

PANI and PPy with 

phytic acid1-2  

 11 S/m and 50 S/m Slight 

compression  

Not reported 

PNIPAM/PANI and 

PNIPAM/PPy3 

 0.2 S/m and 0.8 S/m Compression by 

50% 

Not reported 

PANI microsphere-

structured hydrogel4 

5 S/m 900% Not reported 

PPy in Zn-tpy gel5 12 S/m 67% on PDMS Yes 

PNIPAM with CNT 

and PPy6  

34.93 S/m 

 

515% Yes 

CNF-PPy in PVA7 3.65 S/m 600% Yes 

PDA-PPy in PVA8 12 S/m 2000% Not reported  

PANI and PAA 

with phytic acid9 

12 S/m 500% 24 h (slow) 

PANI in P(AAm-

co-HEMA)10 

8.14 S/m >300% Not reported 

PEDOT: PSS11 4000 S/m >35% Not reported 
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Appendix D Supporting Information for Chapter 5 

S5.1 Experimental Section: Synthesis 

 2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone 

(OCN-C6-UPy). 2-amino-4-hydroxy-6-methylpyrimidine (5.00 g, 0.04 mol) was 

suspended in hexamethylene diisocyanate (40.32 g, 0.24 mol) and the mixture was 

stirred at 100 ºC under argon atmosphere for 20 h. After cooling to room 

temperature, 50 mL pentane was added in the flask and the resulting precipitate 

was filtered and washed with excess pentane for 3 times. The white powder was 

then dried under vacuum overnight. 1H NMR (CDCl3, 400 MHz): δH (ppm) = 13.1 

(s, 1H, CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 10.2 (s, 1H, 

CH2NH(C=O)NH), 5.8 (s, 1H, CH=CCH3), 3.3 (m, 4H, NH(C=O)NHCH2 + 

CH2NCO), 2.2 (s, 3H, CH3C=CH), 1.6 (m, 4H, NCH2CH2), 1.4 (m, 4H, 

CH2CH2CH2CH2CH2). 

 2-(12-isocyanatododecylaminocarbonylamino)-6-methyl-4[1H]-

pyrimidinone (OCN-C12-UPy). A mixture of 2-amino-4-hydroxy-6-

methylpyrimidine (0.375 g, 3 mmol) in 1,12-diisocyanatododecane (4.542 g, 18 

mmol) was stirred at 90 ºC under argon atmosphere for 20 h. 5 mL hexane was 

added in the flask after reaction with stirring and then the suspension was poured 

into 50 mL hexane. The precipitate was filtered, washed with hexane for 3 times 

and dried under vacuum overnight. 1H NMR (CDCl3, 400 MHz): δH (ppm) = 13.1 

(s, 1H, CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 10.2 (s, 1H, 

CH2NH(C=O)NH), 5.8 (s, 1H, CH=CCH3), 3.3 (m, 4H, NH(C=O)NHCH2 + 

CH2NCO), 2.2 (s, 3H, CH3C=CH), 1.6-1.4 (m, 20H, CH2CH2CH2). 
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 2-(1-imidazolylcarbonylamino)-6-methyl-4[1H]-pyrimidinone (Im-Py). 2-

amino-4-hydroxy-6-methylpyrimidine (1.25 g, 10 mmol) and 1,1′-

Carbonyldiimidazole (2.43 g, 15 mmol) were suspended in 20 mL DMSO and 

stirred at 60 ºC under argon atmosphere for 8 h. After the addition of 50 mL 

acetone in the flask, the resulting solid was filtered and washed with excess 

acetone. The obtained white powder was dried in vacuum overnight.  

 TA-PEG-OH. PEG1500 (4.5 g, 3 mmol), DCC (0.619g, 3 mmol) and DMAP 

(0.037 g, 0.3 mmol) were dissolved in 40 mL DCM. The mixture was cooled to 0 ºC in 

an ice bath and purged with argon for 20 min. TA (0.619 g, 3 mmol) was dissolved in 

another 10 mL DCM and added dropwise into the stirring contents. After 1 h, the solution 

was allowed to gradually warm to room temperature and then stirred for 20 h. The solids 

were filtered off and the filtrate was concentrated to about 10 mL by rotation evaporation. 

Then TA-PEG-OH was isolated by precipitation in diethyl ether and dried under vacuum. 

1H NMR (CDCl3, 400 MHz): δH (ppm) = 4.2 (t, 2H, CH2O(C=O)), 3.7-3.5 (m, ~130H, 

CH2CH2O + CHSS), 3.1 (m, 2H, CH2CH2S), 2.8 (Br. s. 1H, CH2CH2OH), 2.4+1.9 (m, 

2H, CH2CHS), 2.3 (m, 2H, CH2CH2(C=O)), 1.7-1.4 (m, 6H, CH2CH2CH2). 

 TA-PEG-NH2. The synthesis was performed as described for TA-PEG-OH, using 

NH2-PEG-NH2 instead of PEG1500. 1H NMR (CDCl3, 400 MHz): δH (ppm) =6.3 (s, 1H, 

CH2NH(C=O)), 3.7-3.5 (m, ~130 H, CH2CH2O + CHSS), 3.4 (t, 2H, CH2NH(C=O)), 3.1 

(m, 2H, CH2CH2S), 2.8 (m, 2H, CH2 CH2NH2), 2.4+1.9 (m, 2H, CH2CHS), 2.3 (m, 2H, 

CH2CH2(C=O)), 1.7-1.4 (m, 10H, CH2CH2CH2). 

 PEG-C6-UPy. Prepared TA-PEG-OH (0.844 g, 0.5 mmol) was dissolved in 20 

mL anhydrous chloroform, and OCN-C6-UPy (0.293g, 1 mmol) was added to the 
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solution. After addition of two drops of dibutyltin dilaurate as catalyst, the mixture was 

refluxed and stirred at 60 ºC for 20 h. After the reaction, another 20 mL chloroform was 

added, and the suspension was filtered to remove the solids. After concentrating the 

filtrate back to 20 mL by rotation evaporation, 1 g silica and 1 drop of dibutyltin dilaurate 

were added, and the mixture was heated at 60 ºC for 1h. The silica was removed by 

filtration and the prepared PEG-C6-UPy was obtained by precipitation in diethyl ether 

and dried under vacuum. 1H NMR (CDCl3, 400 MHz): δH (ppm) = 13.1 (s, 1H, 

CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 10.2 (s, 1H, CH2NH(C=O)NH), 5.8 (s, 1H, 

CH=CCH3), 4.2 (t, 2H, CH2O(C=O)), 3.7-3.5 (m, ~130H, CH2CH2O + CHSS), 3.3 (m, 

4H, NH(C=O)NHCH2 + CH2NCO), 3.1 (m, 2H, CH2CH2S), 2.4+1.9 (m, 2H, CH2CHS), 

2.3-2.2 (m, 5H, CH3C=CH + CH2CH2(C=O)), 1.7-1.4 (m, 14H, CH2CH2CH2).  

 PEG-C12-UPy. The synthesis was performed as described for PEG-C6-UPy, 

using OCN-C12-UPy instead of OCN-C6-UPy. 1H NMR (CDCl3, 400 MHz): δH (ppm) = 

13.1 (s, 1H, CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 10.2 (s, 1H, CH2NH(C=O)NH), 

5.8 (s, 1H, CH=CCH3), 4.2 (t, 2H, CH2O(C=O)), 3.7-3.5 (m, ~130H, CH2CH2O + CHSS), 

3.3 (m, 4H, NH(C=O)NHCH2 + CH2NCO), 3.1 (m, 2H, CH2CH2S), 2.4+1.9 (m, 2H, 

CH2CHS), 2.3-2.2 (m, 5H, CH3C=CH + CH2CH2(C=O)), 1.7-1.4 (m, 26H, CH2CH2CH2).   

 PEG-C3-UPy. Prepared Im-Py (0.221g, 1 mmol) and TA-PEG-NH2 (0.844g, 0.5 

mmol) were added to 20 mL anhydrous chloroform and refluxed at 60 ºC for 2 days. 

With completion of the reaction, another 20 mL chloroform was added and the solids 

were removed by filtration. After the solution concentrated by rotation evaporation, PEG-

C3-UPy was isolated by precipitation in diethyl ether and dried under vacuum. 1H NMR 

(CDCl3, 400 MHz): δH (ppm) = 13.1 (s, 1H, CH3CNH), 11.9 (s, 1H, CH2NH(C=O)NH), 
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10.2 (s, 1H, CH2NH(C=O)NH), 6.3 (s, 1H, CH2NH(C=O)), 5.8 (s, 1H, CH=CCH3), 3.7-

3.5 (m, ~130H, CH2CH2O + CHSS), 3.4 (m, 4H, CH2NH(C=O)), 3.1 (m, 2H, CH2CH2S), 

2.4+1.9 (m, 2H, CH2CHS), 2.3-2.2 (m, 5H, CH3C=CH + CH2CH2(C=O)), 1.7-1.4 (m, 

10H, CH2CH2CH2).   

 PEG-C6. TA-PEG-OH (844 mg, 0.5 mmol), DCC (1.3 mg, 0.5 mmol) and DMAP 

(6 mg, 0.05 mmol) were dissolved in 25 mL DCM. The mixture was cooled in an ice bath 

and purged with argon for 20 min. Heptanoic acid (130 mg, 1 mmol) was dissolved in 

another 5 mL DCM and added dropwise into the stirring mixture. After 1 h, the solution 

was moved from ice bath to room temperature and stirred for 20 h. The solids were 

removed by filtration and the solution was concentrated by rotation evaporation. Then 

TA-PEG-OH was collected by precipitation in diethyl ether and dried under vacuum. 1H 

NMR (CDCl3, 400 MHz): δH (ppm) = 4.2 (m, 4H, CH2O(C=O)), 3.7-3.5 (m, ~130H, 

CH2CH2O + CHSS), 3.1 (m, 2H, CH2CH2S), 2.4+1.9 (m, 2H, CH2CHS), 2.3 (m, 4H, 

CH2CH2(C=O)), 1.7-1.3 (m, 14H, CH2CH2CH2 + CH2CH2CH3), 0.9 (m, 3H, 

CH2CH2CH3). 

 PEG-C12. The synthesis was performed as described for PEG-C6, using 

tridecanoic acid as reagent. 1H NMR (CDCl3, 400 MHz): δH (ppm) = 4.2 (m, 4H, 

CH2O(C=O)), 3.7-3.5 (m, ~130H, CH2CH2O + CHSS), 3.1 (m, 2H, CH2CH2S), 2.4+1.9 

(m, 2H, CH2CHS), 2.3 (m, 4H, CH2CH2(C=O)), 1.7-1.3 (m, 26H, CH2CH2CH2 + 

CH2CH2CH3), 0.9 (m, 3H, CH2CH2CH3).  

S5.2 Supplementary Figures 

S5.2.1 Force-Extension Curves 
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Figure S5.1. Representative force-extension curves measured between (a) C6 dimers at 

5

f 1.9 10 pN/sR   and (b) C12 dimers at 5

f 2.0 10 pN/sR   . The red curves correspond to 

modified freely-jointed chain (M-FJC) fitting to the rupture events. 

S5.2.2 Force Histograms at Different Force Loading Rates 

 

Figure S5.2. Histograms of rupture forces for C3-UPy dimers at loading rate of (a) 

44.4 10 pN/s , (b) 51.0 10 pN/s , (c) 51.8 10 pN/s , (d) 52.5 10 pN/s , and (e) 

53.3 10 pN/s . The red curves are Gaussian fits to the corresponding histograms. 
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Figure S5.3. Histograms of rupture forces for C6-UPy dimers at loading rate of (a) 

45.5 10 pN/s , (b) 51.0 10 pN/s , (c) 51.8 10 pN/s , (d) 52.7 10 pN/s , and (e) 

53.4 10 pN/s . The red curves are Gaussian fits to the corresponding histograms. 

 

Figure S5.4. Histograms of rupture forces for C12-UPy dimers at loading rate of (a) 

45.2 10 pN/s , (b) 51.0 10 pN/s , (c) 51.8 10 pN/s , (d) 52.6 10 pN/s , and (e) 

53.4 10 pN/s . The red curves are Gaussian fits to the corresponding histograms. 
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Figure S5.5. Histograms of rupture forces for C6 dimers at loading rate of (a) 

46.0 10 pN/s , (b) 51.2 10 pN/s , (c) 51.9 10 pN/s , (d) 53.4 10 pN/s , and (e) 

54.5 10 pN/s . The red curves are Gaussian fits to the corresponding histograms. 

 

Figure S5.6. Histograms of rupture forces for C12 dimers at loading rate of (a) 

46.5 10 pN/s , (b) 51.1 10 pN/s , (c) 52.0 10 pN/s , (d) 53.3 10 pN/s , and (e) 

54.2 10 pN/s . The red curves are Gaussian fits to the corresponding histograms. 
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S5.2.3 Molecular Dynamics Simulation 

 

Figure S5.7. Initial configuration of C6-UPy dimer in a bulk explicit water box with 

dimension of 38.8 8.8 11.8 nm  . Umbrella sampling was conducted by pulling one 

molecule along a reaction coordinate with 0.1 nm  step. 

 

 

Figure S5.8. Snapshots showing representative structures of Cn-UPy (n=3, 6, 12) dimers 

at different center-of-mass distances. 


