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Kurzdarstellung 

Wasserstoffbrückenbindungen (H-Brücken) sind zentrale nicht-kovalente 

Wechselwirkungen, die die Struktur und Funktion natürlicher und synthetischer 

Materialien bestimmen. Ihre Stabilität ist temperaturempfindlich, und polare 

Spezies wie Wasser schwächen sie zusätzlich durch kompetitive Bindung. 

Trotz ihrer weit verbreiteten Anwendung in Biopolymeren und synthetischen 

Materialien bleibt das H-Brückenverhalten in Polymeren weitgehend 

unerforscht. In fortschrittlichen Materialien wie polymeren ionischen 

Flüssigkeiten (POILs) und Polymergelen wird das H-Brückenverhalten zudem 

noch komplexer. 

Diese Dissertation untersucht drei H-Brücken-Systeme, 

Barbiturat/Thiobarbiturat (Ba/TBa)-Selbstassoziation, Ureido-Pyrimidinon 

(UPy)-Dimere und Hamilton-Wedge-Barbiturat-Komplexe (HW-Ba-Komplexe), 

in verschiedenen molekularen Umgebungen. Im ersten Teil bestätigten NMR-, 

FT-IR- und DSC-Analysen, dass TBa schwächere, weniger geordnete und 

langsamer sich bildende H-Brücken als sein sauerstoffhaltiges Gegenstück Ba 

ausbildet, während rheologische Untersuchungen nur geringe Einflüsse der 

unpolaren Polyisobutylen-Matrix (PIB) zeigten. Im zweiten Teil erwiesen sich 

die in POILs eingebetteten UPy-H-Brücken als stabil bis ~ 70°C, bestätigt durch 

Festkörper-MAS-NMR und FT-IR. Rheologische Untersuchungen zeigten, dass 

die Zugabe ionischer Flüssigkeiten (ILs) die Relaxation der POILs 

beschleunigte, ohne die Festigkeit im glasartigen Zustand zu beeinträchtigen, 

was auf intakte UPy-H-Brücken in der ionischen Umgebung hinweist. Im dritten 

Teil wurde das H-Brückenverhalten von alkenmodifizierten HW-Ba-Komplexen 

mittels UV-Vis-Titration untersucht, um die Auswirkungen von 

Lösungsmittelpolarität, zusätzlichen Bindungsstellen und thermodynamischen 

Faktoren zu analysieren. Eine zweistufige Strategie, kovalente Fixierung durch 

Alken-Cross-Metathese, gefolgt von ESI-MS-Analyse, wurde entwickelt und 

erfolgreich auf HW-Ba-Aggregate in einer lösungsmittelfreien PIB-Matrix 

angewendet. 

Diese Arbeit zeigt, wie molekulare Nähe, einschließlich polymerer Gerüste 

und niedermolekularer Spezies, die Stabilität von H-Brücken beeinflusst. Die 

Ergebnisse liefern wertvolle Erkenntnisse für das gezielte Design von H-

Brückenbasierten Polymersystemen mit optimierten funktionellen und 

mechanischen Eigenschaft



 

 

Abstract 

Hydrogen bonds (H-bonds) are key noncovalent interactions shaping the 

structure and function of natural and synthetic materials. In solutions, the 

stability of H-bonds is temperature-sensitive, and polar species like water 

further weaken them through competitive binding. Despite their broad use in 

biopolymers and synthetic materials, H-bond behavior in bulk polymers remains 

largely underexplored. The H-bond behavior also complicates more in 

advanced materials such as polymeric ionic liquids (POILs), and polymer gels. 

This thesis investigates three distinct H-bonding systems, 

barbiturate/thiobarbiturate (Ba/TBa) self-association, ureido-pyrimidinone (UPy) 

dimers, and Hamilton wedge-barbiturate (HW-Ba) complexes, across various 

molecular environments, including solvents, ionic media, and bulk polymer 

matrices. In the first part, NMR, FT-IR, and DSC studies confirmed that TBa 

exhibits weaker, less-ordered, and slower H-bonds than its oxy-counterpart Ba, 

while rheology revealed minimal influence from the nonpolar and non-H-

bonding polyisobutylene (PIB) matrix. In the second part, the UPy H-bonds 

incorporated in POILs were confirmed stable till ~70°C via solid-state MAS 

NMR and FT-IR spectroscopy. Rheology studies showed that mixing with low-

molecular-weight ionic liquids accelerated POILs relaxation without 

compromising material strength in the glassy state, indicative of intact UPy H-

bonds in the ionic environment. The third study examined alkene-modified HW-

Ba complexes through UV-Vis titration, revealing the effects of solvent polarity, 

extra H-bonding sites, and entropy-enthalpy contributions. A two-step 

aggregate study, i.e., covalent fixation via alkene cross-metathesis followed by 

ESI MS analysis, was established and successfully extended to study HW-Ba 

aggregates in a solvent-free PIB matrix. 

Overall, this work highlights the influences of molecular proximity on H-bond 

stability. The findings offer key insights into the rational design of H-bonded 

polymer systems with optimized functionalities and mechanical properties.
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1. Introduction 

1.1. Hydrogen-Bonds and the Bonded Polymers 

1.1.1. Hydrogen-Bonds and the Motifs 

Hydrogen bonds (H-bonds), a fundamental supramolecular interaction 

characterized by their dynamic and reversible nature, have been extensively 

studied and widely applied in soft materials. Although more than a century has 

passed since their initial definition,1,2 research on H-bonds continues to be a 

forefront topic in modern science. While the definition of H-bonds has been a 

subject of historical debate,3-7 the International Union of Pure and Applied 

Chemistry (IUPAC) provided a standardized definition in 2011, stating:   

“The hydrogen bond is an attractive interaction between a hydrogen atom 

from a molecule or a molecular fragment X–H in which X is more 

electronegative than H, and an atom or a group of atoms in the same or a 

different molecule, in which there is evidence of bond formation.”8 

In H-bonds an electron-rich atom X, typically nitrogen (N), oxygen (O), or 

fluorine (F), acts as a proton acceptor (H-bonding acceptor, A), donating 

electron density to attract electron-deficient protons (H-bonding donor, D) linked 

to another electronegative X atom (Figure 1.1a). While strong H-bonds with an 

ionic nature exist with a bonding energy of ~ 15-40 kcal·mol-1, medium H-bonds 

usually are formed between noncharged elements with a bonding energy of 5-

15 kcal·mol-1, whereas weak H-bonds are characterized by a bonding energy 

of ~ 0.5-5 kcal·mol-1.9 H-bonds can be further engineered for various functional 

Figure 1.1 a) Generalized H-bonding structure between a proton connected with an

electronegative atom X as the H-bonding donor and an electronegative atom Y as the H-

bonding acceptor; b) Examples of strong H-bonds, medium H-bonds, and weak H-bonds.
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groups to enable diverse H-bonding motifs, ranging from single H-bond pairs 

like pyridine-phenol to self-complementary multiple H-bonding synthons such 

as acid-acid, amide-amide, urea-urea, and ureidopyrimidinone (UPy)-UPy 

dimers (Figure 1.2a).  

H-bonding motifs can vary in their molecular design to tune their specific 

bonding strengths, as described by the association constant (Ka), strongly 

dependent on factors like the molecular geometry,10-12 substituent polarity,13 

and secondary interactions14-16 from adjacent dipoles, which exert attractive or 

repulsive forces. Especially secondary forces can enhance or weaken H-

bonding strength, highlighting the critical role of molecular design in optimizing 

H-bonding interactions by reducing secondary expulsions.14-16 As a prominent 

example, the UPy-motif, introduced by Meijer et al.,17-19 has attracted significant 

research interest due to its facile synthesis and strong dimerization-ability, 

driven by a distinct quadruple donor-donor-acceptor-acceptor (DDAA) H-

bonding array. This array incorporates two secondary attractive forces, one 

repulsive force (Figure 1.2b), and an optimal spatial design, resulting in a high 

association constant (Ka ≈ 107 M-1). In comparison, if the secondary forces are 

all attractive, such as those in the H-bonding complex X-Y20 in Figure 1.1b) with 

the similar quadruple DDDD-AAAA H-bonding array, the association constant 

of an X-Y complex can further reach values up to Ka ≈ 1012 M-1.  

Beyond self-associating H-bonding motifs, hetero-complementary 

complexes comprising two distinct H-bonding partners play a crucial role, such 

as H-bonding systems derived from thymine-diaminopyridine (Thy-DAP), 

thymine-diaminotriazine (Thy-DAT), and the Hamilton-wedge-barbiturate (HW-

Ba) as shown in Figure 1.2, with binding constants as indicated, ranging from 

102 to 106 M-1.  Due to their complementary binding sites, these motifs enable 

selective molecular recognition in the sense of a key/lock-system. Additionally, 

they offer greater flexibility for modifying donor/acceptor locations, molecular 

configurations, and substituents for further functionalization. In the early 1990s, 

Hamilton et al.21-23 introduced the Hamilton wedge (HW) as a molecular 

receptor for barbiturates (Ba) (Figure 1.2c), embedding two diaminopyridine 

moieties bound to a m-substituted aromatic-unit, able to selectively bind 

barbiturate Ba via sextuple H-bonds, yielding a Ka of ~ 104 M-1. When 

preorganized into a closed cyclic structure (cHW1), the binding affinity 

increases to ~ 106 M-1. However, excessive rigidity, such as in cHW2 reduces 
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the binding constant to ~ 105 M-1, highlighting the critical role of structural 

preorganization in optimizing H-bonding strength.  

Figure 1.2 a) H-bonding motifs with association constants: phenol-pyridine (PhOH-Pyr) 
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with single H-bond,24 acid-acid dimer with double H-bonds,25 amide-amide dimer with 

double H-bonds,26 thymine-diaminopyridine (Thy-DAP) with triple H-bonds,27 thymine-

diaminotriazine (Thy-DAT) with triple H-bonds,28 ureido-pyrimidinone (UPy)-UPy dimer 

with quadruple H-bonds,19 and X-Y with quadruple H-bonds20; b) the schematic illustration 

of secondary force in quadruple DDAA H-bonding array; c) prototypes of Hamilton wedges-

barbiturate (HW-Ba) complex, with the Hamilton wedge bearing linear (HW121) and cyclic 

(cHW121 and cHW223) outer rim; d) the illustration of linear H-bonds in urea and zig-zag H-

bonds thiourea.29 

Typical H-bonding motifs involve receptor atoms such as oxygen (O) and 

nitrogen (N), while sulfur (S) from the sixth group can also function as an H-

bond acceptor. Due to its larger atomic size, S displays a lower electronegativity 

and more diffused electron density than O, leading to the widely held belief that 

sulfur-centered H-bonds are generally weaker than oxygen-centered H-

bonds.30-32 Additionally, sulfur-centered H-bonds exhibit longer bond lengths 

and more distorted angles than their oxygen-centered counterparts, as 

observed in studies on urea and thiourea (Figure 1.2d).29,33 While urea adopts 

only a trans/trans conformation, thiourea allows both trans/trans and trans/cis 

conformers.29 When embedded into polymers, despite their weaker association 

in comparison to urea, thiourea's flexible conformations contribute to unique 

material properties, such as enhanced mechanical strength and faster self-

healing.34-37 Moreover, sulfur’s higher polarizability enables it to act as a 

potential H-bond acceptor.38 Sulfur-centered H-bonds play crucial roles in 

biological systems, influencing biomacromolecular functions,39 regulating redox 

potential in iron−sulfur proteins,40 and shaping the 3D structures of membrane 

proteins for functional specificity.41 In polymer science, thio-based H-bonding 

motifs, including thiourea, thioamide, and thiobarbiturate (TBa), have recently 

been widely explored for applications in electronics,42-44 super 

elastomers,35,45,46 and dielectric gating materials,47-49 underscoring the 

comparable significance of sulfur/oxygen-centered H-bonds. 

1.1.2. Synthesis of Hydrogen-Bonded Polymers 

To synthesize H-bonded polymers (HBPs), H-bonding motifs must be 

covalently incorporated into the polymer structure, either at the termini, on side 

chains, or along the main chain of the backbone. These polymers can be 

synthesized through various approaches, including de novo synthesis from 

monomeric building blocks50-52 and post-polymerization modification.53-55 
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In the de novo synthesis of HBPs, H-bonding motifs are covalently attached 

to reactive monomers to produce side-chain HBPs. These monomers typically 

are based on acrylate,56-58 styrene,59 and acrylamide60,61 monomers for chain-

growth polymerization or modified multifunctional monomers36,51 for step-

growth polymerization with for instance isocyanate-alcohol/amine chemistry, 

alcohol/amine-acid condensation (Figure 1.3). For H-bonding motifs at polymer 

termini, polymerization reagents are first modified with the desired motifs. 

These reagents include modified chain transfer agents (CTA) in reversible 

addition-fragmentation chain-transfer polymerization (RAFT),62-65 radical 

initiators in atom transfer radical polymerization (ATRP),66-68 nitroxide-mediated 

radical polymerization (NMP),69 and modified chain stoppers with H-bonding 

motifs in step-growth polymerization70. 

Figure 1.3 H-bonding monomers for a) chain-addition and b) step-addition polymerization; 

c) schematic illustration of side-chain, termini-, and main-chain HBPs; d) examples of the 

V-shaped CTA for RAFT polymerization,52 the initiator with terpyridine(tPy) and UPy motif 
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for NMP,69 the Ba-modified initiator for ATRP,67 and the chain-stopper with UPy motifs used 

in PU synthesis;71 schematic illustration showing the post-polymerization to embed H-

bonding motifs on polymer chains with defined functional groups; f) the chemoselective 

groups for post-polymerization modification.54,55,72-74 

Incorporating H-bonding motifs into the main chain is more challenging and 

typically achieved via step-growth polymerization, as often seen in 

polyurethane.51,75,76 Here, H-bonding motifs with bivalent reactive groups, such 

as amine, alcohol, or isocyanate, react with other multivalent monomers or 

macromonomers to form main-chain HBPs. Additionally, acyclic diene 

metathesis polymerization (ADMET)77 offers alternative routes, resembling 

polycondensation or polyaddition processes for main-chain polymer synthesis. 

An alternative approach to synthesizing HBPs is via post-polymerization 

modification.54,55,72,73 This method requires chemoselective functional groups to 

be strategically incorporated into the polymer backbone or side chains (Figure 

1.3d&e). Given that post-modification involves macromolecules with multiple 

reactive sites along a single chain, reactions must proceed under mild 

conditions while ensuring high conversion efficiency and fidelity of the functional 

groups. Commonly employed post-polymerization reactions include copper-

catalyzed alkyne-azide cycloaddition (CuAAC),67,78,79 thiol-ene80-82 or thiol-

bromo click reaction,83-85 epoxide chemistry,74,86 isocyanate reactions,87-89 

Michael addition,90-92 and organofluorine chemistry.54 In ATRP55 and RAFT55,72 

polymerization, the presence of a bromide initiator or chain transfer agent (CTA) 

generates reactive ω-chain ends, facilitating terminal modification for termini-

functionalized HBP. Similarly, living anionic polymerization (LAP)93,94 and living 

carbocation polymerization (LCCP)95,96 exploit their active ionic growing centers 

to introduce tailored terminal groups, further enabling termini-HBP synthesis. 

Overall, post-polymerization modification provides a versatile route for 

functional polymer synthesis while maintaining the same parent polymer 

structure which enables systematic studies of HBPs, minimizing structural 

variations such as molecular weight (Mn) and polydispersity (PDI), thereby 

ensuring consistency in comparative analyses. 

1.1.3. Hydrogen-Bonded Macromolecular-Assembly and the Formation of 
Aggregates 

Low-molecular-weight H-bonding motifs, due to their directional and selective 
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nature, can self-assemble into diverse structures, including linear oligomers, 

polymers, and networks.97 Motifs with rational topologies can be further 

organized into higher-order structures.98,99 When tethered on polymeric 

backbones, these motifs similarly drive synthetic polymers toward 

macromolecular assembly in solutions, resembling their low-molecular-weight 

counterparts while also integrating backbone interactions.100-102 In biological 

systems, H-bond-mediated macromolecular assemblies play a crucial role in 

the formation of the DNA double helix,103-105 protein secondary structures,106-108, 

and enzyme-substrate recognition.109-111 These H-bonding processes cope 

cooperatively with other interactions, including hydrophobic112,113 and 

electrostatic forces,114,115 further stabilizing complex biological architectures. 

Figure 1.4 a) Possible H-bonding association in a polymer matrix, including self-

association, hetero-complementary association, and further high-order aggregation; b). 

schematic illustration: non-HPBs are generally honey-like liquids, when equipped with H-

bonds, they could be reinforced into viscoelastic solid, and further into a self-standing 

elastomer or glass if H-bonded aggregation presents; c) DAT/Thy functionalized 

polyisobutylene (PIB) forming different micellar aggregates in the bulk polymer (adapted 

with permission from reference,116 Copyright 2014 American Chemical Society); d) UPy 

motif modified with a nonpolar polyolefin backbone first dimerize then aggregate into stacks, 

and further into nano-fiber (adapted with permission from reference,117 Copyright 2011 

American Chemical Society); e) the hydrophobic benzene-1,3,5-tricarboxamide (BTA) 

motifs drive the hydrophilic PEG segments into stacks in an aqueous medium (adapted 

with permission from reference,118 Copyright 2011 American Chemical Society). 
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Beyond driving macromolecular assembly, associative H-bonding motifs in 

neat polymers can form H-bonded aggregates, significantly influencing matrix 

properties.119 As depicted in Figure 1.4a, H-bond motifs in the bulk polymer can 

form multiple aggregates, depending on the molecular environment. They can 

form the complementary complex, while they could also self-associate, owing 

to the limited available counterparts in adjacent, which is constrained by the 

anisotropic nature of polymer bulk and diffusion limitations.120-122 However, 

these unique aggregates via associative H-bonding motifs in neat polymers 

significantly influence matrix properties.119 Compared to, e.g., low-molecular-

weight non-HBPs which are typically honey-like liquids, when equipped with H-

bonds, their viscoelasticity is altered, transitioning into viscoelastic solids.67,123 

Further, if there were H-bonded aggregates or even separated microphases, 

the mechanical strength of the matrix polymers would be significantly 

enhanced.50,89,124 Thy-DAT complex is widely explored for such ability to alter 

polymer mechanical strength. For instance, the Thy-DAT complex, when 

embedded in a PIB backbone, can generate micellar aggregates in the bulk 

polymer, consequent for the altered viscoelasticity of the PIB matrix.116 When 

only Thy motif was embedded into a poly(propylene oxide) (PPO) matrix, the 

weak self-association of Thy in the bulk PPO leads to the crystallization of Thy 

motifs, enhancing the PPO matrix into a self-standing solid. However, when the 

Thy-DAT complex was embedded into the same PPO matrix, such a stronger 

hetero-complementary H-bonding complex lead to a counterintuitive weaker 

mechanical strengthening, changing the matrix into a viscous liquid, which is 

due to disruption of the Thy crystalline assembly via its self-association.125,126 

Besides hetero-complementary H-bonding motifs, self-complementary motifs 

such as UPy for its strong quadruple H-bonds are also widely incorporated into 

various polymer systems. Owing to the strong dimerization of UPy motifs, high-

order structures such as nano-fiber117 or needle-like stacks127 are often 

observed in polymers modified with UPy motifs. Such high-order structures of 

UPy aggregates can even form in an aqueous environment,128,129 by shielding 

via hydrophobic functional groups. Alternatively, the hydrophobic benzene-

1,3,5-tricarboxamide (BTA) motif achieves a cooperative effect between π-π 

stacking and H-bonding, resulting in molecular stacking in aqueous medium 

(Figure 1.4e), utilized to create single-chain folding of BTA-modified polymers 

for catalytic systems.118 Thus, H-bond-mediated aggregation substantially 

alters polymer properties, conferring changes in mechanical strength,70,78,130 

morphology,59,101,131 and stimuli responsiveness,132-134 making these materials 
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highly relevant for biomedicine,113,135,136 3D printing,71,137 and reversible 

adhesive.57,83,138 

1.2. Impact of Polymers on the Dynamic Equilibria of 
Hydrogen-Bonds in Various Surroundings 

H-bonds, due to their dipolar nature, are highly sensitive to their molecular 

environment.139-141 In solution, solvent molecules interact with both the H-

bonding moieties and the polymer backbones, impacting the formation of 

assemblies or high-order structures.84,142,143 Conversely, in the solid state, local 

confinement restricts H-bonding moieties from adopting their optimal 

geometry,144 leading to aggregates distinct from their solution counterparts. 

Various factors influence the behavior of H-bonding motifs in different molecular 

contexts. Specific environments, such as ionic media, polymer blends, and 

phase-separated hydrogels or organogels, present unique challenges for 

analyzing and predicting H-bonding behavior due to their complex molecular 

interactions in such HBPs consisting of low-molecular-weight H-bonding units 

or oligomeric/polymeric building blocks functionalized with associative, 

reversible H-bonding motifs. This part focuses on the latter category of HBPs, 

where H-bonding motifs are integrated onto polymer backbones, and examines 

how local molecular environments influence their properties and behavior, 

particularly from the perspective of polymer backbones and H-bond interactions. 

1.2.1. Assembly of H-bonded Supramolecular Polymers in Solution 

For noncharged polymers devoid of H-bonding motifs, solvent interactions 

can be categorized into theta solvents, poor solvents, and good 

solvents.121,145,146 In contact with a solvent polymer chains interact with solvent 

molecules via noncovalent forces such as van der Waals interactions, dipole-

dipole interactions, or H-bonding (if applicable), with additional interactions 

present as polymer-polymer interactions. With increasing amounts of solvent, 

solvent-polymer interactions gradually offset polymer-polymer interactions, 

reaching an equilibrium where polymer segments move freely relative to each 

other. Under theta-conditions, polymer chains conform to the Flory scaling law 

for ideal chains, with the radius of gyration (Rg) proportional to N1/2, where N 

represents the number of monomer units. In a poor solvent, polymer-solvent 

interactions are weak, causing polymer chains to collapse and potentially 

undergo phase separation, leading to polymer aggregation due to backbone-



 

10 

 

solvent demixing. Conversely, in a good solvent, polymer chains exhibit 

stronger interactions with solvent molecules, adopting a swollen, extended 

conformation. 

Figure 1.5 a) Schematic illustration of HBPs with polar H-bonding groups while the 

backbone may bear different nature of polarity, resulting in controversial dissolution 

process; b) the apparent hydrodynamic radius, Ra, of U2PIB2 supramolecular assemblies 

in ethanol/cyclohexane mixtures, (U2PIB2 concentrations of (◊) 2 g·L-1, (□) 4 g·L-1, and (△) 

8 g·L-1), showing competitive association by ethanol to the bisurea thus deteriorating the 

assembly; c) structure of PIB with a bisurea (U2PIB2) or a trisurea core U3PIB2; d) the 

scattering wave vector q of U3PIB2 assembly in cyclohexane, demonstrating the giant 

U3PIB2 assembly up to 300 nm (polymer concentrations: (△) 0.08 g·L-1, (▽) 0.14 g·L-1, (○) 

0.68 g·L-1, (□) 1.34 g·L-1, and (◊) 3.41 g·L-1; the solid line has a slope −1); Figure 1.4c&d 

are adapted with permission from reference,147 Copyright 2013 American Chemical Society; 

e) the schematic illustration of amphiphilic polymer assembly in water and organic solvents, 

as well as the hydrophobic pocket to preserve H-bonds in aqueous system. 

When polymer chains are functionalized with H-bonding motifs, their 

solvation behavior becomes more complex. While the attachment of H-bonding 

motifs induces only minor changes in interaction strength,62 the integrity of 
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specific H-bonds can be preserved, unless cooperative effects148 dominate or 

steric hindrance63,147,149 from the attached backbone disrupts association. If 

under theta-conditions, solvent molecules not only balance polymer-polymer 

and solvent-polymer interactions but also compete with H-bonding motifs for 

solvation, partially disrupting H-bonds (Figure 1.5a). This competition 

introduces additional energy requirements and imposes stricter solvent 

selection criteria compared to non-H-bonded polymers, highlighting the 

sensitivity of H-bonding to molecular surroundings, particularly solvent 

properties.140,150 

Researchers frequently manipulate solvent environments to direct the 

assembly of HBPs into distinct structures. Pensec et al.148 synthesized a 

bisurea-functionalized polymer U2PIB2 with two pending PIB-arms (Figure 

1.5b-d). The PIB arms ensure good solubility in both nonpolar solvents 

(heptane, toluene, chloroform) and polar solvents (THF). However, the bisurea 

core, which remains partially solvated and phase-separates from nonpolar 

solvents, drives the formation of higher-order structures. In contrast, low-

molecular-weight bisurea U2PIB0 assembles into filaments or tubular 

structures depending on the nonpolar solvent used. Small-angle neutron 

scattering (SANS) and FT-IR analyses confirm that U2PIB2 consistently forms 

comb-like structures in all tested nonpolar solvents, with minimal assembly in 

polar solvents like THF. The observed filamentous, rather than tubular, 

assembly is likely due to steric hindrance from the PIB arms, preventing the 

formation of tubular structures. Building on this work, Catrouillet et al.147 

synthesized a trisurea-functionalized polymer U3PIB2 with stronger H-bonds 

and studied its assembly behavior. In a cyclohexane-ethanol mixture, 

increasing ethanol content progressively reduces the assembly of U2PIB2, 

underscoring the critical role of solvent polarity in H-bonded self-assembly. 

However, U3PIB2, with its stronger H-bonds, forms much larger bottle-brush-

like structures. In contrast, U2PIB2 forms only short filaments, as its weaker H-

bonds cannot sufficiently compensate for the conformational entropy penalty of 

the PIB side arms. Further extending this work, Catrouillet et al.149 explored 

self-assembly in polystyrene-based systems, revealing that trisurea self-

assembly is strongly influenced by both the molecular environment and the 

degree of polymerization of the polymer side chains. 

HBPs can also self-assemble in aqueous environments, where hydrophobic 
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and hydrophilic interactions are key to structural organization. Amphiphilic block 

copolymers functionalized with H-bonding motifs are often designed to control 

these interactions.151 To protect H-bonds from weakening or dissociating by 

water molecules,152 the hydrophobic block encapsulates the H-bonding motifs, 

forming a hydrophobic core. The hydrophilic block surrounds this core, resulting 

in a core-shell structure, commonly referred to as a hydrophobic pocket153-155 

for H-bonds (Figure 1.5e), a structural feature frequently observed in 

proteins.156 In certain systems, H-bonding motifs themselves can influence 

assembly behavior. Mandal et al.157, reported that TBa-functionalized PCL and 

PLA exhibit a unique assembly mechanism in water. Since TBa is more polar 

than the polymer backbone, the hydrophobic core is formed by the collapsed 

PCL or PLA chains, while the TBa motifs populate the outer shell, leading to 

droplet-like assemblies. Further analysis through dye release experiments 

revealed that at pH 5.5, the release rate of encapsulated dye significantly 

increased. This behavior was attributed to the disruption of H-bonds among 

TBa motifs in the acidic aqueous environment, demonstrating the pH-

responsive nature of these assemblies as a functional material application. 

Though there are aforenoted confinements from the solvent, the H-bonding 

strength can be expressed by its Ka measured in solutions.158 Table 1 

summarizes the H-bonding motifs, their Ka measured in solutions, and their Ka 

when modified with polymeric backbones. 

Table 1 The selected H-bonding motifs, their association constant, the polymeric backbone 

attached, and the association constant with the backbone. 

Name H-bonding Motifs and Ka With Backbone and the Resulting Ka 

Thymine-

Diaminopyridine 

(Thy-DAP)  

~ 102 M-1 

(NMR titration, CDCl3)27 

PVAc-Thy+PVAc-DAP-PVAc64 

1.4 × 102 M-1 

(NMR titration, CDCl3) 

PVAc-Thy+PS-DAP-PS159 

9.0 × 101 M-1 

(NMR titration, CDCl3) 

PMMA-Thy+PS-DAP-PS159 

8.5 × 101 M-1 

(NMR titration, CDCl3) 

PI-Thy+PS-DAP-PS159 

8.0 × 101 M-1 

(NMR titration, CDCl3) 
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Thymine-

Diaminotriazine 

(Thy-DAT)  

~ 102 M-1 

(NMR titration, CDCl3)27 

PIB-Bis-Thy+PEK-Bis-DAT160 

100-3 M-1 

(NMR titration, CDCl3) 

PIB78 

1.1 × 103 M-1 

(NMR titration, CDCl3) 

PnBA161 

2.6 × 103 M-1 

(NMR titration, CDCl3) 

PPO-bisThy/DAT162 

8.5 × 102 M-1 

(NMR titration, CDCl3) 

Cyanurate 

/Barbiturate-

Triaminopyrimidine 

(Cy/Ba-TAP) 
 

~ 102 M-1 

(NMR titration, CDCl3)163-165 

PDMS166 

1.3 × 102 M-1 

(NMR titration, CDCl3) 

Hamilton Wedge- 

Cyanurate 

/Barbiturate 

(HW-Cy/Ba) 

 

2.1 × 104 M-1 

(NMR titration, CDCl3)21 

2.5 × 105 M-1 

(cyclic HW, Fluorescence/UV, 

CH2Cl2)23 

1.4 × 106 M-1 

(cyclic HW, NMR titration, 

CDCl3)21 

PIB130 

6 × 104 M-1 

(NMR titration, CDCl3) 

PMMA-Ba+HW-PNB167 

2.9 × 103 M-1 

(NMR titration, CDCl3) 

PMAc-Ba+HW-PiC168 

9.5 × 103 M-1 

(NMR titration, CDCl3) 

PMAc-Ba+HW-PiC169 

3 × 104 M-1 

(NMR titration, CDCl3; ITC, DCE) 

PEO-HW+Ba170 

2.8 × 104 M-1 

(NMR titration, CDCl3) 

PDMS166 

4.3 × 104 M-1 

(NMR titration, CDCl3) 

2,4-Toluene 

Bisurea Dimer 

NN

O

N

O

N

H H H H

NN

O

N

O

N

H H H H  

PIB148 

3.5 × 102 M-1 

(ITC, CHCl3) 
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1.7 × 103 M-1 

(ITC, CHCl3)148 

Ureidopyrimidinon

e (UPy) Dimer 

 

2.2 × 106 M-1 

(NMR titration, CDCl3)17 

5.7 × 107 M-1 (Fluorescence, 

CDCl3)171 

5.9 × 108 M-1 (Fluorescence, 

tolulene-d8)171 

PnBA172 

~ 104-6 M-1 

(NMR titration, CDCl3) 

 
1.2.2. In the Solid State of a Single Polymer 

In bulk-polymers, where solvents and other mobile, low-molecular weight 

compounds are absent, the H-bonding motifs are then surrounded solely by the 

polymeric backbone. As a result, the chemical nature of the backbone plays a 

crucial role in modulating H-bond interactions, similar to solvent effects in 

(concentrated) solution. Additionally, in bulk polymers, the mobility of 

associative groups is highly restricted by local chain dynamics governed by 

segmental motion.121 Consequently, H-bonds in the solid-state polymer matrix 

are rarely in their optimal configuration.144 As supramolecular polymers often 

exhibit inhomogeneity at both local and global scales,173 they introduce an 

additional driving force for H-bonding motifs to phase-segregate. In semi-

crystalline polymers, crystalline regions impose further constraints on H-

bonding interactions, while in covalently crosslinked polymer networks, long-

range diffusion of H-bonding moieties is prohibited, preventing the formation of 

extended H-bonded aggregates. Thus, in solid-state polymers, both the 

chemical composition and physical chain dynamics dictate H-bonding behavior, 

influencing morphology, phase separation, and supramolecular organization. 

Influences from the Chemical Nature of the Polymeric Backbone 

Similar to low-molecular-weight compounds, the polarity of the polymer 

backbone significantly affects H-bond interactions in solid-state polymers. 

Since H-bonding motifs typically consist of carbon, polar atoms (O/N), and 
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protons, they exhibit moderate polarity. In solid-state polymers, polar 

backbones provide better solvation for H-bonding motifs than nonpolar 

backbones. (Figure 1.6a) Consequently, in polymers with increased polarity 

such as in PEO and its derivatives,71,137,174,175 H-bonding motifs tend to exhibit 

weaker association, as confirmed by rheological study,137,175,176, solid-state 

NMR,152,177,178 and FT-IR spectroscopy.71,174,179 This reduces association from 

competitive H-bonding interactions between the motifs and the polymer 

backbone, where O/N atoms act as additional H-bond acceptors, and -OH/-NH 

groups serve as additional H-bond donors, analogous to the effect observed in 

polar solvents.148,150,180,181 Due to enhanced solvation by polar backbones, H-

bonding motifs distribute more homogeneously within the polymer matrix, 

reducing the likelihood of phase-separated H-bonded aggregates176 account 

for the mechanical properties of the modified polymer matrix.78,119,127,182 

Figure 1.6 a) Ba aggregates in the bulk PEO could be solvated and thus dissociated owing 

to the oxygen acting as the extra H-bonding acceptors; while b) in bulk PIB the Ba 

aggregates maintain their association owing to insufficient solvation by nonpolar PIB 

chains. 

In contrast, in many nonpolar polymers, H-bonds usually display promoted 

association, as the motifs in the nonpolar solvents.183-185 The nonpolar polymer 

backbones(Figure 1.6b), such as PIB, PE, and PP, lack polar groups like O/N, 

thus cannot solvate or completely solvate the polar H-bonding motifs covalently 

attached,186 leading to a driving force steering the polar motifs to segregate 

from the polymeric backbones and gather together. Due to this tendency of 
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segregation from the backbone and assembly of H-bonding motifs, the H-

bonded aggregates and further possible high-order structures can be 

generated.117,187 

Steric hindrance from bulky polymer backbones significantly influences the 

molecular packing of H-bonding motifs, often resulting in unpredictable 

assembly in solid-state polymers.147-149 This steric effect arises from multiple 

factors, including the molecular weight,188 which determines chain length and 

chain entanglement, the backbone topology,84,189,190  which dictates overall 

chain conformation and chemical composition at the surface, and the monomer 

structure,191-193 which affects local packing constraints for instance in PA6 and 

PA66. By manipulating these parameters, it is possible to precisely control H-

bond assembly and the consequent mechanical properties. 

Aside from carbohydrate polymers, fluorinated polymers exhibit distinctive 

chemical properties due to the strength of the carbon-fluorine bond and the 

unique spatial arrangement of fluorine atoms. The incorporation of fluorinated 

monomers or blocks into a polymer chain alters its chemical and physical 

performance.194,195 H-bonding motifs associated with (semi-) fluorinated 

polymers exhibit altered behavior due to the presence of fluorine atoms,190,196 

as the (semi-) fluorinated segments tend to associate with fluorinated 

regions,197 the H-bonding motifs are repelled as a result of their hydrocarbon 

nature, so promoting the formation of the H-bonded aggregates. Moreover, 

fluorinated groups, such as trifluoromethyl, possess strong dipole moments that 

generate localized electric fields, influencing nearby H-bonding interactions, 

plus the electron-withdrawing nature weakens the H-bond acceptor ability, 

thereby impeding H-bond formation.198-200 Furthermore, the pronounced 

electronegativity of fluorine withdraws electron density from H-bond donors, 

promoting their proton-donating ability and further enhancing weak CH···F H-

bonding.199 Consequently, H-bond interactions in (semi-) fluorinated polymers 

exhibit complex sensitivities to their fluorinated environment, leading to unique 

material properties. 

Influences from Physical Confinement by Backbone Dynamics 

Polymers typically contain amorphous regions where polymer chains are 

arranged in a disordered, random manner, and H-bonds formed within these 

regions are significantly influenced by chain dynamics. Amorphous polymers 
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can undergo a transition from a rigid, glassy state to a flexible, rubbery state at 

the glass transition temperature (Tg).120-122 Below Tg, the polymers exhibit glass-

like rigidity, with segmental motions and cooperative movements of polymer 

chain segments being restricted, while localized motions, such as molecular 

vibrations or rotations, remain possible.120-122 Consequently, H-bonding motifs 

in this state are effectively "frozen" due to limited long-range diffusion (Figure 

1.7a). This phenomenon is commonly observed in H-bond-modified PS201-203 

and PMMA,204,205 as these polymers have Tgs above room temperature. At Tg, 

polymers start to transition into a rubbery state with increased elasticity, 

allowing for greater segmental motion,120-122 and enabling covalently attached 

H-bonding motifs to diffuse and associate over distances spanning several 

monomers. However, if chain entanglement is present, the intertwined chains 

hinder the migration of hydrogen-bonding motifs, thereby constraining their 

association.206,207 Above Tg, polymer chains allow for long-range motion and 

flow on extended timescales,120-122 facilitating the diffusion and interaction of H-

bonding motifs, leading to the formation of H-bonded aggregates, provided that 

the H-bonds attached remain stable at the elevated temperatures. This 

behavior is commonly observed in polymer backbones with low Tg, such as 

Figure 1.7 a) In amorphous HBPs, increasing temperature gradually releases H-bonds 

from the constraints imposed by segmental motion governed by Tg, while at higher 

temperatures, thermal disruption weakens H-bonding; b) in semicrystalline HBPs, H-bonds 

first gain mobility within the amorphous regions as temperature rises, and upon thermal 

melting of the crystalline phase, the confined H-bonds become mobile throughout the entire 

polymer bulk. 
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PIB,78,130,148 PDMS,166,208, and PnBA.161,172,209 When modified with H-bonding 

motifs, these backbones provide a matrix that allows the motifs to diffuse and 

associate freely at room temperature, forming aggregates that contribute to the 

mechanical reinforcement of the polymer.116,119,210 

Many polymers also contain crystalline regions, where polymer chains are 

tightly packed in an ordered, repetitive arrangement.89 In semicrystalline 

polymers, H-bonding motifs selectively associate, contributing to the orderly 

packing of polymer chains and enhancing structural organization and material 

properties.191,192,211 A well-known example of a semicrystalline polymer with H-

bonds is polyamide 6 (PA6).193 PA6 consists of repeating units comprising six 

methylene (-CH₂-) groups and one amide (-CONH-) group. The flexible C6 

chains adopt a highly regular, antiparallel crystalline structure (Figure 1.7b), 

while the amide groups, due to their strong associative nature, further stabilize 

this arrangement. The antiparallel alignment of C6 chains optimizes the number 

of H-bonds between adjacent amide groups (-NH and -C=O), minimizing 

thermal fluctuations and reinforcing structural stability.191-193 Consequently, 

these H-bonds within the crystalline regions are effectively "frozen-in," 

maintaining permanent interchain interactions until thermal energy disrupts the 

crystalline structure.212 Other synthetic semicrystalline polymers such as 

PVA,213 and biopolymers like polysaccharides,214 also show similar effects 

between H-bonds and their crystalline domains. Alternatively, when H-bonds 

are located at the termini of a semicrystalline polymer, blending with another 

polymer bearing complementary H-bonds can lead to the formation of a 

pseudo-block copolymer. This interaction modifies the crystallization behavior 

of the semicrystalline polymer due to the influence of the second polymer 

backbone, as demonstrated in Thy-DAP-modified PCL-PIB blends.79,211 

Influences from Backbone Topology 

Polymer topology can significantly influence the cooperative behavior of H-

bonds in the polymer (Figure 1.8). Main-chain HBPs bear H-bonding motifs 

integrated on the polymer backbone and these motifs are part of the repeating 

unit. Main-chain HBPs are composed of long, unbranched chains that facilitate 

tighter chain packing and molecular alignment, thereby maximizing H-bonding 

association due to reduced steric hindrance and greater accessibility of H-

bonding groups, as often seen in polyamide,191,193 polyurethane,51,75,215 and 
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polyurea.35,37,208 Main-chain HBPs often demonstrate promoted Tg and 

enhanced mechanical strength owing to the synergistic effect of compact chain 

alignment and reinforced H-bonding. This synergistic effect promotes structural 

rigidity and restricts chain mobility, contributing to the overall stability and 

mechanical resilience of the material.35,70,191-193 

Figure 1.8 Multiple topologies of HBPs: a) semicrystalline main-chain HBPs with crystalline 

and amorphous regions; b) pseudo-block HBPs with hetero-complementary H-bonding 

motifs; c) linear HBPs with the H-bonded aggregates; d) side-chain HBPs with interchain 

H-bonds; e) hyperbranched HBPs with hetero-complementary H-bonding motifs; and f) 

covalently crosslinked HBPs with locally confined H-bonds. 

Linear termini-HBPs with H-bonding motifs equipped on the termini of the 

linear chain show distinct H-bonding behavior. If the backbone of termini-HBPs 

is flexible, as often seen in modified PIB,78,130,137 PDMS,166,216,217 and 

PnBA,161,172,209,218 the H-bonding motifs at the chain ends are allowed to 

associate with each other so-forming aggregates in bulk. However, with 

increasing molecular weight, the abundance of H-bonding motifs in the polymer 

leads to a diminished contribution of H-bonding relative to chain 

relaxation.137,188 As a result, the strengthening effect attributed to H-bonding is 

significantly reduced, as entanglement-driven constraints206,207 gradually 

dominate the mechanical behavior of the material. In addition, owing to the 
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mobile binding site at the chain ends, the termini-HBPs can be used to create 

pseudo-block copolymer by mixing two distinct backbones equipped with H-

bonding pairs, such as pseudo-block copolymer PEK-PIB by HW-Ba complex96 

and PCL-PIB by Thy-DAT complex.79 

In contrast, branched polymers, characterized by side chains or branches 

extending from the main backbone, often exhibit increased steric hindrance and 

reduced packing efficiency, accounting for the lower viscosity and higher 

solubility of branched polymers.219-222 A particularly distinct class of branched 

polymers are dendritic polymers, which possess a hyperbranched, tree-like 

architecture.223 When H-bonding motifs are positioned at the branch termini, 

branched polymers and dendrimers can exhibit a high density of H-bonding 

sites on their surface, enhancing interactions with external molecules.189,224 

Their compact structure can also lead to chain overlap and packing frustration, 

thus intramolecular H-bonding or reduced overall H-bonding could also take 

place.225 

Crosslinked polymers represent another unique topology, in which covalent 

crosslinking significantly restricts chain mobility.226,227 This reduction in mobility 

could negatively impact H-bonding by limiting the optimal alignment of donors 

and acceptors, confining H-bonds unevenly throughout the polymer matrix.228 

While crosslinking may constrain overall H-bond density over long distances, 

the permanent confinement and random distribution of H-bonds may enhance 

local H-bonding density.229 These static H-bonds can also function 

cooperatively as secondary noncovalent crosslinks, reinforcing the network and 

further slowing H-bond relaxation, thus affecting the polymer’s viscoelasticity 

and mechanical strength.65 

A distinct case is cyclic polymers, which feature a closed-loop structure 

without free chain ends. This cyclic topology restricts conformational 

freedom,230,231 potentially enhancing H-bonding in localized regions. Cyclic 

peptides, such as cyclic diastereomers232 and cyclosporine A,233 exhibit well-

defined H-bonding networks due to their constrained cyclic geometry 

accounting for their structural stability234-236 and functional properties.237-239 

Man-made cyclic polymers are also created using H-bonding association, such 

as the HW-Cy complex240. However, the formation of these H-bonded cyclic 

polymers is highly entropically driven, and can only maintained at low 
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concentrations in nonpolar solvents where H-bonding interactions between the 

α-donor and ω-acceptor on the single polymer chain are promoted. Conversely, 

at higher concentrations, these polymer chains exhibit inter-chain aggregation 

rather than single-chain folding, which deteriorates the H-bonded cyclic 

structure. 

Impact of the Relative Content of H-bonding Motifs  

The relative concentration of H-bonding motifs within the polymer 

significantly impacts the formation of H-bonded aggregates in the polymer 

bulk.123,241 When the H-bonding motifs present with an insufficient amount, 

owing to the limited amount of associative moieties and uneven distribution of 

these motifs in the polymer matrix, the optimized association of these H-

bonding motifs becomes less possible.155,176,207 Further, the limited availability 

of the associative groups could demonstrate inadequate long-range 

interactions, unable to form well-defined aggregates, thus resulting in low-

density and less stable aggregated structures. Consequently, the resulting 

morphology exhibits small and heterogeneous phase segregations,84,190 in 

contrast to the formation of well-defined, uniformly separated phases observed 

when H-bonds are present in sufficient quantities and quality.166,242 

1.2.3. In Other Novel Surroundings 

Beyond single-polymer systems, researchers have developed a variety of 

complex polymeric materials with H-bonds incorporated, including polymer 

blends,79,243,244 polymeric ionic liquids (POILs),57,245,246 and polymer gels such 

as hydrogels,247-249 organogels,250-252 and ionogels,245,253-255 to explore diverse 

functionalities and applications. In these materials, H-bonds interact with 

multiple molecular components, including macromolecular backbones, solvent 

molecules that either solvate or expel, and novel low-molecular-weight ionic 

liquids (ILs). This intricate molecular environment introduces significant 

complexity, leading to an incomplete understanding of H-bonding behavior 

within such novel materials. 

In Polymer Blends 
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When chemically and physically distinct polymers are blended, they typically 

undergo phase segregation to minimize free energy, forming distinct domains. 

However, in blends of two HBPs with complementary H-bonding motifs, such 

as the poly(vinyl alcohol)-poly(vinylpyrrolidone) (PVA-PVP) system,256 the -

OH···O=C H-bonding between alcohol and pyrrolidone moieties along the 

polymer chains enhances miscibility by reducing interfacial tension and 

promoting interchain interactions. This intermolecular H-bonding drives 

originally immiscible polymer chains into proximity, stabilizing their interaction 

and enabling homogeneity at the molecular level.244,256,257 (Figure 1.9a). In 

polymer blends, the dissociation on the one hand is guided by phase 

segregation between the blended polymeric backbones, characterized by their 

Hildebrand parameter for enthalpic immiscibility.146,258 On the other hand, 

attractive H-bonding, accounting for the blend miscibility, depends on the 

strength of individual H-bonding pairs and the overall H-bond density along the 

polymer chains. Thus, the extent of phase segregation in polymer blends is 

primarily dictated by the balance between these opposing forces, i.e., the 

dissociative phase segregation and attractive H-bonding, which determine the 

final miscibility and structural integrity of the polymer blends.242,259 

In Polymeric Ionic Media 

When H-bonding motifs are incorporated into or copolymerized with a POIL, 

an H-bonded POIL is generated, preserving H-bonding within a polymeric ionic 

Figure 1.9 a) Polymer blends of two HBPs with the hetero-complementary H-bonding 

diminishing the separative force, leading to homogenous polymer blends; b) low-

molecular-weight ionic liquid (IL) and polymeric ionic liquid (POIL), and the H-bonded POIL 

with self-complementary H-bonds covalently tethered on the backbone, which introduces 

an ionic media to the H-bonds; c) H-bonded polymer gels with different liquid phase: 

hydrogel with water, organogel with organic solvents, and ionogel with IL. 
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medium (Figure 1.9b). POILs inherently combine the properties of their 

polymeric backbone and the tethered ionic liquid moieties, exhibiting both 

viscoelasticity and high ionicity. While viscoelastic behavior constrains H-bonds 

through chain dynamics, the chemical nature of the ionic liquid components 

significantly influences the dynamics and stability of these embedded H-bonds. 

Cations, such as imidazolium,260 triazolium,261 and protic tert-amine,262 can 

serve as potential competitive H-bond donors, capable of interacting with H-

bond acceptors like carbonyl groups, thereby weakening the intrinsic H-bonding 

within the system. Similarly, anions, such as OAc-,263 BF4-,264 and Cl-,265 can 

function as H-bond acceptors, interacting with donor groups such as -OH and -

NH moieties, further diminishing the strength of embedded H-bonds. The 

presence of a permanently charged medium generates strong electrostatic 

fields that can affect H-bond donors or acceptors via electrostatic screening, 

dielectric shielding, and ion-dipole interactions,266-268 ultimately reducing the 

overall H-bond strength. However, due to the ionic moieties, H-bonds within 

POILs remain highly dynamic,269,270 constantly breaking and reforming, 

resulting in exceptionally material properties. This cooperativity between H-

bonding and ionic interaction is further utilized for self-healing POILs,247,271 

electrolyte for battery,246,272 and conductive adhesives.101,273 

In Polymer Gels: Hydrogels, Organogels, and Ionogels 

Polymer gels are polymer-solvent systems characterized by a three-

dimensional network of polymers or polymer aggregates capable of retaining 

substantial amounts of solvent, often exceeding tens to hundreds of times the 

polymer’s weight.274 Depending on the type of solvent encapsulated, polymer 

gels can be categorized into hydrogels, which entrap water; organogels, which 

retain liquid organic molecules; and ionogels, which incorporate low-molecular-

weight ILs (Figure 1.9c). H-bonds in these materials are embedded into a 

complex surrounding due to the coexistence of crosslinked polymer backbones 

and liquid molecules of varying nature. The crosslinked network restricts H-

bond dynamics through both chain motion constraints and the chemical 

properties of the polymer backbone,271,275,276 while the liquid-rich domains 

introduce additional consideration. In hydrogels, water molecules can weaken 

H-bonding51,152,277,278 due to their high polarity, small steric hindrance, high 

mobility, and dual role as both H-bond donors and acceptors. In organogels, 

the entrapped organic solvents may either enhance H-bonding cooperatively251 
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or engage in competitive association,279 relying on the polarity and chemical 

composition of the entrapped solvents. In ionogels, the presence of a highly 

charged medium can weaken H-bonding due to its strong ionicity and the 

additional donor and acceptor sites provided by ionic species. 260,261,266-268 

Besides, phase segregation, which localizes H-bonding, is manipulated to 

allocate H-bonds to solvophobic domains to boost their association,253 thereby 

enhancing the mechanical strength of the gel. 

1.3. Probing Hydrogen-Bonding Strength in Polymers 

H-bonds play a crucial role in polymer systems, with embedded motifs 

significantly influencing the chemical and physical properties of the resulting 

materials. Consequently, H-bonding needs to be precisely analyzed to predict 

bulk material properties. However, detecting these subtle interactions in 

amorphous or semicrystalline polymers is considerably more challenging than 

studying H-bonds in small molecules, either in solution or in the solid state. To 

assess H-bond strength in polymer solutions, various analytical techniques 

have been developed, primarily relying on titration experiments via 

spectroscopy167,280,281 or calorimetry168,282-284. In bulk polymers, the restricted 

diffusion of H-bonding motifs, coupled with the structural complexity of 

amorphous and semicrystalline backbones, makes such investigations 

particularly demanding. Nevertheless, advanced techniques such as solid-state 

NMR spectroscopy (ss NMR)50,177,285,286 and Fourier-transform infrared 

spectroscopy (FT-IR)117,244,287 provide valuable insights into H-bonding within 

bulk polymeric materials. 

1.3.1. Quantitative Analysis of Hydrogen-Bonding Strength in Solutions 

Hydrogen-bonding motifs, such as self-complementary UPy dimer and 

hetero-complementary HW-Ba interaction, are typically studied in solution 

under a 1:1 equilibrium. A hetero-complementary H-bonding system generally 

consists of a host species (H) and a guest species (G), which associate in 

solution in a 1:1 ratio to form a bonded complex (HG), as illustrated below. 

𝐻 + 𝐺 ⇌ 𝐻𝐺 (1) 

This process of H-bonding in an equilibria state is a thermodynamic process 

governed by the association constant Ka, which can be expressed as follows. 
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𝐾௔ =
[𝐻𝐺]

[𝐻][𝐺]
(2) 

Where [HG], [H], and [G] are the concentration of the bonded species, the 

host, and the guest. With these values in dynamic equilibrium and usually not 

measurable directly, the total concentration of such a system can help solve 

this equation. If the total concentration of the host is [H]0 and that of the guest 

is [G]0, these total concentrations can be expressed as follows. 

[𝐻]଴ = [𝐻] + [𝐻𝐺] (3) 

[𝐺]଴ = [𝐺] + [𝐻𝐺] (4) 

Taking (3) and (4) into (2) with [H] and [G] isolated, the expression of Ka can 

be expressed as follows. 

𝐾௔ =
[𝐻𝐺]

[𝐻]଴[𝐺]଴ − [𝐻𝐺]([𝐻]଴ + [𝐺]଴) + [𝐻𝐺]ଶ
(5) 

If the [HG] is isolated and the equation (5) is rearranged, the equation (6) can 

be obtained as follows. 

[𝐻𝐺]ଶ − [𝐻𝐺] ൬[𝐻]଴ + [𝐺]଴ +
1

𝐾௔
൰ + [𝐻]଴[𝐺]଴ =  0 (6) 

And the real solution of (6) is (7). 

[𝐻𝐺] =
1

2
ቐ൬[𝐻]଴ + [𝐺]଴ +

1

𝐾௔
൰ − ඨ൬[𝐻]଴ + [𝐺]଴ +

1

𝐾௔
൰

ଶ

− 4[𝐻]଴[𝐺]଴ቑ (7) 

Now equation (7) with the Ka being the only unknown quantity of interest 

offers a chance to determine the equilibrium constant Ka, while the direct 

detection of [HG] remains unrealistic. To solve this difficulty, a variety of indirect 

measurements via titration where the measurable physical properties change 

with substrate concentrations have been established, from NMR resonance (δ) 

to absorbance (A) in UV-vis spectroscopy, or thermal change (Q) in isothermal 

calorimetry (ITC).158,288 

Spectroscopic Methods 
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NMR spectroscopy is among the most informative techniques for studying H-

bonding, able to provide both qualitative and quantitative insights. By leveraging 

NMR, atoms in distinct chemical environments can be detected, with proton 

NMR being particularly useful due to its direct observation of H-bond donor 

protons. In addition to proton (1H),171,289-292 other nuclei such as 13C,293-295 
19F,296-299, and other atoms,297,300-302 can be analyzed to investigate H-bonding 

from the perspective of acceptor interactions. In a typical H-bonding study using 

the 1H nucleus, the chemical shifts of H-bonded protons are monitored, as their 

electronic environment changes upon association. By systematically varying 

the concentration of the H-bonding substrate, these chemical shifts can be 

recorded and mathematically fitted to determine the association constant Ka. 

This approach was first described in the early 1990s288 and later 

comprehensively summarized by Prof. Thordarson in 2011.158 With the 

assistance of mathematic fitting programs (such as Origin, or the online 

program BindFit303), the Ka can be calculated. Despite its efficiency and 

relatively simple sample preparation, NMR titration for Ka determination has 

inherent limitations. The concentration of the substrate must be maintained 

within a specific range (typically 10-4 M < [Substrate] < 10-1 M) to generate 

spectra with sufficient resolution, which may not always be feasible. Additionally, 

solubility constraints in nonpolar deuterated solvents, such as deuterated DCM, 

chloroform, and toluene, can further hinder accurate measurements. Moreover, 

the dynamic nature of H-bonding interactions may not always align with the 

NMR timescale, introducing uncertainty in Ka determination. As a result, NMR 

titration is generally limited to Ka values not exceeding 105 M-1,158 beyond which 

the method becomes impractical due to signal broadening and exchange 

effects.  

UV-vis spectroscopy is also a widely used method for determining H-bonding 

Ka, due to its affordability, rapid data acquisition, low concentration 

requirements, and resistance to minor impurities. However, this technique 

necessitates that the substrate molecules possess chromophoric structures, 

and within the titration concentration range, the absorbance peaks of interest 

for both the free substrates and the complex must adhere to Beer-Lambert’s 

Law A = εlc, where A is the absorbance, ε is the molar attenuation coefficient, l 

is the optical path length, and c is the concentration of the substrate molecule, 

with an optimal A < 1. Numerous studies have employed UV-vis spectroscopy 

to determine Ka values for H-bonding interactions.183,280,304,305 Unlike NMR 
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spectroscopy, which operates on a much slower timescale, the transitions 

measured in UV-vis spectroscopy occur on the order of < 10−12 s, and the 

constant Ka up to 109 M-1 could be precisely determined by UV-Vis titration 

experiments.158 As a result, the observed absorbance reflects the cumulative 

contributions from the host, the guest, and the complex in equilibrium. 

Mathematical considerations158,306 for the determination of Ka via UV-Vis 

titration experiments are similar to NMR titration, which demands fitting 

programs such as Origin and online tools like BindFit.303 

Figure 1.10 Determination of association constant Ka via a) NMR spectroscopy (adapted 

with permissions from Wiley-VCH307), b) UV-Vis spectroscopy (adapted with permission 

from reference,280 Copyright 2019 American Chemical Society), c) fluorescence 

spectroscopy (adapted with permission from reference,308 Copyright 2019 American 

Chemical Society), and d) isothermal calorimetry (adapted with permission from 

reference,168 Copyright 2016 American Chemical Society). 

Fluorescence spectroscopy can also be employed to determine Ka of H-

bonds, provided that the substrate molecule is fluorescent. Fluorescence 

spectroscopy could be the most sensitive method owing to the high quantum 
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yield and low solvent interference,309 thereby allowing detection of Ka with 

substrate concentration even at the nanomolar range.281,308,310 To maintain the 

linear relationship between the fluorescence absorbance/emission with the light 

absorbed, the concentration must be kept relatively low (sub-micro to 

nanomolar), which in turn enables the determination of the H-bonds with very 

large Ka (>106 M-1).158  

Practically, to measure the association constant Ka by NMR, UV-Vis, or 

fluorescence spectroscopy, isothermal titration calorimetry (ITC) can be 

employed. While one of the associative partners bears constant concentration, 

the other partner compound varies its concentration to obtain the physical 

changes. The resulting physical changes, such as NMR shift of the -NH of the 

modified HW HAMPEst with cyanurate CyaPEst,307 UV absorption of O1-4 

complex,280 and the fluorescence intensity of the 3e-barbital complex308 (Figure 

1.10a-c), were plotted and analyzed for their association constant Ka using 

mathematical fitting. These techniques, combined with mathematical modeling, 

enable precise quantification of H-bonding interactions in various molecular 

systems. 

Calorimetric Methods 

In addition to spectroscopic techniques, isothermal calorimetry (ITC) is a 

powerful method for determining the Ka of H-bonds.168,282-284 This calorimetric 

approach measures thermal changes upon the addition of a defined amount of 

a binding partner, allowing for the determination of the enthalpic change ΔH 

associated with binding. From the titration isotherm, Ka can be calculated, 

enabling further derivation of the free energy change ΔG and, consequently, 

the entropic change ΔS using the thermodynamic relation ΔS = (ΔH - ΔG)/T. As 

shown in Figure 1.10d, when titrated, the thermal fluctuation of the system was 

recorded, and subsequently used for plotting and analysis for the association 

constant Ka.168 However, the high cost of ITC equipment and its limited 

compatibility with organic solvents restrict its broader applications. 

Other Methods 

Mass spectrometry (MS) has also been employed to determine binding 

constants in supramolecular chemistry. In 1998, Jolliffe, Timmerman, and 

Reinhoudt311 introduced a novel Ag+-labeling technique using matrix-assisted 
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laser desorption/ionization (MALDI) time-of-flight (ToF) MS to detect H-bonded 

assemblies. This method successfully identified the H-bonded complex 

between diethyl barbiturate and melamine in solution, leveraging Ag+’s high 

affinity for aromatic π donors and cyano groups. Later, in 2000, Kempen and 

Brodbelt312 determined binding constants for crown ether–alkali metal cation 

complexes via competitive binding equilibria coupled with electrospray 

ionization (ESI) MS. In 2013, Su and Xie et al.313 utilized desorption 

electrospray ionization (DESI) MS to analyze H-bonds between benzothiazoles 

and carboxylic acids, demonstrating a correlation between collision-induced 

dissociation (CID) data and H-bonding energies. This method quantifies H-

bonding strengths by measuring the collision energy required to fully dissociate 

molecular complexes in the mass spectrometer. The energy needed for 

fragmentation is then correlated with H-bond lengths determined by X-ray 

crystallography or theoretical calculations, where shorter bonds generally 

indicate stronger interactions. 

1.3.2. Probe Hydrogen-Bonding Strength in the Solid State 

Probing hydrogen bonds in the solid state presents significant challenges. 

Unlike in solution, where H-bonds can adopt their optimal geometry, solid-state 

interactions are often constrained by the local environment,144 leading to bond 

stretching, compression, or distortion, which introduces anisotropy. Additionally, 

the concept of “concentration” no longer exists in the solid state, complicating 

the application of solution-based H-bonding theories. For small organic 

molecules that crystallize, X-ray diffraction provides detailed insights into H-

bond angles, lengths, and packing geometries.33,295,314 Spectroscopic 

techniques such as ss NMR50,177,285,286 and FT-IR117,244,287 spectroscopy offer a 

direct observation of H-bonds, yielding valuable structural information in the 

solid phase. However, when H-bonding motifs are incorporated into a polymer 

matrix, the amorphous or semicrystalline nature of the material complicates 

traditional diffraction-based analysis. The relatively low content of H-bonding 

motifs per polymer chain weakens signal intensity in spectroscopic 

characterizations. Additionally, the lack of long-range order in the amorphous 

structure in polymers reduces contrast in diffraction patterns,315 making precise 

structural characterization difficult. Despite these limitations, the influence of 

chain dynamics and polymer solvation on H-bonds can lead to phase 

separation79,211,242 and unique aggregation behaviors116,166,316 within the 
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polymer bulk. In turn, these H-bonding interactions induce notable changes in 

polymer properties, such as rheological behavior,179,317,318 mechanical 

strength,56,208,319 and morphology change,44,59,67 which can serve as indirect 

indicators of H-bonding in complex polymer systems. 

Solid-State (SS) NMR Spectroscopy 

Solid-state NMR (ss NMR) is a powerful technique for probing H-bonding in 

solid-phase polymers.242,320-326 Often, protons serve as primary targets due to 

their favorable spectroscopic properties and direct involvement in the 

interaction. With the assistance of the magic angle spinning (MAS) technique, 

which improves resolution by narrowing broad signals, the accuracy of H-bond 

analysis could be enhanced.325 By manipulating external stimuli such as 

temperature, humidity, or acidity, H-bond associations can be modulated, 

allowing proton chemical shifts to be recorded and evaluated accordingly 

(Figure 1.11a), as the chemical shift variations can be used to estimate the 

variation of the association strength.327 H-bonding in PAA,286 PMAA,177 

polymer-water interactions,178 PAA-PVP blends,328 PEO-urea assembly,329 and 

UPy dimerization in crosslinked polyacrylate,50 was studied by 1H ss NMR to 

explore the solid phase constrains using such method. Similar solid-state 

studies have been conducted using other nuclei, such as 13C152,213,330 but 

remain relatively scarce. Although ss NMR aids in the thermal fluctuation of H-

bonds, the anisotropy of polymers and the lack of a thermodynamic model 

prevent the precise measurement of absolute H-bonding strength.144,322 

Beyond chemical shift analysis, ss NMR determines proton distances by 

measuring dipolar couplings, providing insights into internuclear distances.331 

Unlike diffraction methods, which are constrained by the amorphous polymer 

matrix, ss NMR directly analyzes the atoms involved in H-bonding, enabling 

more precise structural characterization. Such a method was first explored 

using UPy motifs in solution studies,19,171 and then extended by 1H double-

quantum (DQ) MAS ss NMR spectroscopy for solid-state study.291 The H-

bonded protons of UPy motifs exhibit chemical shifts above 10 ppm, free from 

interference from aliphatic or aromatic proton signals. Additionally, the DQ 

signal pattern directly reveals spatial proximities between protons of different 

species, enabling the identification of UPy tautomers and the distances 

between H-bonded protons and receptor atoms (Figure 1.11b). This study was 
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further expanded for UPy motifs in a crosslinked polyacrylate.292 Using selective 

saturation DQ ss NMR under ultrafast MAS rates exceeding 60 kHz, the 

aliphatic signals from the polymer backbone were effectively suppressed, 

allowing for a clear illustration of amidic proton proximities in the 2D spectra 

with a low overall UPy content of 4.7%, which reveals a distinct DDAA H-

bonding array of UPy motifs within the solid-phase polymer matrix. 

Figure 1.11 a) Variable-temperature (VT) ss NMR spectra of dry PAA: as the temperature 

rises, the proton (HDM) of carboxylic dimer gradually merges with free proton (HFR) of 

carboxylic acid groups (adapted with permission from reference,286 Copyright 2007 

American Chemical Society); b) 1H double-quantum MAS ss NMR spectra of UPy 

tautomers: the double-quantum signals directly reveal the variation of the proton–proton 
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proximities in keto-keto and enol-enol H-bonding array. (reproduced from reference 285 with 

permission from the Royal Society of Chemistry); c) Variable-temperature (VT) FT-IR 

spectra of the H-bonded POIL with Thy-DAP motifs (adapted with the permissions from 

Wiley-VCH57); d) FT-IR spectra of PEO-PAA layer-by-layer assembly with acidity as the 

external stimuli (adapted with permission from reference,174 Copyright 2007 American 

Chemical Society). 

Fourier-Transform Infrared Spectroscopy 

Fourier-transform infrared (FT-IR) spectroscopy is a well-established 

technique for probing chemical bonds and intermolecular interactions, including 

H-bonding. While extensively applied to study H-bonding behavior in 

solution,332-336 FT-IR has also been used in solid-state studies,35,117,187,337,338 

often coupled with temperature variations. The stretching vibration of the donor 

D–H bond is particularly informative, typically exhibiting redshift and broadening 

upon H-bonding formation. Similarly, acceptor groups such as C=O and C≡N 

undergo redshifts as H-bonding extends bond lengths and lowers their 

vibrational energy. Although FT-IR does not directly measure absolute bond 

dissociation energies, it allows for the estimation of H-bond enthalpy ∆H 

through spectral variations, including frequency shifts,339,340 peak broadening, 

and intensity changes.341 Extensive efforts have correlated these spectral 

variations with various low-molecular-weight compounds, including solid-state 

carbohydrates, nucleobases, nucleosides,339,340,342-346 amino acids, and small 

peptides.340,347 Further, H-bond lengths in nucleobase crystals, such as 

hypoxanthine, xanthine, adenine, and guanine, have been correlated to their 

respective H-bond enthalpies.348 

Despite the generally low H-bond content in HBPs, FT-IR remains a reliable 

technique for characterizing H-bonding in solid-phase polymers. Techniques 

such as attenuated total reflection (ATR),244 peak deconvolution,349 and 2D IR 

spectroscopy287 further enhance their applicability in probing H-bonds in HBPs. 

Studies on H-bonding in HBPs typically focus on specific donors (-NH, -OH), as 

their distinct stretching vibrations appear at high wavenumbers with minimal 

overlap, and acceptors (C=O) for the strong sensitivity to H-bonding 

interactions in FT-IR spectra.46,244,334,337,350 Coupled with temperature-

dependent experiments57,83,351,352 or other external stimuli,71,174 FT-IR enables 

the observation of H-bonding trends (Figure 1.11c&d), providing insights into 

H-bond stability. However, the precise determination of absolute association 
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constants remains unattainable. 

Other Indirect Methods 

Rheology is a fundamental technique for investigating the viscoelasticity of 

solid-state or melt-state HBPs, as H-bonding significantly influences their 

mechanical properties.319,353,354 H-bonded networks contribute to strain-

dependent viscosity,123 dynamic crosslinking,212 and stress relaxation,176 all of 

which can be effectively analyzed through frequency-dependent viscoelastic 

measurements. These measurements, in turn, provide insights into H-bond 

dynamics, reflecting their stability and network behavior.206,241 Dynamic 

oscillatory rheology is commonly used to determine the timescale and strength 

of H-bonds in HBPs by assessing their role as reversible crosslinks over varying 

timescales. The storage modulus (G') represents elasticity, while the loss 

modulus (G'') indicates viscous behavior, with strong H-bonds often imparting 

a solid-like character (G' > G''). Time-temperature superposition is applied to 

construct a master curve on which the crossover of G' and G'' reveals the 

relaxation of interactions among polymer chains, indicating the H-bond lifetime 

when the Rouse model applies.241 The activation energy for H-bond 

dissociation can be derived from the shift factor aT,316,326 while temperature 

sweeps assess thermal stability and reversibility.355 Creep tests measure 

deformation under constant stress, whereas stress-relaxation tests monitor 

stress decay over time, both indirectly indicating H-bond strength.356 Nonlinear 

rheology, particularly large amplitude oscillatory shear (LAOS), explores 

nonlinear viscoelasticity and H-bond rupture,210,357,358 which leads to 

mechanical weakening under high strain. Therefore, the dynamics of the H-

bonds can be determined by rheology, indicative of the stability of the H-bonds 

and the H-bonding network.176,241,359 

Dielectric spectroscopy is a powerful analytical technique for investigating H-

bonds of dipolar nature in solid-state polymers, elucidating H-bonding 

cooperativity, relaxation dynamics, and phase transitions in polymeric 

materials.175,360-362 Although dielectric spectroscopy alone does not provide 

direct H-bond strength measurements and is best used alongside other 

techniques such as FT-IR, ss NMR, and ITC/DSC, to obtain a more 

comprehensive understanding of H-bonding in polymeric systems. 

Mechanical analysis reveals the relationship between molecular interactions 
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and macroscopic mechanical strength, indirectly comparing the H-bonding 

strength. Stress-strain analysis56,208,319 provides direct insights into the role of 

H-bonding in polymer elasticity and plastic deformation, while creep and stress 

relaxation tests319,356,363  reveal the time-dependent dissociation and 

reformation of H-bonding interactions. Temperature-dependent mechanical 

analysis364-367 further elucidates how H-bonding affects Tg and thermal 

relaxation, indirectly expressing the H-bonding stability. 

Morphology reflects phase transitions in HBPs, driven by the aggregation of 

polymer backbones and attached H-bonding motifs. It indirectly indicates 

whether H-bonds are strong enough to induce or suppress phase 

segregation.242 Additionally, molecular packing derived from morphology 

provides insights into H-bond geometry. Techniques such as X-ray 

scattering,78,116,166,242 neutron scattering,368,369 and microscopy370-372 are used 

for morphological analysis. With the temperature being the common variable, 

the morphological studies in turn offer information on the variation of H-bonding 

in the solid-state HBPs. 
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2. Scope of the Thesis 

2.1. Aim of Thesis 

This thesis aims to investigate the behavior of multiple hydrogen bonds in 

different polymeric materials. The central H bonding systems for investigation 

are modified barbiturates (Ba), Hamilton wedges (HW), and ureido-

pyrimidinone (UPy), either as low-molecular-weight compounds or as sticker 

groups attached to distinct polymeric backbones. The focus is to understand 

the strength and variation of this set of hydrogen bonds (H-bonds) in different 

molecular environments, including organic solvents, novel ionic media, and 

bulk polymer matrices (Figure 2.1).  

Figure 2.1 a) Proposed proximity effects from molecular surroundings to the H-bonds: 

effect could arise from the H-bonding motif, the polymeric backbone, or the low-molecular-

weight compounds in adjacent; b) the H-bonding motifs used in this thesis; c) the possible 

low-molecular-weight compounds and polymeric backbone to create novel molecular 

surroundings. 
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The focus is to understand and modify the stability of these H-bonds at a 

molecular level to facilitate further applications of H-bonds in advanced material 

systems. 

The specific objectives of this thesis are shown as follows: 

1. Investigation of H-bonding in modified barbiturates and 2-thiobarbiturates 

both in solutions and in nonpolar polymer: 

Thiourea exhibits distinct H-bonding characteristics compared to urea,29,33,373 

resulting in unique material properties.35,49 Similarly, barbiturates are known to 

impart self-healing capabilities and enhanced mechanical strength to polymer 

matrices.59,137 However, the H-bonding behavior of the sulfur analog, 2-

thiobarbiturate (TBa), remains largely unexplored. This study aims to examine 

the H-bonding behavior of modified Ba and TBa in solution, the solid state, and 

within nonpolar polyisobutylene matrices. 

2. Investigation of stability of quadruple H-bonds in polymeric ionic liquids 

containing UPy moieties: 

The ureido-pyrimidinone (UPy) motif, with its capacity to form quadruple H-

bonds, has been extensively employed in designing multifunctional 

materials,51,218,374 including polymeric ionic liquids (POILs).245,246,272              

However, the stability and behavior of UPy H-bonds in highly charged ionic 

media remain insufficiently understood. This study focuses on the synthesis of 

POIL copolymers containing UPy moieties and investigates the stability and 

dynamics of quadruple H-bonds within these charged systems. 

3. Investigation of H-bonding behavior of novel Hamilton wedges and 

barbiturates in various solutions: 

The Hamilton wedge barbiturate (HW-Ba) H-bonding complex with 

programmable sextuple H-bonds, has been explored in various smart 

materials.83,130,168 Due to the ease of modification of HW and Ba, this research 

aims to study the structural variability of HWs for covalent fixation of H-bonds 

with Ba. Additionally, the H-bonding interactions between modified HW and Ba 

will be analyzed in various solutions to elucidate their structural and functional 

implications. 
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2.2. Scientific Approach 

This thesis investigates the structural variability of Hamilton wedge (HW), 

barbiturate (Ba), thiobarbiturate (TBa), and ureido-pyrimidinone (UPy) through 

chemical modifications. These H-bonding motifs were incorporated into various 

polymer matrices via post-polymerization modification or direct polymerization 

of acrylate-based H-bonding monomers. Both solution and solid-state analytical 

techniques were employed to examine their H-bonding behaviors under diverse 

conditions and molecular environments. The specific methodologies are 

outlined as follows: 

1. Investigation of H-bonding in modified barbiturates and 2-
thiobarbiturates both in solutions and in nonpolar polymer: 

Figure 2.2 Synthesis of Ba and TBa, and proposed H-bonding pattern as low-molecular-

weight compounds and association as H-bonding stickers in PIB matrix. 

The first part of this thesis is published as “Comparing C2=O and C2=S 

Barbiturates: Different Hydrogen-Bonding Patterns of Thiobarbiturates in 

Solution and the Solid State, Chenming Li, Philipp Hilgeroth, Nazmul Hasan, 

Dieter Ströhl, Jörg Kressler, and Wolfgang H. Binder*, Int. J. Mol. Sci. 2021, 

22(23), 12679”.375 Ba and TBa are synthesized, and their association behavior 

is investigated both as low-molecular-weight compounds and as adhesive 

motifs within the PIB matrix (Figure 2.2). TBa is synthesized via the 

condensation of thiourea with modified malonate, following a method 

analogous to Ba, with an alternative synthesis route explored using Lawesson’s 

reagent or other reagents. NMR titration and variable-temperature (VT) NMR 

spectroscopy are expected to reveal distinct association behaviors of TBa in 
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solution compared to Ba, while DSC and VT FT-IR spectroscopy will provide 

insights into the thermodynamics of H-bonding. Differences in monolayer 

assembly at the water surface between TBa and Ba are anticipated due to their 

unique H-bonding characteristics. Both compounds are subsequently 

conjugated to the termini of a PIB backbone via CuAAC reaction to form 

telechelic H-bonded PIB. Rheological analysis will indicate variations in 

viscoelastic behavior, further elucidating the distinct H-bonding properties of 

TBa and Ba within the PIB matrix. 

2. Investigation of stability of UPy quadruple H-bonds in polymeric ionic 
liquids: 

Figure 2.3 UPy POIL synthesis and UPy H-bonds in an ionic media. 

The second part of this thesis is published as “Synthesis and 

Characterization of Quadrupolar-Hydrogen-Bonded Polymeric Ionic Liquids for 

Potential Self-Healing Electrolytes, Chenming Li, Rajesh Bhandary, Anja 

Marinow, Dmitrii Ivanov, Mengxue Du, René Androsch, and Wolfgang H. 

Binder*, Polymers 2022, 14(19), 4090”376 and “Stability of Quadruple Hydrogen 

Bonds in an Ionic Liquid Environment, Chenming Li, Rajesh Bhandary, Anja 

Marinow, Stephanie Bachmann, Ann-Christin Pöppler, and Wolfgang H. Binder*, 

Macromol. Rapid Commun. 2024, 45, 2300464”.377 To synthesize novel 

polymeric ionic liquids (POILs) incorporating UPy motifs, pyrrolidinium-based 

ILs, and UPy units are functionalized with polymerizable acrylate groups 

(Figure 2.3). Using RAFT polymerization, UPy motifs are embedded in POILs 

at varying ratios relative to IL groups. Further mixing of low-molecular-weight 

ionic liquid (IL) increases the ionicity of the POIL matrix, allowing exploring the 

influence of ionic media on the UPy H-bonds. VT Solid-state NMR and FT-IR 

spectroscopy will provide insights into the thermodynamics and stability of UPy 



 

39 

 

quadruple H-bonds within the ionic environment, while DSC and rheological 

analysis will further investigate the dynamics and structural variations of these 

H-bonds under ionic conditions. 

3. Investigation of H-bonds and aggregates of novel Hamilton wedge-
barbiturate complex: 

Figure 2.4 Structure of Hamilton wedge H, barbiturate B, and Hamilton wedge-barbiturate 

complex H-B with groups able to crosslink via cross-metathesis; the proposed methods to 

manipulate the H-bonding between H-b complex. 

The third part of this thesis is published as “Proximity Effects and Aggregation 

of Hamilton-Receptor Barbiturate Host-Guest Complexes Probed by Cross-

Metathesis and ESI MS Analysis. Chenming Li, Pascal Mai, Niclas Festag, 

Anja Marinow, and Wolfgang H. Binder*, Chem. Eur. J. 2024, e202403939”.378 

The Hamilton wedge H is modified with cyclopentene moieties and the 

barbiturate B with allyl groups to enable cross-metathesis (CM) for covalent 

fixation of the H-bonded H-B complex (Figure 2.4). By varying conditions like 

temperature, solvents of different polarity, or concentration, the H-bonding 

between the H-B complex can be manipulated. UV-Vis titration in various 

solvents and temperatures examines the influence of molecular surroundings 

on H-bond stability, thermodynamics, and aggregate formation. Grubbs catalyst 

is employed to initiate CM under multiple conditions, ensuring covalent fixation 

of HW-Ba aggregates. Subsequent ESI MS analysis quantifies aggregate sizes 

by determining the mass distribution, providing insight into how temperature, 

solvent polarity, and additional donors/acceptors affect H-bond interactions 

within H-H, H-B, and B-B associations. This method is further applied to the H-

B complex in a PIB matrix, where solvent-free conditions lead to distinct 

aggregation behavior influenced by polymeric confinement, demonstrating the 

impact of nonpolar polymeric environments on H-bonded assembly. 
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Abstract: Carbonyl-centered hydrogen bonds with various strength and geometries are often ex-
ploited in materials to embed dynamic and adaptive properties, with the use of thiocarbonyl groups
as hydrogen-bonding acceptors remaining only scarcely investigated. We herein report a compar-
ative study of C2=O and C2=S barbiturates in view of their differing hydrogen bonds, using the
5,5-disubstituted barbiturate B and the thiobarbiturate TB as model compounds. Owing to the differ-
ent hydrogen-bonding strength and geometries of C2=O vs. C2=S, we postulate the formation of
different hydrogen-bonding patterns in C2=S in comparison to the C2=O in conventional barbiturates.
To study differences in their association in solution, we conducted concentration- and temperature-
dependent NMR experiments to compare their association constants, Gibbs free energy of association
∆Gassn., and the coalescence behavior of the N-H· · · S=C bonded assemblies. In Langmuir films,
the introduction of C2=S suppressed 2D crystallization when comparing B and TB using Brewster
angle microscopy, also revealing a significant deviation in morphology. When embedded into a
hydrophobic polymer such as polyisobutylene, a largely different rheological behavior was observed
for the barbiturate-bearing PB compared to the thiobarbiturate-bearing PTB polymers, indicative of a
stronger hydrogen bonding in the thioanalogue PTB. We therefore prove that H-bonds, when affixed
to a polymer, here the thiobarbiturate moieties in PTB, can reinforce the nonpolar PIB matrix even
better, thus indicating the formation of stronger H-bonds among the thiobarbiturates in polymers in
contrast to the effects observed in solution.

Keywords: (2-thio)barbiturates; hydrogen bonds; supramolecular association; polyisobutylene;
Langmuir film

1. Introduction

Hydrogen bonds (H-bonds) are non-covalent attractive interactions between hydrogen
atoms and electronegative elements/groups [1] and are very prominent in supramolecular
science to achieve molecular ordering effects and recognition. The formation of simple
H-bonds is described as a proton-sharing process (D-H· · · :A↔D:−· · ·H-A+) between a
Lewis acid (donor) and a Lewis base (acceptor) [2], where often oxygen or nitrogen act as
a H-bond acceptor element. However, also other main group elements like sulfur [3–7]
and selenium [7,8] were reported as potential acceptors despite their comparatively lower
electronegativity. The use of thiocarbonyl groups (C=S) as hydrogen-bonding (H-bonding)
acceptors instead of the carbonyl group (C=O) displays significantly different assembly
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behavior, as they form tilted H-bonding patterns, subsequently useful for organocataly-
sis [9]. The use of thioamides to replace natural amides as a weaker H-bonding acceptor
can change the folding mechanisms in proteins [10], and different oblique H-bonding
layers can form as Langmuir films when using thioureas instead of ureas [11]. In the area of
materials displaying adaptive [12–14] and dynamic properties [15,16], the use of H-bonds
bearing thiocarbonyl moieties has also become attractive due to their unique assembly
pattern. Thus the replacement of urea groups by thiourea groups generates non-linear
H-bonds, which promote dynamic crosslinking, reduce crystallization, and thus can impart
improved self-healing properties to materials [15]. Several biomimetic polymer networks
were therefore designed based on thiourea bonds, which exhibit solid-state plasticity and
reprocessability in addition to the formation of stiff, strong, tough, and resilient mechanical
properties [16].

When looking towards multiple carbonyl groups, barbiturates display a well-known
H-bonding entity featuring an ADA/DA motive (D = donor; A = acceptor). They can
bind specifically and strongly towards artificial receptors like the Hamilton Wedge [17–19],
triazines [20], and diaminopyridines [21], display self-association [22–24], and generate
transient H-bonds networks in barbiturate-bearing polymers [25,26], despite their compar-
atively low association constant in nonpolar solvents of only 23.6 M−1 (allobarbital) [22].
When attaching them onto (macro-)molecules, unique dynamic properties via their distinc-
tive H-bonding in functional materials can be achieved, such as in monolayers [27–29], in co-
ordination complexes [30,31], in 3D printing [32], or as self-healing-polymers [25,26,32–34]
in self-assembled materials [35,36].

While the H-bonds in native barbiturates were systematically studied widely before,
the molecular exchange of thiocarbonyl moieties (C=S) in barbiturates to understand
H-bonds has not been intensely exploited yet [37–39]. This motivated us to investigate thio-
barbiturates and their H-bonding behavior in more detail. We herein report a comparative
study of C2=O and C2=S barbiturates in view of their divergent H-bonds, using the 5,5-
disubstituted barbiturate B and the thiobarbiturate TB as model compounds. We expected
the formation of different H-bonding patterns due to the fixation of the C=S group in com-
parison to the C=O group in normal barbiturates as shown in Scheme 1. To study differences
in their association in solution and the solid state, we conducted investigations on the
association constants of B and TB via concentration-dependent NMR experiments to com-
pare their Gibbs free energy of association ∆Gassn.. Furthermore, we generated Langmuir
films as a 2D material, where both B and TB displayed a different aggregation behavior
observed by Brewster angle microscopy (BAM). To understand the H-bonds’ behavior in
the melt state, we also affixed the (thio-)barbiturate moieties onto bulk polyisobutylene
(named as PB for barbiturate-bearing polyisobutylene and PTB for thiobarbiturate-bearing
polyisobutylene), revealing a largely different rheological behavior, again indicative for the
distinct H-bonding of the C=S-moieties in comparison to the C=O-barbiturates.
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Scheme 1. (a) The possible association of (thio-)barbiturates via H-bonding between N-H and C=O/S; (b) synthesis of the
model compounds B and TB; and (c) the polyisobutylene (PIB)-based model polymers PB and PTB. THF: tetrahydrofuran;
t-BuOK: potassium tert-butoxide; DMSO: dimethyl sulfoxide; LCCP: living carbocationic polymerization; CuAAC: copper(I)-
catalyzed alkyne-azide cycloaddition “click” reaction.

2. Results
Synthesis

We firstly prepared the model compounds B and TB, differing only in the C2 position,
either containing a C=O or a C=S group. The syntheses (for details, see Supplementary
Materials) were accomplished using diethyl malonate and 10-bromo-1-decene as starting
materials, followed by condensation with an excess amount of either urea or thiourea in
DMSO. For the model polymers PB and PTB, the diethyl ethylmalonate was charged with
5-chloro-1-pentyne to synthesize the (thio-)barbiturates for CuAAc “click” reaction with a
telechelic diazidopolyisobutylene, thus affixing two thiobarbiturate moieties to either end
of the polymer chain. The structure of the two model systems B and TB and PB and PTB
were unambiguously proven by NMR-, IR spectroscopy, and ESI- or MALDI-ToF mass
spectroscopy (for spectra, see Figures S3–S11), thus allowing for further investigations of
H-bonding, which are discussed in the next chapters.

3. Discussion
3.1. Hydrogen Bonding of Model Compounds in Solution

As a first step to understand the behavior of the H-bonds in solution, we studied the
low molecular weight systems via the model compounds B and TB to understand basic
differences in strength and dynamics of association in non-competing chloroform.

3.1.1. Concentration-Dependent Assembly Studies in Solution

Barbiturates can form dimeric assemblies in inert solvents like chloroform [17,25] with
a Kassn. < 100 M−1 or even lower. Using NMR spectroscopy under diluting conditions
the association constant can be determined and compared to reported values of the self-
association of barbitals [22]. For both model compounds B and TB the chemical shifts
of their NH protons were observed by NMR spectroscopy, in turn determining their
association constants (dimerization) by nonlinear fitting of the chemical shifts, as shown in
Figure 1 (for fitting details, see Supplementary Materials).
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Figure 1. (a,b) Concentration-dependent NMR spectra of model compounds B and TB in CDCl3 measured at 27 ◦C and
(c) their fitting curves of the chemical shifts of the N-H (for fitting details, see Supplementary Materials).

From these nonlinear fitting of the N-H proton chemical shifts, the association con-
stants (see Table 1) were determined as 4.26 M−1 (for B) and 0.94 M−1 (for TB), counting
to a nearly 4-fold decrease by the introduction of the C=S group. This clearly indicates a
weaker H-bonding with the C=S group, in line with our expectations. Looking at the donor-
capabilities of the N-H in TB, it could be regarded as more acidic than in B (pKHA,Urea = 26.9
and pKHA,Thiourea = 21.0 [40]), thus placing TB as a better H-bond donor as, e.g., reported
for thioamides [41]. Herein, self-consistent reaction-field calculations (SCRF) showed that
a (C=S)N-H· · ·O=C-(NH) interaction in thioacetamides is 3.3–4.6 kcal·mol−1 more stable
than the (C=O)N-H· · · S=C-(NH) orientation, but also more stable (by 1.5 kcal·mol−1) when
compared to the (C=O)N-H· · ·O=C-(NH) H-bond (present in conventional acetamide) [41].
Although the π-system in thiocarbonyls is regarded an effective acceptor and could form
out-of-plan H-bonds [5].Thio-compounds generally bear a lower H-bonding basicity than
their oxo-analogues [42,43], resulting in a weaker acceptor nature of the thio-species.
Based on the observed 4-fold decrease in the association constant of TB, the latter thus
seems to surpass the former argument about the H-bonding in TB. When comparing the
tendency towards the hydrogen-bonded (H-bonded) assemblies, the negative Gibbs free
energy of association ∆Gassn. of B evidences stronger H-bonds, whereas nearly equilibrated
associated/free N-H in TB at 27 ◦C in chloroform can be observed.
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Table 1. Association constant Kassn., maximum chemical shift of N-H δmax, Gibbs free energy of association ∆Gassn.,
coalescence rate constant kC, Gibbs free energy of coalescence ∆G 6=c , and exchange equilibrium constant K−15◦C of model
compounds B and TB.

Kassn./M−1 δmax/ppm ∆Gassn./kJ·mol−1 kC/s−1 ∆G 6=c /kJ·mol−1 K−15◦C/M−1

B 4.26 ± 0.40 10.67 ± 0.15 −3.61 ± 2.29 - - -
TB 0.94 ± 0.16 12.27 ± 0.46 0.15 ± 4.57 205.08 54.57 0.32

3.1.2. Temperature-Dependent Association Behavior

As demonstrated in Scheme 1 and Figure 2d, (thio-)barbiturates can form several
dimeric H-bonding patterns via the N1/3-H with the C2=O/S and C4/6=O carbonyls,
forming dimers via “head–head” (HH), “head–shoulder” (HS), and “shoulder–shoulder”
(SS) orientations. While the purely C=O-based barbiturates could form all three possible
arrangements, dimers of the thiobarbiturates could have preferred orientations due to the
lower H-bonding acceptor qualities of the thiocarbonyl group [42,43] and the different lone-
pair electron density at the sulfur atom [44]. Due to the dynamic nature of aggregates, the
H-bonding arrangements are continuously exchanging, expecting a significant change in
dynamics at reduced temperatures. To detect the dynamic H-bonding of the N-H· · ·O/S=C
in the dimer of the model compounds B and TB, temperature-dependent NMR experiments
were conducted to evaluate an eventual coalescence behavior of the dynamic assemblies.
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In Figure 2a,b, the temperature-dependent 1H NMR spectra of both model compounds
B and TB are shown. Starting from 0◦C for the thiobarbiturate TB, we clearly observe
a splitting of the NH protons, indicative for two differently ordered arrangements—a
behavior that was not observed for the native barbiturate B. It can be hypothesized that this
is an indication for the formation of the two types of aggregates, I and II (see Figure 2d),
which contain SS orientation or both HS and SS orientations, respectively. A coalescence
temperature of TCoalescence = 0 ◦C is observed, above which the two arrangements HS and
SS would interchange faster compared to the NMR timescale and, thus, we found coalesce
with a rate constant kC = 205.1 s−1 (for calculation details, see Supplementary Materials).

By calculating the ratio between the integral of the two isolated N-H peaks, the
exchange equilibrium constant K−15◦C of the aggregates I and II at −15 ◦C could be



Int. J. Mol. Sci. 2021, 22, 12679 6 of 15

obtained (see Table 1). With K−15◦C = 0.32 M−1, we concluded that, at a temperature
lower than TCoalescence, TB tends to form dimers with a predominant N-H· · ·O=C instead
of the N-H· · · S=C orientation. At temperatures around −30 ◦C, the peak representing the
N-H· · · S=C bond, believed to be the weaker H-bonds and in an even slower exchange
regime, is no longer detectable by NMR spectroscopy, presumably by peak broadening and
overlap. There is no significant change of the N-H chemical shift of TB at temperatures
lower than −15 ◦C (see Figure 2c), indicative that the equilibrium is frozen in TB, while the
still decreasing N-H chemical shift of B demonstrates the dynamic nature of the H-bonded
aggregates in B in this temperature range.

Overall, we see an indication for the participation of the C=S thiocarbonyl groups
in the dimerization of TB, in total resulting in a 4-fold decrease in its overall dimeriza-
tion in chloroform. While the timescale of the exchangeable aggregates in B is too fast
to be monitored by NMR spectroscopy, the coalescence behavior of TB aggregates is ob-
served, indicating aggregates in TB with a preferred “SS” orientation at temperatures
below TCoalescence. Thus, by replacing C2=O with C2=S, there is a change in the molecular
arrangements and the overall strength of the H-bonds.

3.2. Hydrogen Bonding of Model Compounds in the Solid State

As the strength and arrangement of H-bonds differs significantly when moving to the
solid state, we also studied the behavior of B vs. TB in the solid state. Here, the H-bonds in
the bulk model compounds B and TB were first investigated via temperature-dependent
ATR FT-IR experiments, and subsequently as Langmuir monolayers in a 2D arrangement.

3.2.1. Hydrogen Bonds in Model Compounds B and TB at Elevated Temperatures

To understand the potential contribution of the C=S moiety in these H-bonding
arrangements, we used temperature-dependent FT-IR spectroscopy for clarification. Due to
the presence of the two 10-carbon hydrocarbon chains at the C5 position in both model
compounds, B and TB show a glass transition (Tg) (for B and TB) (see Figure 3a), with
only B displaying crystallization (Tc) and melting (Tm). To study the H-bonds in the solid
state at elevated temperatures, temperatures around the melting peak of B and the glass
transition of TB were selected to see how the H-bonds vary below and above the respective
Tg, where molecular motions are either frozen or enabled. Below the melting in B, the free
N-H stretching at ~3400 cm−1 is absent, whereas it is present in TB even at temperatures
below its Tg, which is an indication for the weaker association of the thiobarbiturates.
While for B, the H-bonded N-H stretching shows a dual peak at 3200 and 3100 cm−1 [45],
denoting the ordered H-bonds in barbiturates, in TB, the H-bonded N-H shows a much
broader peak centered at ~3200 cm−1 with weak N-H symmetric stretching at ~3075 cm−1,
indicating a more complex H-bonding pattern due to the existence of the C2=S [46–48] in
the thiobarbiturates. The red-shifted resonance of the C=S band clearly proves that the
C2=S is indeed H-bonded with the N-H [24,47–49]. As temperature rises above 85 ◦C, B
melts partially, showing the free N-H stretching at ~3400 cm−1, together with a blueshift of
the carbonyl stretching from 1692 to 1706 cm−1, demonstrating that the H-bonds in B are
partially broken at elevated temperatures. As for TB, the IR spectra remain almost identical
to those at room temperature, similar to the spectra of B in the melt state, indicative for an
already dynamic character with more broken H-bonds in thiobarbiturates TB within the
whole temperature range.
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Owing to the strong and ordered H-bonds in barbiturates, barbiturate B presents as a
white powder that can form crystals, which is consistent with previous reports to use the H-
bonds to engineer its ordering via crystallization [15,50,51]. Thiobarbiturate TB, in contrast,
presents itself as a highly viscous liquid at room temperature. This difference again gives
evidence for the significantly different dynamic nature of C2=O vs. C2=S in barbiturates,
as the H-bonds change from an ordered crystalline nature to a rather amorphous behavior
when introduced into solid materials.

3.2.2. Hydrogen Bonds in 2D-Ordered Films

It was reported [27–29] that barbiturates can form Langmuir films on a water subphase;
however, there is no report regarding their thio-analogues. Thus, a Langmuir film of either
B and TB was generated by spreading the compound solutions on the water subphase,
evaporating the solvent, and compressing the films by moving the barriers of the Langmuir
trough. The surface pressure-mean molecular area (π-mmA) isotherms of the model
compounds B and TB are shown in Figure 4a.
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When compression starts from 140 Å2, both B and TB do not display an increase
in surface pressure, indicating a gas-like state of the molecules on the water subphase.
When the area reduces to ~124 Å2, the surface pressure of B starts to rise, which by coinci-
dence roughly matches the theoretically calculated mean molecular area of 120 Å2 for a
vertically lying head group on the water surface, with the hydrocarbon chains oriented
into the air (for a space filling model, see Figure S2). For TB, the increase takes place
at ~97 Å2, explained by the formation of molecular stacks of the film when compressed.
After an increase with an almost identical slope, the transition occurs at 71 Å2 and 73 Å2

for B and TB, respectively, which could either be explained by crystallization or multilayer
formation, since it was reported that the nature of the H-bonds can change during crys-
tallization [15,50,51]. As shown in Figure 4b, several crystalline domains can clearly be
observed for B, but most parts of the film remain amorphous. An explanation could be
that the crystallization is the result from compression and the amorphous part of B is not
visible due to the poor contrast against the water subphase, which is the limitation of BAM.
Meanwhile for TB, clearly there is no crystallization and only ribbon-like structures are ob-
served. Thus, we think that the strong H-bonds within the polar head group barbiturates in
B indeed contribute to crystallization, which is also in line with the investigations reported
above, where B shows a higher tendency to crystallize than TB owing to the stronger and
more ordered H-bonds. Thus, by introducing the C2=S, the H-bonds are weakened and
lead to the formation of amorphous aggregates even under compression. The observation
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of distinct domains in BAM motivates further, more detailed investigations to be reported
in future work.

3.3. Hydrogen Bonding of Model Polymers

Based on our previous work on barbiturate-modified polyisobutylene [25,26,34,52,53],
we were curious how the use of C2=S-modified barbiturates would change the materi-
als properties. Especially the formation of different H-bonding patterns with the now
known weaker association was expected to change their assembly behavior significantly.
We therefore prepared the C=S-modified model polymer analogues similar to those pre-
pared previously and studied their association behavior by melt rheology, where the
C=O-containing barbiturates form aggregates as reported previously [25,26,52,53]. Thus,
we prepared the polymers PB and PTB, both featuring a molecular weight Mn = ~3.2 kDa,
bearing two identical (thio-)barbiturates at either of the chain ends. The synthesis was
based on the strategy via living carbocationic polymerization, followed by end group
modification and subsequent CuAAc “click” reaction to attach the (thio-)barbiturate moi-
eties [25] (for synthesis, see Figure S2). Purity and properties of the so-modified model
polymers PB and PTB were proven by NMR, GPC, and MALDI-ToF mass spectroscopy
(for spectra and characterization data, see Figures S5,S6,S10 and S11, and Table S1).

To understand differences of the H-bonding in the polymer matrix, the polymers mod-
ified with barbiturates (PB) and 2-thiobarbiturates (PTB) were subjected to melt rheology.
As known from the model compounds in solution, we sought to analyze their cluster-
ing behavior as shown in Figure 5. At room temperature, while the precursor polymer
PBr (telechelic dibromo PIB) is a viscous liquid, both the model polymer PB and PTB
present themselves as rubbery materials due to the clustering of the end groups induced
by the H-bonds. In both polymers, the glass transition temperature was only slightly
increased from −58.8 ◦C (for PBr) to −61.3 ◦C and −59.6 ◦C for PB and PTB, respectively
(for DSC curves, see Figure S12). The rubbery nature originates from the association of
the barbiturate/thiobarbiturate end groups via their H-bonds acting as “stickers”, which
connect the soft polyisobutylene chains into transient H-bonding networks. The lifetime
τ of the “stickers”, namely the lifetime of the aggregates bonded via their H-bonds, can
be characterized by the crossover point in frequency sweep rheological measurement [54].
Interestingly, as shown in Figure 5a, PB shows terminal flow at 20 ◦C with a crossover
point at τ = 5.27 × 10−3 s−1, with the dynamic viscosity η′ being increased to ~107 Pa·s.
However, for PTB, terminal flow is not observed at 20 ◦C. Due to the absence of the
crossover within the given frequency range, one can conclude that the thiobarbiturate
aggregates in PTB display a longer lifetime compared to that of the native barbiturate
aggregates in PB. Besides their longer lifetime, H-bonds in thiobarbiturates are indeed
more tolerant against a low frequency (of shear) than those in barbiturates at frequency
lower than ~53 s−1, evidenced by a lower loss tangent value of PTB than that of PB (for
the loss tangent vs. frequency curve, see Figure S13). As represented in Figure 5a,b, during
the frequency sweep, the PB chains, connected via the H-bonding network, are gradually
opened by the shear-stress, causing an overall decrease in viscosity. The H-bonding net-
work in PTB, to some extent, was also dynamized, but within the given frequency range
the H-bonds network can still persist in the “more closed” state, indicating that at a certain
frequency range the H-bonds in TB may be even as strong (or even stronger) inside the
polymer when compared to the native barbiturate moieties.
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Due to the rubbery nature of the model polymers at room temperature, the viscosi-
ties were determined from 70 ◦C to 120 ◦C and the viscosity vs. shear rate at elevated
temperatures is shown in Figure 5c,d. Both polymers show a shear-thinning behavior,
which is in line with the behavior observed in the melt extrusion of these polymers, as
required for 3D printing [32]. At a temperature between 70 ◦C and 110 ◦C, PTB always
demonstrates a higher zero-shear viscosity (for the zero-shear viscosity vs. temperature
curve, see Figure S14) than that of PB, which could be another proof of the in view of
stronger rheology H-bonds in thiobarbiturates than those in barbiturates, when applied
in the nonpolar polyisobutylene matrix. The shear-thinning behavior disappears after the
temperature reaches 120 ◦C, indicative for a complete rupture of the H-bonds within the
network. Therefore, if free from H-bonding, the (thio-)barbiturate-modified PB and PTB
show an almost identical native viscosity, and the unexpected higher viscosity in PTB
may be a result of the weaker and more discrete H-bonds in thiobarbiturates instead of
the stronger and more ordered H-bonds, which deviates from the observation in model
compound solutions.

4. Materials and Methods

Urea was purchased from Merck; thiourea was purchased from Apolda (DDR); diethyl
ethylmalonate was purchased from J&K (Germany); sodium azide, sodium hydride, cop-
per(I) iodide, and potassium tert-butoxide were purchased from Sigma Aldrich (Germany);
diethyl malonate, 10-bromo-1-decene, 5-cloro-1-pentyne, and diisopropylethylamine were
purchased from TCI (Belgium). All chemicals listed here were used without any purifica-
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tion unless otherwise stated. Solvents handling and the chemicals that are not mentioned
here can be found in the Supplementary Materials.

4.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

All 1H-NMR and 13C-NMR spectra were measured on a Varian FT-NMR spectrometer
(500 and 101 MHz, respectively), Agilent Technologies (Agilent Technologies Germany
GmbH & Co. KG, Waldbronn, Germany). All samples were measured at 27 ◦C using
deuterated chloroform (CDCl3) or DMSO-d6. Chemical shifts (δ) were recorded in parts per
million (ppm) relative to the remaining solvent signals (CDCl3: 7.26 ppm (1H) and 77.0 ppm
(13C), DMSO-d6: 2.50 ppm (1H) and 39.5 ppm (13C)). Chemical shifts were reported with
the following notations: s, singlet; d, doublet; t, triplet; q, quartlet; p, pentlet; m, a more
complex multiplet or overlapping multiplets. The data analysis was performed on the
software MestReNova (version 9.0.1-13254).

4.2. Differential Scanning Calorimetry (DSC)

DSC measurements were accomplished on a Netzsch DSC 204 F1 Phoenix (NETZSCH-
Gerätebau GmbH, Selb, Germany). Samples pieces with a mass of 5–10 mg were placed into
aluminum crucibles and were heated under nitrogen atmosphere. The thermal history was
cancelled by a preheating circle to 150 ◦C with a rate of 10 K/min, then keeping the sample
for 20 min at 150 ◦C, followed by cooling to −50 ◦C with a rate of 5 k/min, then keeping
the sample for 20 min at −50 ◦C. The DSC data were collected from the second heating
circle from −50 ◦C to 150 ◦C with a heating rate of 5 K/min. Data analysis was performed
on the software NETZSCH Proteus (version 5.2.1.) and Origin 2018 (version b9.5.0.193).

4.3. ATR FT-IR Spectroscopy

ATR-FTIR spectra were recorded using a Bruker Tensor vertex 70 (Bruker Optik GmbH,
Bremen, Germany) equipped with a Golden Gate Heated Diamond ATR top plate (Specac
Ltd, Orpington, UK). All wavenumbers are given in cm−1. For FT-IR measurements at
elevated temperatures, samples were heated with the heating rate of 10 K/min, and equili-
brated at the desired temperature for 10 min before the measurement started. Data analysis
was performed via the software OPUS (version 8.2) and Origin 2018 (version b9.5.0.193).

4.4. Langmuir Isotherm

The π-mmA isotherms were recorded using a Langmuir trough (Riegler & Kirstein
GmbH, Potsdam, Germany) with a maximum trough area of 545 cm2. The trough was
equipped with two moveable barriers and a Wilhelmy plate made of filter paper. The entire
trough was covered by a Plexiglas box to maintain an equilibrium environment. Millipore
water was used as a subphase for the experiment. The temperature of the subphase was
kept at 20 ◦C using a thermostat. Before spreading the compound solutions, the purity
of the subphase was checked by surface pressure measurement at a maximum barrier
compression (π < 0.15 mN/m). Compound solutions with a concentration of ~1 mg/mL
were prepared in chloroform and spread dropwise in some random locations on the
subphase using a Hamilton digital syringe. After a 20 min waiting time for complete solvent
evaporation, the trough surface was compressed at a speed of 1.5 Å2/(molecule·min) to
record the pressure–mean molecular area isotherms. Data analysis was performed via the
software Origin 2018 (version b9.5.0.193).

4.5. Brewster Angle Microscopy

To monitor the water surface during compression, a Brewster angle microscope (NFT
Mini BAM, Nanofilm Technologies, Valley View, OH, USA) coupled with a Langmuir
trough of 142 cm2 was used. The lateral resolution of the microscopy was 20 µm with
a field view of 4.8 × 6.4 mm2. The images were captured using the software WinTV
(Hauppauge Inc, Hauppauge, NY, USA). The imaging of the Langmuir film was done at
different surface pressures during the film compression at a rate of 1.5 Å2/(molecule·min).
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4.6. Rheology

Rheology experiments were performed on an MCR 101-DSO (Anton Paar Germany
GmbH, Ostfildern-Scharnhausen, Germany) using a parallel plate–plate geometry (plate
diameter 8 mm). All polymers were dried under high vacuum at 80 ◦C for 48 h before the
rheology measurement. The solid samples were vacuum hot pressed into films at 80 ◦C, and
then cut into discs of 8 mm with a punching tool. The sample temperature was regulated
by thermoelectric cooling/heating in a Peltier chamber under a dry nitrogen atmosphere.
At each temperature the sample was equilibrated for 20 min before the measurement was
started. All measurements were performed in the dynamic mode and repeated for twice
to ensure the precise viscosity values. The frequency sweeps were done within the linear
viscoelastic regime (LVE) with 5% deformation applied. Data analysis was performed via
the software Pheo CompassTM (version V1.30.1064) and Origin 2018 (version b9.5.0.193).

Methods which are not mentioned here can be found in the Supplementary Materials
(Figures S1–S14, Table S1).

5. Conclusions

In summary, we investigated the association behavior of the model compounds 5,5-
disubstituted barbiturate B and thiobarbiturate TB in the nonpolar solvent chloroform.
By replacing the C2=O with the C2=S group, a 4-fold decrease of the dimerization constant
was observed. The observed coalescence behavior of the H-bonded aggregates in TB
with a kC = 205.1 s−1 at 0 ◦C via NMR spectroscopy clearly indicates the formation of at
least two different orientations of the H-bonding patterns—an effect not observed in the
conventional barbiturate B. In the bulk, the H-bonds of the model system were investigated
by ATR FT-IR spectroscopy, together with DSC, demonstrating more ordered H-bonds
in native barbiturate B and more discrete H-bonds in the thiobarbiturate TB at room
temperature asindicated by the crystalline nature of B and the purely amorphous nature of
TB. The Langmuir isotherms of the model compounds again demonstrate the tendency of
the barbiturate B to crystallize due to the more ordered and stronger H-bonds, while the
weaker H-bonds in C2=S of the thiobarbiturate TB suppress crystallization and facilitate
the formation of molecular stacks, as evidenced by the surface pressure isotherm and the
BAM images. When covalently bound to both ends of a linear, nonpolar polymer, the
thiobarbiturate-modified PTB shows a longer lifetime under frequency sweep, in line with
the observation from the model system in solution. PTB shows a higher zero-shear viscosity
when compared to PB, diverging from the observation in small molecule model system
where B possesses a higher association constant in comparison to TB. Thus, within the bulk-
polymer thiobarbiturates offer an “as strong” or “even stronger” “sticker effect” compared
to the native barbiturate-modified PB—a point often misjudged by the results obtained
for small molecules in solution. When turning towards bulk systems, such deviation in
bonding strength and orientation can be significant, showing the necessity for studies in
the solid state rather than the solution state to understand the formation of dynamic and
adaptive effects in materials. This work proves that, while thiobarbiturates demonstrate a
weaker association in chloroform, the discrete H-bonds in thiobarbiturate-modified PTB
can at least equally, or even better, reinforce the nonpolar polymer matrix, thus indicating
the formation of stronger H-bonds of the thiobarbiturates in polymers in contrast to effects
observed in solution. In line with the already reported additional formation of additional
(weaker) out-of-plane H-bonds [5], this altogether can explain why the H-bonds in PTB are
overall stronger than in TB, but are still highly dynamic as they could “slide-along” several
binding partners, similar to the observation by Aida et. al. for their self-healing thiourea
system [15]. It also underscores that the presence of both, amide-type and thioamide-type
groups could be regarded as advantageous, as both dynamic features are present and
thus control the dynamics of the material. Overall, this gives a hint to the often superior
properties of thio-based H-bonds in some self-healing materials, opening a potential tool
to engineer such materials with adaptive and responsive properties.
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Abstract: Within the era of battery technology, the urgent demand for improved and safer electrolytes
is immanent. In this work, novel electrolytes, based on pyrrolidinium-bistrifluoromethanesulfonyl-
imide polymeric ionic liquids (POILs), equipped with quadrupolar hydrogen-bonding moieties
of ureido-pyrimidinone (UPy) to mediate self-healing properties were synthesized. Reversible
addition–fragmentation chain-transfer (RAFT) polymerization was employed using S,S-dibenzyl
trithiocarbonate as the chain transfer agent to produce precise POILs with a defined amount of
UPy and POIL-moieties. Kinetic studies revealed an excellent control over molecular weight and
polydispersity in all polymerizations, with a preferable incorporation of UPy monomers in the copoly-
merizations together with the ionic monomers. Thermogravimetric analysis proved an excellent
thermal stability of the polymeric ionic liquids up to 360 ◦C. By combining the results from differential
scanning calorimetry (DSC), broadband dielectric spectroscopy (BDS), and rheology, a decoupled
conductivity of the POILs from glass transition was revealed. While the molecular weight was found
to exert the main influence on ionic conductivity, the ultimate strength and the self-healing efficiency
(of up to 88%) were also affected, as quantified by tensile tests for both pristine and self-healed
samples, evidencing a rational design of self-healing electrolytes bearing both hydrogen bonding
moieties and low-molecular-weight polymeric ionic liquids.

Keywords: RAFT polymerization; hydrogen bonds; polymeric ionic liquids

1. Introduction

Lithium-ion batteries (LIBs) as an alternative power source to traditional petrochem-
ical energy have attracted researchers’ interest owing to their excellent power density,
reusability, and processability [1]. However in conventional liquid electrolytes, LIBs gener-
ally suffer drawbacks from lithium dendrites [2,3], leakage and flammability of the liquid
electrolytes and the thus resulting poor thermal stability [4]. To solve such deficiencies in
current electrolyte systems, polymeric ionic liquids (POILs), where ionic moieties are teth-
ered onto a polymeric backbone, represent potential candidates as polymer electrolytes due
to their good conductivity, thermal and mechanical stability, as well as their plasticity [5,6].
For next-generation electrolytes with battery applications, not only high ionic conductivity
and good mechanical properties are required [7,8], but also properties such as self-healing
can contribute to extending the lifespan of a polymer electrolyte, and thus of the battery as
a whole. In the field of supramolecular materials, hydrogen bonds (HBs) play an important
role because HBs can provide interchain forces, leading to material properties such as im-
proved mechanical strength [9], shape memory behavior [10], stimulus responsiveness [11],
and self-healing [12,13]. Thus in the field of polymer electrolyte chemistry, researchers are
exploiting such HBs in POILs to exploit their generally proposed weaker strength and thus
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to embed self-healing ability into the materials [14,15]. Among the diverse HB synthons,
ureido-pyrimidinone (UPy) is widely applied to polymer matrices [16–19] owing to its facile
synthesis and strong dimerization-abilities (with an association constant, Kasssn. ≥ 106 M−1

in CDCl3) [20] via its quadrupolar HBs. There have been several approaches to introducing
UPy into POIL to explore its self-healing property together with the conductive nature of
POILs [15,17–19], which represents an advantageous strategy to design new-generation
functional electrolytes.

While many POILs have been reported predominantly with polyimidazolium ions [17,21]
or other POILs [18,22,23] as self-healing electrolytes, poly-pyrrolidinium-based self-healing
electrolytes have been scarcely reported, despite the fact that pyrrolidinium-based ionic
liquids generally have a higher electrochemical stability [24]. Moreover, in many publica-
tions POILs were synthesized via free radical polymerization, which offers no control over
the molecular weight of POILs, thus yielding polymers with a broad polydispersity and a
poor reproducibility, which significantly influences the final conductivity of the obtained
polymer electrolytes [25–28]. While UPy was widely exploited in polymers synthesized via
RAFT polymerization [29–31], only a few [32] RAFT kinetics studies regarding an acrylate-
based UPy monomer were reported, let alone studies involving its copolymerization with
ionic monomers.

Motivated by these findings, we herein report the synthesis and characterization of
pyrrolidinium-bistrifluoromethanesulfonyl-imide-based POILs (POIL-x, with x being the
entry number as provided in Table 1) and also the copolymers (CPILU-y, with y being the
entry number) with an acrylate-based UPy monomer via RAFT polymerization. Kinetic
studies were carried out firstly via the RAFT homopolymerization of the ionic monomer
ILA in DMF, and subsequently the copolymerization kinetics with the acrylate-based
UPy monomer UPyA. Homopolymers and copolymers with various molecular weights
were prepared, and their thermal, electrical, rheological, and self-healing properties were
discussed. Thermogravimetric analysis (TGA) revealed an extraordinarily high thermal
stability of the homopolymers POIL-x and the copolymers CPILU-y, while differential
scanning calorimetry (DSC) was employed to study the thermal transition of the homo- and
co-polymers. Together with conductivity obtained via broadband dielectric spectroscopy
(BDS) and zero shear viscosity determined by rheology, the relationship between conduc-
tivity and viscosity was explored. By combination with DSC data, an insight into the
decoupled conductivity properties of both POIL-x and CPILU-y was revealed. To elucidate
the self-healing ability, two copolymers with different molecular weights but identical UPy
content were subjected to tensile tests, allowing the future rational design of self-healing
electrolytes via HBs and with low molecular weight.

Table 1. Data from RAFT polymerizations of ILA and the resulting homopolymer POIL-x.

Sample Entry M/CTA a T/◦C t/h conv. b Mn, th
c Mn, NMR PDI d

POIL-

1 20:1 70 7 38% 3900 8000 1.26
2 20:1 80 7 62% 6100 11,000 1.26
3 100:1 80 7 67% 32,500 40,100 1.34
4 200:1 80 7 79% 75,800 82,100 1.36

a Polymerization was carried out in DMF with AIBN as the initiator, and the ratio of [DBTTC]/[AIBN] was kept
to 1:0.1 while the monomer concentration was kept at 1 mmol monomer in 1 mL DMF; b conversion was detected
by 1H NMR using trioxane as reference; c the number-average molecular weight calculated by the equation:
Mn,th = conv. × ([MILA]/[DBTTC]) × mILA + mDBTTC; d PDI was determined by DMF + LiTFSI (0.1 M) GPC with a
PS standard.

2. Materials and Methods

Acryloyl chloride 96%, 2-cyanobutanyl-2-yl 3,5-dimethyl-1H-pyrazole-1-carbodithioate,
95% (PCDT), and calcium hydride coarse powder 92% were purchased from ABCR (Karl-
sruhe, Germany); 3-chloro-1-propanol 98%, 1-methyl-pyrrolidine 98%, benzyl chloride
99%, carbon disulfide 99.9%, and α,α′-azoisobutyronitrile (AIBN) were purchased from
Sigma-Aldrich (Taufkirchen, Germany); triethylamine 99% and molecular sieve 3Å 1–2 mm
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bead were purchased from Alfa Aesar (Kandel, Germany); 2-isocyanatoethyl acrylate 98%
and 2-amino-4-hydroxy-6-methylpyrimidine (6-methylisocytosine) 98% were purchased
from TCI (Eschborn, Germany); lithium bis(trifluoromethanesulfonyl)imide 99% was pur-
chased from IoLiTech (Heilbronn, Germany); and potassium carbonate was purchased
from Bernd Kraft (Oberhausen, Germany). Molecular sieve 3Å was activated in a vacuum
oven at 200 ◦C for one week before use. 1-Methyl-pyrrolidine was refluxed and distilled
with calcium hydride for 48 h to dry and stored with molecular sieve 3Å in a glovebox
filled with nitrogen (O2: 0.1 ppm, H2O: 0.1 ppm). All the other chemicals were used as
received unless otherwise stated. All other chemicals which are not described here can be
found in the Supplementary Material Section S1.1.

Thermogravimetric analysis (TGA) was performed using a Netzsch Tarsus TG 209
F3 (NETZSCH-Gerätebau GmbH, Selb, Germany). Approximately 10 mg of samples was
placed in aluminum oxide crucibles and measured from room temperature to 600 ◦C
at 10 K·min−1 under nitrogen with a flow rate of 20 mL min−1. The data analysis was
performed via the NETSCH Proteus-Thermal Analysis (Germany, version 5.2.1) software.

Differential scanning calorimetry (DSC) measurements were performed on a calibrated
heat-flux DSC (Mettler-Toledo, Greifensee, Switzerland) equipped with a FRS5 sensor, con-
nected to a TC100 Intracooler (Huber, Offenbach, Germany). 5–10 mg of samples were placed
in aluminum sealed crucibles for measurements. The thermal history was cancelled by heating
the samples from 25 ◦C to 120 ◦C at 10 K·min−1, followed by isothermal annealing for 20 min,
re-cooling to −60 ◦C at 5 K·min−1, and thermostatting at −60 ◦C for another 20 min. The
final DSC curves were then recorded from −60 ◦C to 120 ◦C at 5 K·min−1.

Preparations of samples applied in this work with specific geometry (bar or disc) were
obtained via hot-vacuum press by a VCM Essential molding machine (MeltPrep GmbH,
Graz, Austria). First, the raw polymers were dried in an oven at 80 ◦C at 5 mbar for 24 h
and then dried thoroughly by an ultrahigh vacuum pump at 80 ◦C for 24 h to eliminate
water traces. Second, the polymers were hot-vacuum-pressed into a bar or disc at 70 ◦C
and the so prepared specimens were kept in a desiccator with phosphorous oxide before
the measurements started. For disc samples with specific geometries, a punching tool was
used. For the self-healing samples, the pristine samples were cut vertically at the middle
of the long edge and brought back tightly before being put in an oven pre-conditioned at
the temperature of interest and annealed for a certain time. After self-healing, the samples
were cooled to room temperature in a desiccator containing phosphorous oxide before
measurements were conducted.

Broadband dielectric spectroscopy (BDS) was performed on an Alpha analyzer dielec-
tric spectrometer (Novocontrol Technologies GmbH & Co. KG, Hundsangen, Germany).
Two different sample cells were used depending on the sample texture. For the gel sam-
ples, a cell consisting of two brass electrodes with a sample size of 20 mm diameter and
a thickness of 0.25 mm was used. Gel samples were carefully inserted into the hollow
space between the electrodes inside the sample holder, with air bubble formation avoided.
For self-standing samples, the samples were firstly hot-vacuum-pressed into a disc of
20 mm in diameter and 0.2–0.8 mm in thickness and subsequently sandwiched between
two brass electrodes for the dielectric measurement. The measurements were performed
inside a cryostat with a constant flow of dry nitrogen gas during the measurements to
avoid moisture. Measurements were performed in a frequency range from 1 Hz to 106 Hz.
Values of the DC conductivity were extracted from the DC plateau of the log σ vs. log
frequency plots.

Rheology measurements were performed on an MCR 101 DSO rheometer (Anton
Paar Germany GmbH, Ostfildern-Scharnhausen, Germany) using a parallel plate–plate
geometry (plate diameter: 8 mm). All polymers were dried under high vacuum at 80 ◦C
for 24 h before the rheology measurement. While the gel samples were directly smeared on
the lower plate of the sample holder, the solid samples were hot-vacuum-pressed into films
at 70 ◦C, cut into discs of 8 mm with a punching tool, and subject to the measurement. The
sample temperature was regulated by thermoelectric cooling/heating in a Peltier chamber
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under a dry nitrogen atmosphere. At each temperature the sample was equilibrated for
20 min before measurement was initiated. All measurements were performed in the
dynamic mode and repeated twice to ensure precise viscosity values. Data analysis was
performed via Rheo CompassTM (Austria, version V1.30.1064).

Tensile tests were performed on an INSTRON 5900 Series (INSTRON Deutschland
GmbH, Darmstadt, Germany) tensile testing machine at room temperature at a strain rate of
20 mm·min−1. Data analysis was performed via Bluehill Universal (Germany, version 4.08).

All methods which are not mentioned here can be found in the Supplementary Material
Section S1.1.

3. Results and Discussion
3.1. Synthesis of Monomers and Polymers

To synthesize the ionic monomer ILA, firstly acryloyl chloride was reacted with chloro-
propanol in excess with triethylamine as the organic base in DCM to obtain chloropropyl
acrylate (CPA) as a precursor. The precursor CPA was then used to quaternize 1-methyl
pyrrolidine in MeCN to obtain pyrrolidinium-based acrylate with chloride as the counte-
rion. Ion exchange was performed in water using an excessive amount of LiTFSI to afford
the final ionic acrylate-base monomer ILA, with the pyrrolidinium-ion representing the
cationic moiety and bistrifluoromethanesulfonyl imide (TFSI) constituting the anion (see
Scheme 1). To link the UPy moiety to a polymerizable acrylate, 6-methylisocytosine was
firstly dissolved in hot DMSO, whereafter an excessive amount of isocyanatoethyl acrylate
was added, followed by immediate cooling in a water bath to prevent self-polymerization.
After stirring for 3 h at room temperature and subsequent purification, the finely powdered
UPy monomer UPyA was obtained (for synthetic details, see Supplementary Material
Section S1.2).
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Scheme 1. Synthetic route towards the POIL-x and CPILU-y (bearing the IL and the self-healing
UPy moieties): (a) precursor CPA: acryloyl chloride with chloropropanol and triethylamine (TEA)
at room temperature for 24 h; (b) ionic monomer ILA: CPA with 1-methyl pyrrolidine in MeCN
at 75 ◦C for 24 h; (c) with LiTFSI in H2O at room temperature for 24 h; (d) HBs monomer UPyA:
6-methylisocytosine in DMSO at 120 ◦C, followed by isocyanatoethyl acrylate and stirring at room
temperature for 3 h; (e) homopolymers POIL-x: DBTTC and AIBN in DMF at 70/80 ◦C for 7 h;
(f) copolymers CPILU-y: DBTTC and AIBN in DMF at 80 ◦C.

In this work, S,S-dibenzyl trithiocarbonate (DBTTC) was used as a chain transfer
agent (CTA) for the RAFT polymerization owing to its excellent control over acrylate
monomers [33] and ionic monomers [34]. To make full use of the potential of DBTTC and
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reach the maximum chain end fidelity, the ratio between DBTTC and AIBN was kept at
1:0.1 in all entries. Thanks to the nature of RAFT polymerization, by manipulation of the
ILA to DBTTC ratio, the molecular weight of the final polymers can be adjusted, which
enables precise studies on the influence of molecular weight on the final properties of the
homopolymer POIL-x and the copolymers CPILU-y. RAFT polymerizations were carried
out in DMF because it has been reported as an outstanding solvent for the polymerization
of ionic liquids [35]. To obtain POIL-x with various molecular weights, the kinetics of
RAFT homopolymerization of the ILA was investigated using DBTTC and AIBN as the
initiator. The polymerization conditions, the monomer conversion into the final polymer,
the calculated theoretical and practical number-averaged molecular weight via 1H NMR,
as well as polydispersities determined by gel permeation chromatography (GPC) can be
found in Table 1. As shown in Figure 1a), polymerization using [ILA]/[DBTTC] = 20:1
at 70 ◦C (red square) showed first-order kinetics within the investigated time (7 h), while
increasing the reaction temperature to 80 ◦C (blue circle) with the same monomer to CTA
ratio drastically boosted the reaction rate, and the polymerization reached its maximum
conversion within 3 h. As represented by the orange triangles in Figure 1a, when the
[ILA]/[DBTTC] ratio was increased to 100:1, the polymerization at 80 ◦C showed pseudo-
first-order reaction kinetics, and after a 7-hour reaction, it reached a final conversion of
67%. As shown in Table 1, when the [ILA]/[DBTTC] ratio increased from 20: to 100:1,
and subsequently to 200:1, the conversion also rose from 62% to 67%, and finally to 79%.
Control over the molecular weight was also improved as the ratio increased, as evidenced
by the decreasing deviation between the theoretical and experimental molecular weights
calculated via 1H NMR (for calculation details and NMR spectra, see Supplementary
Material Sections S1.2 and S4). In addition to the moderate control over molecular weight,
the control over polydispersity decreased as the [ILA]/[DBTTC] ratio increased but still
remained within the moderate range (PDI ≤ 1.4).
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Figure 1. Kinetic plots of RAFT (a) homopolymerizations of ILA under the conditions:
[ILA]/[DBTTC] = 20:1 at 70 ◦C (red square), [ILA]/[DBTTC] = 20:1 at 80 ◦C (blue circle),
and [ILA]/[DBTTC] = 100:1 at 80 ◦C (orange triangle); (b) copolymerizations of ILA with
UPyA under the conditions: [ILA + UPyA]/[DBTTC] = 20:1 at 80 ◦C (green rhombus) and
[ILA + UPyA]/[DBTTC] = 100:1 at 80 ◦C (brown star); and (c) photos of the copolymers CPILU-
y with various contents of UPy moieties.

Although GPC is a well-established method to characterize the molecular weight
of many neutral polymers, the determination of the molecular weight of POILs via GPC
remains challenging due to their unique hydrodynamic radius and interaction with the
GPC column, as previously reported [36–38]. In 2013, He [38] reported a strategy to charac-
terize the molecular weight of imidazolium-based POILs with various (counter)-anions by
synthesizing a set of poly(4-vinylbenzyl chloride) with precise molecular weights via RAFT
polymerization, followed by quaternization and ion exchange of the polymer precursors
to obtain the final PS-based polybutylimidazolium with TFSI as the counterion. These
polyimidazoliums were then used for calibration in a DMF GPC with LiTFSI as the additive
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to reduce the interaction of POILs with the GPC column. The molecular weights detected
by this GPC were compared with those obtained via 1H NMR, proving the preciseness of
this strategy. Therefore we also prepared our acrylate-based polypyrrolidinium following
this strategy (for synthesis details, see Supplementary Material Section S1.3). However,
during the quaternization where 1-methylpyrrolidine was involved, side reactions took
place, and the final POILs showed imperfect curves as detected by the GPC in DMF. This
could be attributed to the hydrolysis of the ester moieties of the polymer [39,40] and the
RAFT-active chain end [41] due to the presence of 1-methyl pyrrolidine (which is a base),
which deteriorated the overall polydispersity and further impaired our GPC characteri-
zation with POIL calibration. Therefore, only the conventional PS standard calibration
together with the 0.1 M LiTFSI as an additive was used in DMF GPC to establish the
polydispersity (for GPC curves and data, see Supplementary Section S2).

To introduce the HB-moiety UPy into the POILs and also to study the RAFT copoly-
merization kinetics of the ionic monomer ILA with the quadrupolar hydrogen-bonded
monomer UPyA, random copolymerizations of the two monomers were investigated. The
copolymerization conditions, the monomer conversion into the final polymer, the initial
molar fraction of UPyA in the monomer mixture and the final fraction on the polymer back-
bone, the degree of polymerization of both the ILA and the UPyA, the calculated theoretical
and practical number-averaged molecular weight via 1H NMR, and the polydispersity
determined by GPC are listed in Table 2.

Table 2. Data from RAFT copolymerizations of ILA with UPyA and the resulting copolymer CPILU-y.

Sample Entry M/CTA a f UPy
b T/◦C t/h conv. c FUPy, NMR

d DPIL
e DPUPy

f Mn, th
g Mn, NMR PDI h

CPILU-
5 20:1 5% 80 7 55% 4% 22.5 0.9 5400 11,800 1.35
6 20:1 15% 80 7 77% 14% 18.6 2.6 7200 10,700 1.32
7 20:1 25% 80 7 84% 24% 18.7 4.5 7400 10,500 1.25
8 100:1 5% 80 7 65% 4% 90.1 3.6 30,700 44,400 1.36

a Polymerization was carried out in DMF with AIBN as the initiator, and the ratio of [DBTTC]/[AIBN] was
kept to 1:0.1, while the monomer concentration was kept at 1 mmol monomer in 1 mL DMF; b f UPy was the
initial molar fraction of UPyA in the monomer mixture; c conversion was detected by 1H NMR using trioxane as
reference; d FUPy was the final molar fraction of UPyA on the polymer backbone, calculated from 1H NMR; e, f

calculated from relative integral of protons from 1H NMR (for details see Supplementary Material Section S1.2); g

the number-average molecular weight calculated by the equation: Mn,th = conv. × [([MILA]/[DBTTC]) × mILA +
([MUPyA]/[DBTTC]) × mUPyA] + mDBTTC; h PDI was determined by DMF + LiTFSI (0.1 M) GPC with PS standard.

As shown in Figure 1b, the copolymerization of ILA with a 5% feeding molar ratio
of UPyA at 80 ◦C with [ILA + UPyA]/[DBTTC] = 20:1 (green rhombus) showed similar
kinetics as the homopolymerization entry 2 (blue circle in Figure 1a), and in 3 h the copoly-
merization reached its full conversion of 55%. Entry 8 with [ILA + UPyA]/[DBTTC] = 100:1
also showed comparable kinetics (brown star in Figure 1b) as compared to the homopoly-
merization (entry 3) under the same conditions (orange triangle in Figure 1a)). As shown in
Table 2, when the initial fraction of UPyA increased from 5% to 15% and to 25% the overall
conversion of the two monomers also increased from 55% to 77% and to 84% respectively
(see entry 5–7), this indicated a higher reactivity catalyzed by the HBs in monomer UPyA,
presumably due to the attractive association of UPyA in compared to the repulsive ionic
nature of ILA. Despite the difficulties of copolymerizing non-ionic and ionic monomers,
the control over molecular weight by DBTTC remained moderate in all cases, while control
over polydispersity was less pronounced compared to the homopolerizations, which again
was anticipated again due to the strong association among UPy moieties and ionic clusters
of pyrrolidinium and TFSI ions.

In order to find the proper fraction of UPy on the polymer chain for application as
self-healing electrolytes, CPILU-y with different UPy contents were prepared. As shown in
Figure 1c, as the content of the strong dimerization of UPy moieties increased, the CPILU-y
altered from a gel (5%) to a glassy solid (25%) and finally to a powdery material (>25%),
indicating increased interchain forces due to the quadrupolar HBs of UPy moieties.
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3.2. Thermal Characterization via Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC)

To understand the thermal stability of the POILs thermogravimetric analysis (TGA)
was employed. The 5%-weight-loss temperature and the degradation onset temperature are
listed in Table 3. The ionic monomer ILA demonstrated excellent thermal stability up to 348
◦C as shown in the Figure 2a, while the non-ionic monomer UPyA showed lower stability
until 198 ◦C. For the homopolymers POIL-2 and POIL-3 the thermal stabilities were slightly
higher than that of the monomer, manifesting a minor influence by molecular weight on
the thermal stability. The thermal stabilities of the POIL-x are comparable with those of
similar polypyrrolidinium-polymers as previously reported [42]. However, when UPyA
was incorporated into the polymer backbone the thermal stability showed a decreasing
trend as the UPyA fraction increased. The degradation of the copolymer CPILU-y was
found to be a two-step process, where the UPy moieties were decomposed first at around
200 ◦C, followed by the ionic moieties decomposing at around 360 ◦C (see Table 3, column
Onset T/◦C), indicating a resonable thermal stability compared to the homopolymers.

Table 3. Thermal characterization data of ILA, UPyA, POIL-x, and CPILU-y via thermogravimetric
analysis and differential scanning calorimetry.

Sample Entry Sample Info. 5 wt%-loss T/◦C Onset T/◦C Tg, DSC/◦C a

ILA - monomer 348 348 -

UPyA - monomer 201 198 -

POIL-
2 11 k 348 353 −13
3 40 k 360 357 7

CPILU-
5 4%, 12 k 338 198, 360 9
6 14%, 11 k 297 212, 365 13
7 24%, 10 k 263 215, 363 30

a Glass transition temperature via DSC.
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Figure 2. Thermal characterization of ionic monomer ILA, HBs monomer UPyA, homopolymers
POIL-x, and copolymers CPILU-y via (a) thermogravimetric analysis measured at a heating rate of
10 K·min−1 under N2 atmosphere; and (b) differential scanning calorimetry measured at a heating
rate of 5 K·min−1 with the thermal history cancelled by a preheating/cooling circle (the baseline of
POIL-3 was corrected manually).

For the electrolytes used in batteries, it is often observed that the batteries can provide
different local temperatures which could introduce a temperature-controlled structural
transition of the electrolytes, causing changes in the physical and chemical properties of
the electrolytes and further affecting the performance of the batteries, but also reaching
temperatures sufficient to activate dynamic self-healing processes. Therefore, the thermal
behavior of the polymers in this work was studied by differential scanning calorimetry
(DSC). As shown in Figure 2b, the crystallization and melting peaks of the pyrrolidinium
moieties [43] were not found in the DSC curves of all POILs, but only glass transitions were
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observed. This could be advantageous for polymers applied as electrolytes, as a better
conductivity value can be achieved both above and below the glass transition temperature
in amorphous regions (analogous to higher conductivities achieved in amorphous region
in PEO [44]). All Tgs are listed in Table 3 and are also shown in the plot. We found that the
molecular weight of the POIL-x and the UPy content of the CPILU-y indeed influenced the
glass transition temperature. When the molecular weight increased from 11 kDa to 40 kDa,
Tg also increased from −13 ◦C (POIL-2) to 7 ◦C (POIL-3), which is potentially indicative of
more restricted chain motions. When only 4% of the UPy moieties were introduced into the
polymers, Tg drastically increased from −13 ◦C to 9 ◦C, revealing that the dimerizable UPy
moieties act as a strong “chain-hardener” in comparison to the increase of molecular weight.
If the UPy content increased from 4% to 14% and then to 24%, Tg increased further from
9 ◦C to 13 ◦C and to 30 ◦C, respectively, this evidenced stiffer chain segments in CPILU-6
and CPILU-7 as a result of a denser UPy dimerization.

3.3. Conductivity via Broadband Dielectric Spectroscopy (BDS) and Zero Shear Viscosity via Rheology

To elucidate the potential of the polymers to be applied as electrolytes the DC con-
ductivity was investigated by broadband dielectric spectroscopy (BDS). As shown in
Figure 3a the low-molecular-weight POIL-2 showed a higher conductivity compared to the
high-molecular-weight POIL-3, matching the conclusions that—in line with expectations—
low-molecular-weight POILs generally offer higher conductivity [25–28]. When 4% UPy
moieties were introduced into the polymer backbone (CPILU-5), the conductivity was
barely influenced by the non-conductive UPy moieties as compared to the homopolymer
POIL-2 (see red squares for POIL-2 and blue triangles for CPILU-5 in Figure 3a). How-
ever, when the UPy content continued increasing, a generally lower conductivity could be
observed within the whole temperature range, as represented by CPILU-6 and CPILU-7.
It is often reported [45–47] that the conductivity of low-molecular-weight ionic liquids is
affected by the viscosity of the conductive system, wherefore the zero shear viscosity η0
was determined to assist the interpretation of the conductivity behavior of the POILs. As
shown in Figure 3b, an inverse relation was observed for the viscosity for those POILs,
which can be explained by the higher molecular weight polymers also showing higher
viscosity that further hinders ion transport.
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Figure 3. Conductivity σ of homo-/copolymer POIL-x and CPILU-y (a) as a function of inverse
temperature 1000/T; (c) glass transition temperature divided by measurement temperature Tg/T;
and (b) zero shear viscosity η0 of homo-/copolymer POIL-x and CPILU-y versus temperature T.

In addition to the notable influence of the viscosity, the conductivity of polymer elec-
trolytes before and after the thermal transition is significantly altered. Thus the conductivity
of the polymers was plotted versus their glass transition temperature divided by the mea-
surement temperature (Tg/T), as shown in Figure 3c. The variation in conductivity of the
polymers by temperature showed two distinct regions in the plot. When the temperature
was higher than the polymers’ Tg, segmental motion was enabled, and the conductivity
was coupled with the segmental motion, thus following the Vogel−Fulcher−Tammann
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(VFT) equation. At temperatures below Tg, segments were frozen, and the conductivity
plot displayed Arrhenius behavior, which is comparable to the conductive behavior of
inorganic glasses [48]. As previously reported [49,50], if the conductivity at Tg is roughly
equal to 10–15 S·cm−1 in an ionic system, the charge transport is then fully governed by
the structural relaxation of the system, which is segmental motion in case of polymer
electrolytes. For our polymers, the conductivities at Tg, as listed in Table 4, are all higher
than the reported threshold value (10–15 S·cm−1) for the fully relaxation-coupled systems.
As a consequence, the polymers in this work exhibited a certain degree of decoupled ion
transport from the segmental dynamics. To clearly visualize this behavior, the decoupling
index defined as Rσ, Tg = 15 + log σTg [51,52] was applied. Among our copolymers, those
polymer with the strongest decoupling, ie those where the charge transport is least linked
to the segmental relaxation, is the copolymer CPILU-5 with 4% UPy moieties, with a de-
coupling index of 8.4. The least-decoupled homopolymer can be observed in the case of the
homopolymer POIL-2 (for Rσ, Tg of other polymers, see Table 4). Because the copolymers
show a higher decoupling index, they could provide better conductivity and mechanical
strength simultaneously. Therefore, a tensile test was employed to explore their mechanical
strength and their self-healing ability, which is discussed in next chapter.

Table 4. Glass transition temperature and conductivity at glass transition temperature, and zero shear
viscosity and conductivity at 80 ◦C of POIL-x and CPILU-y.

Sample Entry Sample Info. Tg, DSC/◦C a σTg/S·cm−1 b Rσ , Tg
c η0, 80 ◦C Pa·s d σ80 ◦C/S·cm−1 e

POIL-
2 11 k −13 3.07 × 10−9 (−10 ◦C) 6.5 43 2.46 × 10−4

3 40 k 7 2.04 × 10−8 (10 ◦C) 7.3 368 9.09 × 10−5

CPILU-
5 4%, 12 k 9 2.55 × 10−7 (10 ◦C) 8.4 37 2.19 × 10−4

6 14%, 11 k 13 2.19 × 10−8 (20 ◦C) 7.3 2.76 × 103 4.85 × 10−5

7 24%, 10 k 30 3.27 × 10−8 (30 ◦C) 7.5 2.84 × 105 1.84 × 10−5

a Glass transition temperature via DSC; b conductivity at glass transition temperature; c decoupling index
calculated with Rσ, Tg = 15 + log σTg; d zero shear viscosity at 80 ◦C; e and conductivity at 80 ◦C.

3.4. Mechanical and Self-Healing Characterization via Tensile Test

To evaluate the mechanical strength and the prominent self-healing ability, two copoly-
mers, both with 7% UPy content but with different molecular weights, were synthesized,
which are designated as CPILU-9 (7% UPy, 10 kDa) and CPILU-10 (7% UPy, 67 kDa) (for
synthesis details, see Supplementary Material Section S1.2). The copolymers were hot-
vacuum-pressed into bars or disc specimens, and self-healing ability tests were firstly
performed with CPILU-9, as visualized in Figure 4a. A specimen was cut vertically at
the long edge into two pieces and brought back with the freshly generated surface tightly
and accurately matched. Owing to the quadrupolar HBs of the UPy moieties associating
at the edge of the wound, self-healing was observed within 1 h at 40 ◦C or 24 h at room
temperature. To quantify the mechanical strength and the self-healing ability, tensile tests
of both pristine and self-healed bar specimens of CPILU-9 and CPILU-10 were performed
at a strain rate of 20 mm·min−1 at room temperature, as shown in Figure 4b.
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For the pristine specimen, increasing the molecular weight from 10 kDa to 67 kDa
indeed drastically enhanced the mechanical strength from 0.34 MPa (CPILU-9, red solid
line in Figure 4b) to 2.25 MPa (CPILU-10, blue solid line in Figure 4b) in terms of ultimate
stress. Both specimen showed good ductility, with roughly 550% and 650% in relation to
the tensile strain for CPILU-9 and CPILU-10, respectively. Regarding self-healing ability,
the self-healed specimen of CPILU-9 showed an almost identical tensile behavior (red dash
line in Figure 4b) in comparison to the pristine specimen, with a slightly reduced ultimate
stress (0.30 MPa) and a similar ductility. These results indicated efficient self-healing (88%
in terms of ultimate stress compared to the pristine specimen) at 40 ◦C for 1 h which is the
consequence of the flexible segments and the strong quadrupolar HBs of UPy moieties in
CPILU-9. As for CPILU-10, with a molecular weight of 67 kDa, the self-healed specimen
generated an ultimate stress of 1.33 MPa (59% in terms of ultimate stress compared to
the pristine specimen) and a poor ductility at 32% tensile strain. This could be attributed
to the more entangled segments in the high-molecular-weight CPILU-10 which hindered
self-healing by UPy dimerization.

4. Conclusions

Novel polymeric ionic liquids POIL-x and copolymers CPILU-y bearing quadrupolar
hydrogen bonds were synthesized via RAFT polymerization using DBTTC as chain transfer
agent. Kinetic studies revealed that the HBs monomer UPyA showed preferable incor-
poration in a copolymerization of ILA, anticipated as the attractive association of UPyA.
While the synthesized homopolymers were thermally stable up to 360 ◦C, the introduction
of UPy moieties into the polymer chains decreased the thermal stability and altered the
decomposition into a two-step process. Examining a combination of data from DSC, BDS,
and rheology, a decoupling of conductivity from the glass transition was observed in all
polymers, while the trend of the zero shear viscosity values of all the polymers matched
that of their conductivity values. A copolymer with 4% UPy content displayed the highest
decoupling index of 8.4, proving that both, self-healing and excellent conductivities can
be embedded into the same type of a POIL using complex hydrogen-bonding. While
copolymers with low molecular weights demonstrated both better conductivity and self-
healing efficiency, the high-molecular-weight samples showed higher ultimate strength
but lower healing efficiency and conductivity. This work proves that HBs are a useful
tool for designing electrolytes with unique properties like decoupled conductivity and
self-healing ability, which can contribute to battery science and electronic devices such as
supercapacitors in the future.
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RAFT chain transfer agent, and polymers; Scheme S2: Synthesis rout of POILC-z for GPC calibration;
Figure S1–S4: GPC curves of all the polymers; Figure S5–S12 NMR spectra of all the compounds
and polymers; Table S1: Synthesis data of the copolymers CPILU-9 and CPILU-10 for tensile test;
Table S2: GPC data of precursor polymers pCPA and final POILC-z, planned for calibration; Table S3:
Conductivity of POIL-x and CPILU-y from −20 ◦C to 80 ◦C, measured by BDS; Table S4: Zero shear
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Stability of Quadruple Hydrogen Bonds in an Ionic Liquid
Environment

Chenming Li, Rajesh Bhandary, Anja Marinow, Stephanie Bachmann,
Ann-Christin Pöppler, and Wolfgang H. Binder*

Hydrogen bonds (H-bonds) are highly sensitive to the surrounding
environments owing to their dipolar nature, with polar solvents kown to
significantly weaken H-bonds. Herein, the stability of the H-bonding motif
ureidopyrimidinone (UPy) is investigated, embedded into a highly polar
polymeric ionic liquid (PIL) consisting of pendant pyrrolidinium
bis(trifluoromethylsulfonyl)imide (IL) moieties, to study the influence of such
ionic environments on the UPy H-bonds. The content of the surrounding IL is
changed by addition of an additional low molecular weight IL to further boost
the IL content around the UPy moieties in molar ratios of UPy/IL ranging from
1/4 up to 1/113, thereby promoting the polar microenvironment around the
UPy-H-bonds. Variable-temperature solid-state MAS NMR spectroscopy and
FT-IR spectroscopy demonstrate that the UPy H-bonds are largely present as
(UPy-) dimers, but sensitive to elevated temperatures (>70 °C). Subsequent
rheology and DSC studies reveal that the ILs only solvate the polymeric chains
but do not interfere with the UPy-dimer H-bonds, thus accounting for their
high stability and applicability in many material systems.

1. Introduction

Hydrogen bonds (H-bonds) are known to induce dynamic prop-
erties in many macromolecular assemblies and materials.[1] H-
bonds, as in many supramolecular polymers and polypeptides,
contribute to the formation of many assemblies or secondary
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structures in peptides (such as alpha-
helices or beta-folds);[2] mediate highly
specific H-bonds in the duple-xformation
of DNA mediate;[3] and impart self-healing
properties in many polymers,[4] where
the dynamics of the H-bonds allow crack
healing and material reconstruction.[5]

H-bonds display two important features,
hardly reachable by other supramolecular
bonding systems: they are strongly direc-
tional and thus highly dependent on spatial
arrangements;[6] and they can be tuned over
many orders ofmagnitude in their strength,
which is expressed via their association con-
stants (Kassn.) in solution.[7] However, in
many applications, as widespread in na-
ture, there is one drawback: polar solvents
and polar environments usually weaken
H-bonds[8] by presenting alternative ac-
ceptors/donors, and thus often limit their
applicability.[9] Cooperative effects in pro-
teins can help overcome this drawback,[10]

and the formation of hydrophobic
pockets or other noncovalent interactions[11] surrounding the
H-bonds can also shield them from detrimental polar environ-
ments. Several such “hydrophobic shields” have led to quite sta-
ble H-bonding systems in synthetic polymers, protecting them
even in aqueous environments.[12] However, most triple or mul-
tiple H-bonds fail in various strongly polar solvents,[13] stimu-
lating the development of as-strong-as-possible H-bonding moi-
eties like the quadruple ureidopyrimidinone (UPy), being pow-
erful functional groups used to create functional materials with
distinct properties such as shape-memory,[14] self-healing,[15]

and ultra-tough-polymer properties.[16] In previous studies on
H-bonds in solution,[17,18] UPy moieties were reported to self-
associate into dimers with a Kassn. ≅ 107 m−1 in chloroform, or
a Kassn. ≅ 108 m−1 in toluene, indicative of a strong influence by
the polarity of the molecules near the UPy moieties. When em-
bedded in a polymer matrix, it becomes difficult to directly mea-
sure changes in the association strength of these H-bond moi-
eties, and only a few studies of changes in bonding strength in
bulk polymers have been reported,[13,19-23] mainly focusing on the
impact of organic solvents.[24]

We here report a systematic study on the influence of ionic
liquids (ILs) on the association of the quadruple H-bonding
motif UPy, by systematically embedding them into a microen-
vironment of increasing IL content. As the behavior of such
UPy-system is crucial in the design of self-healing electrolytes or
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Scheme 1. a) Schematic representation of UPy dimer formation in ionic liquid environments: UPy moieties are copolymerized in a polymeric ionic
liquid with extra added ionic liquid molecules; b) structure of the copolymer cp0 (Mn, NMR = 11.5 kDa, pyrrolidinium/UPy = 4.1:1) and the ionic liquid
1-methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl) imide IL used in this work.

3D-printing,[25] knowledge of their stability in ILs is important.
ILs are dipolar molecules that can offer strong polar molecular
environments for UPy motifs, questioning their stability in
such environments. However, since low molecular weight UPy
molecules are poorly soluble inmany ILs, such as pyrrolidinium-
based ILs, we covalently embedded the UPy moieties into a poly-
meric ionic liquid (PIL) copolymer (see Scheme 1) composed
of pyrrolidinium-ions along the chains via reversible addition-
fragmentation chain-transfer (RAFT) polymerization. The
adjacent pyrrolidinium moieties surrounding the UPy groups
allow us to study the effects of this ionic microenvironment on
the dissociation behavior of the quadruple UPy H-bonds. The
chosen polymer also accomplishes the mixing of an additional
pyrrolidinium-based IL to further increase the total amount of
ILs around the UPy moieties systematically. Subsequent solid-
state MAS NMR spectroscopy, FT-IR spectroscopy, differential
scanning calorimetry (DSC), and rheology experiments then
permit studying the binding state of the UPy moieties in these
mixtures.

2. Results and Discussion

The pyrrolidinium-bis(trifluoromethylsulfonyl)imide-based
copolymer cp0 containing 20.7 pyrrolidinium moieties and 5.0
UPy moieties per polymer chain was synthesized via RAFT
polymerization as reported[26] to reach a controllable molecular
weight of 11.5 kDa (as determined by NMR spectroscopy; for
the detailed calculation and spectra, see Section S1, Supporting
Information). The neat polymer cp0, now containing ≈4 IL units
for everyUPymoiety, can be furthermixedwith different ratios of
1-methyl-1-propylpyrrolidium bis(trifluoromethylsulfonyl)imide
(IL) to prepare the samples cp25, cp50, and cp75, with a molar
ratio of UPy/IL-moiety of 1:39.3 (cp25), 1:73.5 (cp50), and 1:113.2
(cp75) respectively. The synthesis of cp0 and the structure of the

Table 1. Composition of the parent sample cp0 with the ratio backbone-
IL/UPy = 4.1/1; and the samples cp25, cp50, and cp75, with a molar ratio
of UPy/IL-moiety of 1:39.3 (cp25), 1:73.5 (cp50), and 1:113.2 (cp75) re-
spectively.

Sample ID cp0c) cp25 cp50 cp75

Polymer: IL (weight ratio)a) Neat 1:0.25 1:0.50 1:0.75

Polymer: ILa,b) – 1:6.9 1:13.6 1:21.4

Backbone-IL: UPy: Free ILb) 4.1:1:– 4.1:1:35.2 4.1:1:69.4 4.1:1:109.1
a)
For the detailed calculation of sample composition see Section S1 (Supporting In-

formation);
b)
Molar ratio calculated by 1H NMR;

c)
Mn, NMR = 11.5 kDa, backbone

IL/UPy = 4.1:1.

added ionic liquid (IL) are shown in Scheme 1 and the sample
information is listed in Table 1.
To study the behavior of the UPy H-bonds in such polar envi-

ronments we firstly probed solid-state MAS NMR spectroscopy,
as the bound/dissociated status of H-bonded protons can be di-
rectly detected by NMR spectroscopy both in solution[13,17,19,28,29]

and in the solid state.[23,30-32] The 1H MAS NMR spectrum of
cp0 shown in Figure 1a reveals the intramolecular H-bond Ha,
and the intermolecular H-bonds Hb and Hc of the UPy-NH pro-
tons (denoted by the two gray dashed lines) in the neat copoly-
mer cp0, matching well with the reported solid-state NMR spec-
tra of UPy compounds known for non-ionic surroundings.[23,33]

Upon heating from 23 to 53 °C, these peaks do not shift to lower
ppm values, forming evidence for still un-dissociated UPy moi-
eties. As the actual temperature in the MAS rotor could be up to
30 °C higher than the set value due to the frictional heating upon
rotation,[27] we can state that there is no observable shift of the H-
bond peaks at the temperature of Tactual = 32–78 °C. Similarly, the
presence of still associatedUPymoieties can be also evidenced by
their immobility in their 13C NMR spectra (see 13C NMR spectra
recorded under cross polarization (CP) and direct excitation (DE)
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Figure 1. Schematic illustration of the UPy dimer in their DDAA (donor–donor–acceptor–acceptor) H-bonding array and extracts from 1H MAS NMR
spectra of a) cp0 at variable temperatures, measured at 20 kHz and Tset = 23, 33, 43, 48, 53 °C (with Tactual with an additional 30 °C due to the frictional
heating upon rotation[27]); b) 1H MAS NMR spectra of samples cp0, cp25, cp50, and cp75 with different IL content (recorded at 5 °C actual sample
temperature and a maximum stable MAS frequency of 15 kHz due to their gel nature under rotation). Though the DADA (donor–acceptor–donor–
acceptor) H-bonding array of UPy dimers is possible due to the tautomeric exchange, all the UPy dimers in this work are assumed to be in their most
stable DDAA array.[17,23]

conditions in the Figure S2, Supporting Information). While
polymeric backbone carbons, the pyrimidinone-carbonyls, and
other UPy carbons appear in the CP-spectra, they are absent in
the DE-spectra recorded with short interscan delays, where only
the mobile moieties can be probed, indicating their immobility
in the probed samples. To study whether a higher content of
IL leads to changes in the dissociation state of the H-bonds, we
have mixed the polymer samples with additional IL (see Table 1,
samples cp25, cp50, cp75) to increase the ratio of IL/UPy. Upon
mixing with the IL, the chemical shifts of the peaks remain un-
changed as indicated by the gray dashed line in Figure 1b, demon-
strating the invulnerability of the UPy dimers against the added
IL up to a ratio UPy/IL ≈1/113. The only observed change is
the peak at ≈10.8 ppm, which becomes broader, less intense, or
overlaps with the adjacent peaks. This might be a result of the
exchange of the UPy keto-enol tautomer promoted by reduced
chain friction via IL mixing. To distinguish possible tautomers
double quantum 2D NMR spectra of the samples were recorded
and compared with the reported spectra (for the 2D spectra, see
Figure S3, Supporting Information),[23] which unfortunately did
not provide further insight due to the poor spectral resolution and
missing of the NH peaks. Analogous experiments at higherMAS
frequency to obtain double quantum data with higher resolution
were not successful due to the viscous nature of the gel samples,

as even upon cooling IL-containing samples pushed the cap out
at MAS frequencies above 15 kHz.
We further probed FT-IR spectroscopy to reveal the open/close

nature of the UPy H-bonds, since solid-state NMR spectroscopy
was not applicable for all samples at elevated temperatures due
to their reduced viscosities. Therefore, FT-IR analysis of the H-
bonds at variable temperatures in a broader range (25–150 °C)
was performed for all samples. For the neat copolymer cp0 two
features were observed when the temperature was increased
(Figure 2a,b): the NH peaks at ≈3200 cm−1 gradually became
broader and increased in intensity when compared to the adja-
cent C–H peak (≈2975 cm−1), whereas the peaks at ≈3400 cm−1

increased slightly, revealing indicative of an increase in free, dis-
sociated N─H bonds in sample cp0. As the temperature was in-
creased to 70 °C, a new peak at ≈1680 cm−1 was observed, sep-
arated from the main peak (at 1663 cm−1) for the C = O of urea
moieties of UPy (indicated by the gray dashed box), which is an
indication of a weakening of the ureido H-bonds and a loss of
the UPy stacking.[34,35] Blueshifting of the C = O (pyrimidinone)
stretching (≈1702 cm−1, denoted by the gray arrow) upon heating
also indicates weakening of the UPy H-bonds at elevated temper-
atures (>70 °C), in line with the previously reported temperature-
dependency of UPy H-bonds.[36] However, mixing with IL does
not interfere with the UPy H-bonds as indicated by the unshifted

Macromol. Rapid Commun. 2024, 45, 2300464 2300464 (3 of 7) © 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. FT-IR analysis of a,b) cp0 at variable temperatures and c,d) all samples at room temperature.

characteristic IR peaks of UPy in Figure 2c,d. Additionally, the
samples with the added IL show similar FT-IR spectra compared
to the sample cp0 upon heating, which again proves the almost
undisturbed H-bonds of UPy against the added IL (for detailed
variable-temperature FT-IR spectra, see Figure S4, Supporting
Information). Thus the UPyH-bonds are prone to dissociation at
elevated temperatures (>70 °C), but not sensitive to the charged
ILmolecules in the charged PIL matrix at ambient conditions.
We also searched for changes in the UPy-bonded copolymer

upon the addition of IL by differential scanning calorimetry

(DSC). The neat sample cp0, when compared to the reported ho-
mopolymers, showed an increase in the glass transition temper-
ature Tg from −13 °C (homo PIL, Mn = 11.0 kDa)[26] to 22.4 °C
(cp0), suggesting closed UPy dimers in the charged PIL matrix
that reduce the segmental motion and thus result in a higher
Tg. When further IL is added, the Tgs of all samples were re-
duced from 22.4 °C (cp0), to −12.8 °C (cp25), to –35.2 °C (cp50),
and to −56.1 °C (cp75) (see Figure 3a), demonstrating that the
added IL induced faster chain dynamics. For comparison, this
is in contrast to effects observed by the addition of metal salts

Figure 3. a) DSC analysis of all samples with a heating/cooling rate of 3 K min−1 and thermal history was canceled by a pre-heating cycle; b) the master
curves of cp0 and cp25measured from −10 to 120 °C, with the reference temperature of 60 °C.
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in UPy-containing polymers[37,38] where an increase of Tg can
be observed via chain stiffening effects attributed to crosslink-
ing bymetal-carbonyl coordination. In DSC analysis, the number
of glass transitions can be used as indirect proof of microphase
separation if the formation of the separated domains can be
excluded.[39-41] As shown in Figure 3a, there is only one glass
transition occurred for every sample, suggesting that, though
UPy forms dimers, there is no distinct microphase separation
between the UPy dimers and the (poly-) ionic liquids moieties.
To further test the influence of IL on the final H-bonded poly-
mers, dynamic rheology measurements were performed. Owing
to the technically too-low-to-detect viscosity of cp50 and cp75 at
elevated temperatures, only the master curves of neat cp0 and
cp25 were measured. As shown in Figure 3b, master curves of
cp0 and cp25 demonstrate a typical Rouse behavior with a ter-
minal flow, a transition region with a crossover of the storage
modulus G´ and the loss modulus G´´, and a glassy plateau,
though the rubbery plateau is absent due to lack of chain entan-
glements or permanent crosslinking. The terminal flow in the
low-frequency region proves the dynamic nature of these two H-
bonded samples over a long timescale, whereas according to the
Rouse model the crossover of the G´ and the G´´ reveal the loss
of association among chains, where the material starts to flow,
with the reciprocal of this crossover time representing the relax-
ation time (𝜏b) of the polymer.[22] The relaxation time 𝜏b of the
sample added with IL in a 6.9 molar ratio (see Table 1 for sample
compositions) is reduced from 1.20 × 10−1 s (cp0) to 1.94 × 10−6 s
(cp25), indicative of the largely reduced total relaxation time by
the added IL, resulting from synergic effects of the possible UPy
H-bond relaxation and the solvation of the polymer chains by the
added IL. Considering that cp0 and cp25 have the same parent
polymer matrix (which is cp0), and their storage modulus at the
glassy state, where all the segmental motion is frozen, are of sim-
ilar value, we could thus further deduce that the associations that
determine this modulus are also at a similar strength, which is
most probably the association of UPy groups. Because cp25 con-
tains mobile ILmolecules while cp0 does not, and their modulus
is of a similar value when segmental motion is frozen, we thus
conclude that the UPy accounting for the mechanical strength
is not influenced by the IL,[22,42] whereas the IL only promotes
the chain motion by reducing the chain friction via chain solva-
tion rather than breaking/weakening the UPy H-bonds. There-
fore, the H-bonds of UPy dimers are largely independent of the
addition of IL and thus the increased polar environment.

3. Conclusion

In summary, as proven by MAS NMR spectroscopy, the H-bonds
of UPy at ambient temperature stay largely undisturbed in
their dimeric state, also upon mixing with additional IL up to
a molar ratio of UPy/IL = 1/≈113. FT-IR analysis at elevated
temperatures demonstrates a weakening of the UPy H-bonds at
temperatures above 70 °C, although this is highly independent
of the added IL at these temperatures (25–150 °C). We thus can
prove that the UPy dimers remain stable in (poly-)ionic liquid
environments, though themobile ILmolecules reduce chain fric-
tion and boost the chain dynamics of the polymeric ionic liquids
matrix as evidenced by DSC and rheology. As the UPy-moieties

are used extensively in many materials systems, in recent times
largely in poly(electrolytes) to impart self-healing properties,
the findings here are important for the design of self-healing
materials with strong polar surroundings, where UPy bonds are
often used to generate transient crosslinks in highly charged
media.

4. Experimental Section
Materials: 1-Methyl-1-propylpyrrolidinium

bis(trifluoromethylsulfonyl)imide 99% was purchased from IoLiTech
(Heilbronn, Germany) and dried under ultrahigh vacuum at 80 °C for
48 h then stored in a glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm); dimethyl
formamide (DMF) were purchased from Grüssing (Filsum, Germany)
and purified/dried via a solvent purification system; 2,2´-azobis(2-
methylpropionitrile) (AIBN) was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany), and recrystallized in methanol before
use; deuterated dimethyl sulfoxide (DMSO-d6) were purchased from
Chemotrade (Eckert and Ziegler Gruppe, Düsseldorf, Germany) and used
as received.

Synthesis of Monomer ILA and UPyA, and RAFT Agent DBTTC: The syn-
thesis was followed as described in reference.[26]

The synthesis was followed as described in reference.[26]: The synthe-
sis of ionic monomer ILA, UPy monomer UPyA, and the copolymer via
RAFT polymerization was adapted from reference. The synthesis of ionic
monomer ILA, UPymonomerUPyA, and the copolymer via RAFT polymer-
ization was adapted from reference.[26] Briefly, ILA (2993 mg, 6.26 mmol),
and UPyA (417 mg, 1.55 mmol) were placed in DMF (8 mL) in a Schlenk
tube. The tube was sealed with a rubber septum and the reaction mix-
ture was purged with nitrogen for 30 min to deoxygenate under vigor-
ous stirring. After deoxygenation, the tube was heated in an oil bath at
120 °C till a clear solution was obtained, then the temperature of the oil
bath was cooled to 80 °C. In the meantime, in a flask DBTTC (114.3 mg,
0.39mmol) and AIBN (7.0 mg, 4.26 × 10−2 mmol) were dissolved in de-
oxygenated DMF (0.5 mL), then this solution was transferred to the re-
action Schlenk tube by a syringe to initiate the polymerization. After 7 h,
the reaction was stopped by opening the septum and subsequently pre-
cipitated into DCM three times to eliminate the monomer residue. The
polymer was collected by centrifugation and decantation and finally dried
at 80 °C under a high vacuum for 24 h. The molecular weight was evalu-
ated by 1H NMR using the characteristic methyl protons of the pendent
pyrrolidinium (≡N–CH3, 3nH, 𝛿 = 3.02 ppm, with n being the degree
of polymerization of ILA), the characteristic vinylenic proton of the pen-
dent UPy moiety (–(CH3–)C = CH–, mH, 𝛿 = 5.80 ppm, with m being
the degree of polymerization of UPyA), and the characteristic aromatic
protons of DBTTC (phH, 10H, 𝛿 = 7.36 ppm). For the NMR spectrum
of cp0 in DMSO-d6 and the detailed molecular weight calculation, see
Figure S1 (Supporting Information). Briefly, ILA (2993 mg, 6.26 mmol),
and UPyA (417 mg, 1.55 mmol) were placed in DMF (8 mL) in a Schlenk
tube. The tube was sealed with a rubber septum and the reaction mixture
was purged with nitrogen for 30 min to deoxygenate under vigorous stir-
ring. After deoxygenation, the tube was heated in an oil bath at 120 °C till
a clear solution was obtained, then the temperature of the oil bath was
cooled to 80 °C. In the meantime, in a flask DBTTC (114.3 mg, 0.39mmol)
and AIBN (7.0 mg, 4.26 × 10−2 mmol) were dissolved in deoxygenated
DMF (0.5 mL), then this solution was transferred to the reaction Schlenk
tube by a syringe to initiate the polymerization. After 7 h, the reaction was
stopped by opening the septum and subsequently precipitated into DCM
three times to eliminate the monomer residue. The polymer was collected
by centrifugation and decantation and finally dried at 80 °C under a high
vacuum for 24 h. The molecular weight was evaluated by 1H NMR using
the characteristic methyl protons of the pendent pyrrolidinium (≡N–CH3,
3nH, 𝛿 = 3.02 ppm, with n being the degree of polymerization of ILA),
the characteristic vinylenic proton of the pendent UPy moiety (–(CH3–
)C = CH–, mH, 𝛿 = 5.80 ppm, with m being the degree of polymerization
of UPyA), and the characteristic aromatic protons of DBTTC (phH, 10H,
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𝛿 = 7.36 ppm). For the NMR spectrum of cp0 in DMSO-d6 and the detailed
molecular weight calculation, see Figure S1 (Supporting Information).

Sample Preparation: In a glovebox, neat cp0 and the desired amount
of IL were weighed in a vial with a magnetic stir bar, and then a small
amount of dry MeCN (≈1 mL) was added to support the mixing process.
After homogeneity was reached, MeCN was firstly removed by heating the
open vial in the glovebox at 120 °C overnight, then the vial was transferred
to a closed heating kit with an ultrahigh vacuum applied and dried at 80 °C
for 48 h before characterization.

Differential scanning calorimetry (DSC) measurements were performed
on a calibrated heat-flux DSC (Mettler-Toledo, Greifensee, Switzerland)
equipped with the FRS5 sensor, connected to a TC100 Intracooler (Huber,
Offenbach, Germany). About 0.5 mg of sample was placed in aluminum-
sealed crucibles for measurements. The thermal history was canceled by
heating the samples from 25 to 120 °C at 10 K min−1, followed by isother-
mal annealing for 20 min, re-cooling to −80 °C at 3 K min−1, and ther-
mostating at −80 °C for another 10 min. The final DSC curves were then
recorded from −80 to 120 °C at 3 K min−1.

Rheologymeasurements were performed on anMCR 101 DSO rheome-
ter (Anton Paar Germany GmbH, Ostfildern-Scharnhausen, Germany) us-
ing a parallel plate–plate geometry (plate diameter: 8 mm). All polymers
were dried under an ultrahigh vacuum at 80 °C for 24 h before the rheology
measurement. The samples were directly smeared on the lower plate of the
sample holder at 80–100 °C, then thermostated for an hour before load-
ing the upper kit. The sample temperature was regulated by thermoelectric
cooling/heating in a Peltier chamber under a dry nitrogen atmosphere. At
each temperature, the sample was equilibrated for 20 min before the mea-
surement was initiated. All measurements were performed in the dynamic
mode and repeated twice to ensure precise values. Data analysis was per-
formed via Rheo Compass (version V1.30.1064).

Liquid-State Nuclear Magnetic Resonance Spectroscopy was performed
on a Varian FT-NMR spectrometer (400 MHz for 1H-NMR and 100 MHz
for 13C-NMR, respectively) (Agilent Technologies Germany GmbH & Co.
KG, Waldbronn, Germany). All samples were measured at 27 °C us-
ing deuterated dimethyl sulfoxide (DMSO-d6). Chemical shifts (𝛿) were
recorded in parts per million (ppm) relative to the remaining protonated
solvent signals (DMSO-d6: 2.50 ppm (1H) and 39.5 ppm (13C). The data
analysis was performed via MestReNova (version 9.0.1-13254).

Solid-State Magic Angle Spinning Nuclear Magnetic Resonance Spec-
troscopy (MAS NMR) was performed on a Bruker Avance III HD 600 MHz
spectrometer using a 3.2 mm double-channel probe. The spinning rate
was up to 20 kHz MAS and the temperature ranged from 263.0 to
326.4 K, although the sample temperature is up to 30 K higher due to
frictional heating during magic angle spinning. The magic angle was
optimized with KBr. 𝛼-glycine was used to calibrate the 1H 90° pulse
and the 13C cross-polarization conditions. For 13C cross-polarization
experiments, a 90 to 100 ramp and SPINAL64 heteronuclear decoupling
were used. To get more insights into the mobile parts, 13C NMR spectra
with direct excitation and a short interscan delay of 1s were measured.
Adamantane was used to reference the chemical shift. Rotor-synchronized
1H(SQ)−1H(DQ) BABA experiments were recorded.[43,44] The data analy-
sis was performed via MestReNova (version 9.0.1-13254) or with TopSpin
(Version 4.0.8).

Variable-Temperature Attenuated Total Reflection (ATR) FT-IR Spec-
troscopy was performed using a Bruker Tensor vertex 70 (Bruker Optik
GmbH, Bremen, Germany) equipped with a Golden Gate Heated Dia-
mond ATR top plate (Specac Ltd, Orpington, UK). All wavenumbers are
given in cm−1. For FT-IR measurements at elevated temperatures, sam-
ples were heated with the heating rate of 10 K min−1 and equilibrated at
the desired temperature for 2 min before the measurement started. Data
analysis was performed via the software OPUS (version 8.2) and Origin
2018 (version b9.5.0.193).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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The molecular environment around supramolecular bonding

systems significantly affects their stability and the assembly of

host–guest complexes, most prominent for hydrogen bonds (H-

bonds). Hamilton receptor-barbiturate host–guest complexes

are well-known in solution, typically forming a 1 : 1 molar ratio

complex. However, within a polymer matrix, these complexes

can form higher-order assemblies, deviating from the standard

1 : 1 complex, which are challenging to characterize and often

require lab-intensive methods. In this study, a novel Hamilton

receptor (H) was equipped with cyclopentene moieties and

used as a host to form host–guest complexes (H B) with

allobarbital (B), followed by covalent crosslinking. UV-Vis

spectroscopy titration experiments in different solvents and at

various temperatures revealed that polar solvents containing

additional H-bonding sites significantly reduce the formation of

the 1 : 1H Bcomplex, as indicated by a reduced association

constant. Higher-order aggregates (HH-dimer,HHH-trimer)

were subsequently detected via an alkene cross-metathesis

(CM) reaction to fix the assemblies covalently, followed by

analysis via electrospray ionization mass spectrometry (ESI MS).

This two-step method, firstly viaCMfixation followed by ESI

MS, was extended to study theH Bmodel complex within a

polyisobutylene (PIB) matrix, presenting a direct method to

analyze the complex host–guest assembly in solvent-free

(polymer) environments.

Introduction

Supramolecular structures, such as hydrogen bonding (H-

bonding) systems, constitute highly relevant structural units of

molecular self-assembly, bridging biological and synthetic

sciences by implementing dynamic properties into materials

and molecules. Similar to their behavior in solution,

supramolecular bonds[1] in polymers also exhibit (partially)

reversible formation and reformation via host–guest complexes,

depending on their bonding strength, their exchange kinetics,

as well as influences from the surrounding micro- and nano-

environment. Phase segregation, crystallization, or the assembly

of polymers is an additional structural principle where often

limited diffusion is coupled to an anisotropic environment, with

only rudimentary knowledge about the formation of host–guest

complexes therein as both diffusion and spatial in-homogene-

ities, as well as anisotropy, prevail.[2]Therefore, when embedded

into polymers, many host–guest complexes display an essen-

tially modified exchange behavior compared to their solution

counterparts,[1b,c]often characterized by clustering and aggrega-

tion effects forming host–guest complexes different from the

expected 1 : 1 stoichiometry.[3]Thus, for example, the effective

strength of H-bonds is influenced by a subtle interplay between

their intrinsic chemical structure (e. g., by substituent effects[4]),

the surrounding polarity of the medium, their concentration as

well as the microenvironment locally surrounding the H-

bonds.[1c] Clusters of H-bonds are often formed in solid

polymers, contributing most importantly to macroscopic effects,

such as self-healing and reformation of the initial

structures,[1c,3b,5] resulting in enormously different melt-flow

behavior of the materials by their now changed relaxation

behavior.[6]Whereas in most cases the same H-bonds, when

affixed to larger groups such as polymer chains, do not differ in

strength compared to the unsubstituted H-bond in well-

solvating solvents,[7]a significant effect on the formation of

different host–guest complexes observed from the local micro-

environment on the associating H-bonds in case of attached

polymers with reduced solubility.

We and others in the past have investigated the competing

phase segregation effects in supramolecular polymers bearing

H-bonds in both solutions and the solid state, wherein the

molecular recognition elements are based on multiple H-

bonding moieties (see Figure 1a), such as the thymine-

diaminopyridine (THY-DAP), the thymine-diaminotriazine (THY-

DAT), the ureidopyrimidinone dimers (UPy-UPy), and Hamilton-

receptor-barbiturate (HWBa) host–guest complexes.[1b,c,3,8]By

tuning the segregation between the polymer chains, H-bonded

supramolecular dendrons can be formed, displaying a complex

assembly behavior into nanophases or the formation of (chain-

extended) pseudo-block copolymers.[9]While attractive H-bond-
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ing in solution usually exceeds phase segregation effects

between the polymer chains, the situation is different in

polymers devoid of solvent, either in the melt state, the

(semi)crystalline or liquid crystalline state,[10]as now segrega-

tion can become dominant over the attractive H-bonding, also

leading to clustering effects not observed in solution (see

Figure 1b). Methods to study dynamics and thermodynamics of

bond-breaking/reformation are currently only indirect ones,

mainly using melt rheology[11]or magic-angle spinning (MAS)

NMR spectroscopy[1b,12]with cluster sizes estimated by X-ray

techniques.[1b,6c,11a,h,13]

Multiple H-bonding systems, such as the UPy-UPy or the

HWBa, have become crucial for generating stable and

reversible bonds in bulk-polymers. The HWBa host–guest

complexes herein have been intensely studied in solutions,

displaying a strong and specific assembly with an association

constantKassn.up to 10
6M 1[15]and a directional nature owing to

the stereo-specified sextuple H-bonds, resulting in distinct 1 : 1

complexes in solution. Various chemical modifications have

been accomplished to tune the assembly behavior of the HW

receptor by modifying substituents at the outer rim[13f,16]or

forming cyclic HW receptors.[16c,17]These modifications open the

possibility of embedding further functionalities for a subse-

quent covalent modification to study the assembly processes

between the HWBa system, as well as further by a covalent

fixation after H-bonding formation, a strategy similar to the

concept of Scherman and Meijer.[18]Herein, a cross-metathesis

(CM) chemistry of adjacent ene-functionalities linked to the HW

and Ba molecules was used to fix the specific H-bonded

assembly of the HWBa host–guest complexes. We here present

a method to investigate H-bond clustering effects in solutions

and bulk-polymers using covalentCMchemsitry to tether

transient or thermodynamically stable structures. This approach

provides direct information that often is not accessible through

spectroscopic methods. Our approach (see Figure 2) is based on

a combination of supramolecular assembly via sextuple H-

bonds between a novel Hamilton receptor (H) bearing cyclo-

pentene moieties at the outer rim, and allobarbital (B) with allyl

groups, followed byCMreactions to fix the formed assemblies

covalently, which were subsequently analyzed by electrospray

ionization mass spectrometry (ESI MS). We conducted this two-

step covalent-fixation-ESI-analysis in different solvents at vari-

ous concentrations of theH Bsupramolecular binding partners

as a proof-of-principle study, followed by a preliminary

investigation inside a solvent-free polyisobutylene (PIB) matrix,

finally aiming to understand the behavior of such

supramolecular bonds in nonsolvating polymeric environments.

Results and Discussion

Model Hamilton Receptor-Barbiturate (H B) Host–Guest
Chemistry in Solution

Since the first reports on synthesizing the Hamilton receptor for

barbiturates in the 1980s to 1990s,[15,19]variations of such

receptors have been generated with multifold structures and

functionalities.[13f,16b,d,17d,20]We herein designed a novel Hamilton

receptorHbearing cyclopentene moieties at its outer rim

(Figure 2), able to undergo a subsequentCMreaction with

Grubbs catalysts. The cyclopentene moieties at the outer rim of

the Hamilton receptor were expected to change the specific

formation of the desired host–guest complex with barbiturates

only slightly, analogous to other modifications of the Hamilton

receptors reported previously.[17d,20b,e,21]Similarly, the bis-allyl-

barbitalBhas been equipped withCM-reactive allyl groups on

the C5 position, prepared as described in the supporting

information (for the detailed synthesis, seeSupporting Informa-

Figure 1.a) The molecular recognition elements of thymine-diaminopyridine
(THY-DAP), thymine-diaminotriazine (THY-DAT), ureidopyrimidinone dimer
(UPy-UPy), and Hamilton receptor-barbiturate (HWBa) host–guest com-
plexes based on multiple H-bonds (values of the association constantsKassn.s
were taken from ref. [14]); b) possible association between HW and Ba in
solution and bulk polymer forming aggregates and the backbone segrega-
tion during the assembly process.

Figure 2.a) Chemical structures and schematic illustration of the model
Hamilton receptorHand barbiturateBand their host–guest complex via
sextuple H-bonds; b) the concept of this work: upon concentrating, cooling,
or in a nonpolar environment,HandBassociate to form a specificH B
assembly and higher-order assemblies (=aggregates); upon diluting, heat-
ing, or in a polar environment,HandBdissociate and cross-metathesis (CM)
can be used to fix host/guest assemblies for subsequent ESI MS analysis.
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tion, SI 1.3). Conceptually, the 1 : 1H Bhost–guest complex can

be fixed covalently after its formation. However, it also allows

the detection of other formed complexes of different stoichiom-

etry by ESI MS measurements to reveal their chemical nature

and relative amounts. In bulk polymers, then devoid of solvents,

we previously observed the formation of host–guest complexes

different from the 1 : 1 stoichiometry in solution induced by

phase segregation effects from the polymer chains.[1b,3b,13d,22]

Here, the approach using covalent crosslinking viaCMafter

forming the host–guest complexes presents a first step to

reveal such host–guest structures inside the solvent-free

environment.

To explore the influence (solvents, temperature) on the

formation of the host–guest complexes of the modifiedHwith

B, the association constantKassn. of theH Bcomplex was

determined in various solvents. As reported previously,[24]

titration, in-situe followed by UV-Vis spectroscopy was em-

ployed due to its fast and sensitive determination and the low

demand on the amount of the substrates. As depicted in

Figure 3a), data collected from the UV titration were mathemati-

cally fitted to generate such a curve to obtain theKassn.under

different conditions using the online program BindFit (available

via http://supramolecular.org;[24,25]for UV titration, fitting, and

method details, see Supporting Information, SI 2). All the

determinedKassn.s are listed in Table 1. In Figure 3b), the

association constantsKassn.s ofHwithBin various solvents are

plotted against their dielectric constants,[23]indicative of the

effects of solvent polarity on the stability of theH Bcomplex.

As expected, in toluene (Tol) theH Bhost–guest complex

displays the highest stability withKassn.equal to ~10
5M 1, while

in the halogenated solvents such as chloroform (CHCl3) and

dichloromethane (DCM), Kassn. is reduced by an order of

magnitude to ~104M 1. In 1,2-dichloroethane (DCE), theH B

association is further weakened toKassn.~10
3M 1. Interestingly,

inα,α,α-trifluorotoluene (TFT), a solvent comparable to Tol but

with an enhanced polarity and distinct fluorophilicity, theH B

complex displays a surprising stability (see Entry S15 in Table 1),

aligning with previously reported solvophobic interactions[26]

that can enhance the H-bond strength. As expected, all other

polar solvents (such as 1,4-dioxane, hexafluoro-2-propanol,

isopropanol, acetonitrile, and THF, see Entry S4–S13) strongly

reduce the stability of the host–guest complex, with association

constantsKassn.s in the range of ~10
2M 1. To further examine

that the addition of extra donors/acceptors, besides polarity,

leads to the reduction of H-bond strength,Kassn.of theH B

complex was determined in toluene-methanol mixtures with

increasing content of MeOH in Tol to detect the critical

concentration of MeOH required to reduce the stability of the

Figure 3.a) Data fitting from UV-Vis spectroscopy titration to determine the association constantKassn.(figure-insert shows the UV-Vis spectrum at different
[H]:[B] ratios); association constantsKassns.of theH Bmodel host–guest complex in various solvents at 20°C plotted against their dielectric constants taken
from the literature [23]; the detailedKassn.s are listed in Table 1 (each determination was repeated 3–5 times to ensure reproducibility; for titration, fitting, and
method details, seeSupporting Information, SI 2); c) association constants of theH Bmodel in toluene+methanol mixtures (the line is a guide for the eye
only; error bars are based on fitting errors); d) van’t Hoff plot of association constants of the model compounds in toluene (Tol) and 1,2-dichloroethane (DCE)
at various temperatures (grey curves and equations are from the fitting of data using a polynomial function; error bars are based on fitting errors; for fitting
details, seeSupporting Information, SI 2.2).
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host–guest complex. As demonstrated in Figure 3c), as the

MeOH content increases up to a molar ratio of MeOH/Tol=0.03

(MeOH=0.03, Tol=1), the stability indicated byKassn.is reduced

significantly by two orders of magnitude. A further increase of

the MeOH content to 0.2 equivalents further reduces the

stability (Kassn.to ~10
2M 1) comparable to that in other polar or

H-bonding-replacing solvents, such as HFiP, EA, and DMSO. This

extreme reduction inKassn.upon the addition of MeOH to Tol

demonstrates that even a subtle change in the micromolecular

environment, from a purely nonpolar aprotic medium to a

slightly polar protic medium, can result in a significant

weakening of the H-bonds in the H Bmodel host–guest

complex.

To probe the impact of the micro-environment on the

thermodynamics of theH Bhost–guest complex, van’t Hoff

plots were employed as outlined in Figure 3d) in two different

solvents (Tol, DCE) via temperature-dependent measurements.

Similar to previously reported studies utilizing van’t Hoff plot to

analyze the thermodynamics of supramolecular systems,[27]

including HWBa complexes,[28]theKassn.of theH Bmodel

host–guest complex obtained from UV titrations at various

temperatures was fitted using a second-order polynomial

function. This approach accounts for the nonlinearity arising

from the non-constant standard enthalpy change over the

selected temperature range (for fitting details, seeSupporting

Information, SI 2.2).[29]At temperatures of 20–40°C theH B

model complex remains stable withKassn.unchanged but starts

to decline at temperatures above 40°C, while in DCE,Kassn.is

steadily reduced as temperature increases, starting from 20°C

and thereon, indicating different contributions from enthalpic

and entropic factors. Indeed, known from the enthalpy change

ΔHand the entropy changeΔS(see Table 2) obtained from the

fitting, at a temperature below 40°C, the association of theH B

model complex in Tol is largely entropy-driven, while that in

DCE is a largely enthalpy-driven process over the whole

temperature range (20–60°C). Additionally, as temperature

increases, the absolute value of the Gibbs energy changeΔG

determined in Tol decreases, indicative of a reduced association

between the modelHandB. However, the temperature effect

in DCE is less significant, evidenced by the barely changedΔG

over the whole temperature range. Therefore, the molecular

surroundings indeed affect the thermodynamics of theH B

model complex by altering the contribution of the enthalpy

and the entropy of the H-bonding process.

Probing Covalent Fixation of the HB Host–Guest Complexes
via Cross-Metathesis (CM) Chemistry

Several reactions were carried out to covalently fix theH B

model host–guest complexes with a 1 : 1 stoichiometry [H]:[B]

and aggregates with different stoichiometries (e. g., dimercm-

HH, trimercm-HHH, and others as indicated) under various

conditions (see Table 3) using cross-metathesis (CM)reaction.

As illustrated in Figure 4a), theHandBmodel compounds, the

Grubbs catalyst (10 %mol), and the degassed solvent were

placed in a vial in a glovebox with an N2atmosphere. The vial

was heated for 24 hours before1H NMR spectroscopy was used

to prove the conversion by monitoring the resonances of the

initial alkenes atδ=5.62, 5.36, 4.95, and 4.82 ppm vs. the newly

formed alkenes atδ=5.57, 5.25, and 5.19 ppm. Details of the

reaction, the conversion, the catalysts, and the concentrations

used are shown in Table 3. For Entry 1, the reaction was carried

out at 100°C in Tol with 0.01 M as the concentration ofHorB

in a ratio of 1 : 1. Grubbs catalyst 3rdgeneration (G3) was chosen

Table 1.Dielectric constants of solvents and association constantsKassn.and the Gibbs-energy (ΔG) of theH Bmodel host–guest complex in various
solvents.

Entry Solvent Abbreviation Dielectric Constant[a] Kassn./M
1 [b] ΔG/kJ mol1 [c]

S1 Chloroform CHCl3 4.8 4.13×104 25.9

S2 Dichloromethane DCM 8.9 4.12×104 25.9

S3 1,2-Dichloroethane DCE 10.4 3.78×103 20.1

S4 1,4-Dioxane Dioxane 2.2 7.02×102 16.0

S5 N,N-Dimethylformamide DMF 36.7 7.34×102 16.1

S6 Dimethyl Sulfoxide DMSO 46.7 5.96×102 15.6

S7 Ethyl Acetate EA 6.0 7.08×102 16.0

S8 Ethylene Glycol EG 37.0 6.46×102 15.8

S9 Hexafluoro-2-propanol HFiP 16.7 5.66×102 15.4

S10 2-Propanol iPA 17.9 9.99×102 16.8

S11 Acetonitrile MeCN 37.5 7.18×102 16.0

S12 Methanol MeOH 32.7 7.12×102 16.0

S13 Tetrahydrofuran THF 7.6 6.44×102 15.8

S14 Toluene Tol 2.4 4.69×105 31.8

S15 α,α,α-Trifluorotoluene TFT 9.2 1.67×105 29.3

* [a] The dielectric constants were taken from the ref. [23]; [b] determined by UV-Vis spectroscopy titration at 20°C (each determination was repeated 3–5

times to ensure reproducibility; for details, seeSupporting Information, SI 2); [c] calculated byΔG=RT lnKassn.

Wiley VCH Dienstag, 28.01.2025
2508 / 384747 [S. 68/75] 1

Chem. Eur. J.2025,31

Chemistry—A European Journal 

, e202403939 (4 of 11) © 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

Research Article

 15213765, 2025, 
8, 
Do
wnloaded fro

m https://che
mistry-europe.o

nli
nelibrar

y.
wiley.c

o
m/doi/10.1002/che

m.202403939 by 
Fak-

Martin 
Luther 

Universitats, 
Wiley 

Online 
Library on [16/03/202

5]. 
See the 

Ter
ms and 

Conditions (https://o
nlineli

brar
y.
wiley.co

m/ter
ms-a
n
d-co
nditio

ns) o
n 
Wiley 

Online 
Library f

or rules 
of use; 

O
A articles are governed 

by the applicable 
Creative 

Co
m
mons 

Lice
nse

doi.org/10.1002/chem.202403939



due to its known fast initiation forCMreactions, allowing an

efficient fixation of theH Bmodel complex and its potential

aggregates. As shown in Figure 4b), a complete conversion of

model compounds could be observed as evidenced by the

shifted1H resonances of the alkenes (fromδ=5.62 in the black

spectrum toδ=5.57 ppm in the red spectrum) and the

disappearance of the alkene protons (δ=5.36, 4.95, and 4.82 in

the red spectrum) and the newly formed alkene peak atδ=

5.58 ppm as compared to the control NMR spectrum in black.

At a reaction temperature of 100°C, the stability of the H-bonds

is strongly reduced, as is consequently the formation of the

H Bhost–guest complex. Therefore, a reaction at 50°C with

other conditions was carried out, as shown in Entry 2. In

Figure 4b), the NMR spectrum (shown in blue) shows a

conversion of 89.4 %, as demonstrated by the residual alkene

protons from B. Owing to the limited solubility of the

components at 50°C, DCE was used as a non-H-bond-replacing

solvent to offer a higher concentration of theHandB(Entry 3),

expected to lead to higher stabilities of the host–guest complex

H B. We also conducted a trial in MeOH (Entry 4), anticipated

to reduce the formation of specificH Bhost–guest complexes.

Furthermore, Grubbs catalyst 2nd generation (G2) was also

tested (Entry 5), which showed a slightly higher conversion at

50°C. We further conducted theCMreaction of theHandB

model compounds directly inside a bulk polyisobutylene (PIB)

devoid of solvent to probe the formation of aggregates inside a

solvent-free environment (Entry 6). In this reaction (see the

experimental setup in Figure 7), theHandBmodel compounds

were mixed with the Grubbs catalyst and thePIBpolymer at

room temperature using THF to reach homogeneity, followed

by a quick evaporation of THF at room temperature in vacuum

to avoidCMin the solution state. Subsequently, the reaction

was heated at 50°C in a glovebox under an N2atmosphere for

24 hours, and the conversion of this reaction (see Table 3,

Entry 6) demonstrates a successfulCMreaction inside thePIB.

Overall, the data indicate that a successfulCMreaction can be

employed, both in solution and the solid state, to generate a

conversion ofCMranging from 78–100 %, using either G3 or G2

catalysts at temperatures (50°C) where theH Bhost–guest

complexes are expected to be formed, together with potential

formation of other aggregates.

ESI MS Analysis of the Covalently Fixed Complexes from
Cross-Metathesis (CM) Reactions

Subsequently, the reaction mixtures were analyzed using ESI

MS to identify the products formed via the CMreaction.

Potentially, these products can consist of a) the cyclic reactants

(cm-Horcm-B) resulting from intramolecularCMreactions

(macrocyclization of individualHorBmodel compounds); and

b) from 1 : 1 host–guest complexes (cm-HB) or from other

aggregates formed via H-bonds and fixed through intermolecu-

larCMreactions (examples arecm-HH,cm-HHH). The analysis

by ESI MS was conducted firstly qualitatively to identify specific

forms. Using Entry 1 as an example, as shown in Figure 5a), the

products via the intramolecularCMwere found as cyclizedcm-

Bandcm-H, resulting from the ring-closing of the allyl/

Table 2.EnthalpyΔH, entropyΔS, and the Gibbs energyΔGof theH Bmodel host–guest complex in toluene (Tol) and 1,2-dichloroethane (DCE) at various
temperatures.

In Toluene (Tol) In 1,2-Dichloroethane (DCE)

T /°C T /K ΔH/kJ mol1 ΔS
/kJ mol1K1

ΔG
/kJ mol1

ΔH
/kJ mol1

ΔS
/kJ mol1K1

ΔG
/kJ mol1

20 293 58.06 0.30 29.47 11.88 0.03 20.06

30 303 7.30 0.13 31.59 20.16 0.00 20.20

40 313 40.22 0.03 32.09 27.91 0.03 20.07

50 323 84.79 0.17 31.12 35.18 0.05 19.70

60 333 126.68 0.29 28.81 42.01 0.07 19.12

70 343 166.13 0.41 25.28 – – –

80 353 203.35 0.52 20.63 – – –

* The enthalpyΔH, the entropyΔS, and the Gibbs energyΔGof theH Bmodel host–guest complex were calculated from the constants obtained from the

fitting of the Figure 3d); for fitting details,Supporting Information, SI 2.2.

Table 3.Reaction conditions for the cross-metathesis (CM) reaction to fix the
H Bmodel complex and their possible aggregates, and the conversion
calculated by1H NMR spectra.

Entry T/
°C

Solvent Concentration/
M[a]

Catalyst[b] Conversion[c]

1 100 Tol-d8 0.01 G3 100 %.

2 50 Tol-d8 0.01 G3 89.4 %

3 50 DCE 0.1 G3 89.5 %

4 50 MeOD 0.01 G3 78.8 %

5 50 DCE 0.1 G2 97.6 %

6 50 PIBd) – G3 97.3 %

* [a] Concentration refers toHorBin a 1 : 1 ratio; [b] G3: Grubbs catalyst 3rd

generation; G2: Grubbs catalyst 2ndgeneration; catalyst load was kept at 10 %

mol for all entries; all reactions were carried out in a glovebox under an N2
atmosphere; [c] the conversion was calculated by the ratio of the integral of

unreacted alkene and the product ene; for detailed calculations and NMR

spectra for all entries, seeSupporting Information, SI 3; [d]PIBwas used as the

reaction matrix; for detailed experimental conditions and process, see

Supporting Information, SI 1.3.
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cyclopentene moieties in a single molecule. As depicted in

Figure 5b), the model host–guest complex fixed by theCM

reaction was found ascm-HB. Although the temperature was

kept to 100°C, a pretty harsh condition to maintain the host–

Figure 4.a) Schematic explanation to conduct cross-metathesis (CM) reactions to fix theH Bmodel complexes; forming oligomers (representative structures
cm (B, H, HB, HH, HHH) are shown) b)1H NMR spectrum of the reaction mixture from Entry 1 and 2, see Table 3; The zoom-in of the double bond region of the
1H NMR spectrum.

Figure 5.Representative products from Entry 1 (experimental condition: Tol-d8,HorBin a 1 : 1 ratio at 0.01 M, G3 catalyst) found by ESI MS using negative
modus without salt (for simulation of all ions, constitutional isomers, and intermediates from cross-metathesis reactions for all entries, see the attached
Supporting Information, SI 3 and SI PDF file: ESI Analysis_All Entries).
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guest complex,cm-HB,cm-HH, andcm-HHHcomplexes were

identified, with the dimers (cm-HH) and trimers (cm-HHH) being

present, beyond our expectation, which were identified by the

ESI MS analysis (the constitutional isomers ofcm-HHandcm-

HHH can be found inSupporting Information, SI 3). These

oligomers can be attributed to the self-association ofHand the

potentially higher reactivity of the cyclopentene moieties

compared to the allyl groups onB. Probing different reaction

conditions (see Table 3), we could identify all those products

with different temperatures and concentrations (as possible and

partially limited by the reduced solubility ofHandBunder

specific conditions). Nevertheless, the intermediate product

bearing a styrene residue from the Grubbs catalyst was found

for all entries, together demonstrating the successfulCM

reactions affording the similarly fixed individual model com-

pounds and their possible aggregates (for the analysis of all

products and intermediates for all entries, seeSupporting

Information, SI 3, and the attached PDF file: ESI Analysis_All

Entries).

We then went one step further to reveal the relative ratios

of the different ions of the different host–guest complexes since

ESI MS not only can qualitatively identify the products[30]but

also allows us to semi-quantitatively extract the relative ratios

among theCMproducts, which are essential to further study

changes in response to different reaction conditions (concen-

tration, solvent, temperature). In line with previous work on

protein/lipid complexes,[31]we used the intensity of individual

peaks representing a specific product to calculate the normal-

ized product percentage within one measurement, provided

that allCM products have similar structures and should

demonstrate equal ionization in the ESI process. As there are

multiple ions for one CMproduct, the intensity of all the

relevant ion couplings for this respective product was summed

as cumulative intensity and used for calculation (for calculation

details, seeSupporting Information, SI 3).

Indeed, the fixed H-bond-mediated products demonstrate

different normalized product ratios due to the applied con-

ditions influencing the H-bonds. The calculation and the

analysis results for all entries are summarized in Table 4, with

the schematic formulas provided therein, focusing on the major

products detected and identified via ESI MS. In Entry 1–6, the

CMproduct ofcm-Bis present in only a negligible percentage.

This low percentage ofcm-Bcould result from the low reactivity

of the allyl group to form the target cyclopentene ring,

impeding the ring-closingCM reactions catalyzed by the

Grubbs catalyst. By contrast, due to the relatively low concen-

tration applied and the high reactivity of cyclopentene moieties

driven by the ring strain, the cyclic productcm-Hshows the

highest ratio among all products, ranging from 74.47 % (Entry 4)

to 95.22 % (Entry 5). As the temperature was decreased from

100°C (Entry 1) to 50°C (Entry 2), expected to promote the

formation of theH Bhost–guest complex via the intermolecu-

lar H-bonds, the amount ofcm-Hshows a decreasing ratio from

91.89 % to 75.96 %, with a concomitant increase of the fixed

complexcm-HBfrom 1.62 % to 4.62 %. When concentration

increased from 0.01 M (Entry 2) to 0.1 M (Entry 3), the formation

of theH Bcomplex should be favored, visible by the now

changed product (cm-HB) ratio (4.62 % vs. 9.07 %), in line with

expectations.

The experimental conditions (solvents, temperature)

strongly influence the aggregation/association of the formed

CMproducts. In Figure 6, the ratio of the fixed aggregated

products, namelycm-HB,cm-HHfor the dimer, andcm-HHH

for the trimer, were plotted to illustrate the obtained product

ratios. For Entry 1, using 100°C in Tol-d8to fix the aggregates

with a quantitative conversion, most H-bonds accounting for

the formation of the host–guest complexes were also de-

stroyed, showing the productcm-HBas a consequence with

the lowest percentage of 1.63 %, comparable to that in Entry 4

where the H-bond-replacing solvent MeOD was used though at

50°C. These two comparable amounts of theH Bhost–guest

Table 4.Normalized product percentages calculated based on ESI MS intensities of each product.

Entry[a] Experimental Conditions cm-B cm-H cm-HH[b] cm-HHH[b] cm-HB

1 Tol-d8_100°C_0.01 M 0.24 % 91.89 % 5.93 % 0.23 % 1.63 %

2 Tol-d8_50°C_0.01 M 0.31 % 75.96 % 12.81 % 6.30 % 4.62 %

3 DCE_50°C_0.1 M – 87.98 % 2.55 % 0.40 % 9.07 %

4 MeOD_50°C_0.01 M 0.08 % 74.47 % 15.25 % 8.35 % 1.84 %

5 DCE_50°C_0.1 M_G2 – 95.22 % 2.16 % 0.32 % 2.30 %

6 PIB_50°C 1.67 % 81.12 % 7.01 % 2.92 % 7.28 %

* [a] The normalized percentages were calculated based on the cumulative intensity of the products in ESI MS spectra; for detailed calculation, see

Supporting Information, SI 3; [b] the structures ofcm-HHandcm-HHHhere were selected as representatives, and their constitutional isomers can be found

in theSupporting Information, SI 3.
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complex in Tol at 100°C and in MeOH at 50°C reveal that

elevation of temperature weakens the H-bonds and the

resulting host–guest complex in a similar manner as the change

of the solvent from an H-bond-maintaining Tol-d8to an H-

bond-replacing MeOD. When the temperature was reduced to

50°C (Entry 2), the percentage of the dimeric aggregate,cm-

HH, increased to 4.62 %, as expected. Increasing the concen-

tration of the reactantsHandBto 0.1 M (Entry 3) led to an

increase in the specificH Bhost–guest complex, yieldingcm-

HB with the highest percentage of 9.07 % among all the

products. Owing to the promoted reactivity of cyclopentene

moieties onHinCMreaction compared to allyl groups onB, in

Entry 1, 2, and 4, the aggregatedcm-HHandcm-HHH

demonstrate higher percentages than the associatedcm-HB.

However, this ratio is lower thancm-HBif the solvent is

replaced by DCE (Entry 3 and 5). For Entry 4, though MeOH was

added to the reaction medium,cm-HHandcm-HHHare formed

in high percentages, which we attribute to the closer proximity

among the aromatic rings driven by hydrophobic interaction

from pi-pi stacking over the now strongly diminished H-bonds

as destroyed by the polar protic nature of MeOH.

Cross-Metathesis (CM) Reaction in a Solvent-Free Polymeric
Environment - inside a Polyisobutylene (PIB) Matrix

As described in Table 3 and Table 4, Entry 6CMwas conducted

to fix theH Bmodel host–guest complex and the possible

aggregates inside aPIBmatrix and further subject to the ESI MS

analysis. As illustrated in Figure 7a), theH andBmodel

compounds, the G3 catalyst, and thePIBmatrix (Mn=1300 Da)

were placed in a vial, and degassed THF was added. After all

components were dissolved, THF was removed at room temper-

ature using a rotary evaporator, followed by an ultra-high

vacuum to remove all THF residue. After refilling with argon,

the vial was heated at 50°C in a glovebox to promote theCM

reaction. After 24 hours, the reaction was removed from the

glovebox and diluted with a minimum amount of THF, followed

by digestion inn-hexane and MeOH to separate thePIBmatrix

from the formedCMproducts in a separation funnel. After

recovery from the MeOH phase, the herein soluble products

(devoid of thePIBmatrix, which was selectively removed by the

n-hexane) were analyzed firstly via1H NMR spectroscopy to

prove conversion (see Figures 7b&c). As theCMreaction was

conducted without a solvent, different ratios of the host–guest

complexes were expected to form. The chemical shifts of the

alkene moieties atδ=5.65 and 5.20 ppm ofBvanished almost

completely, and a new singlet peak atδ=5.65 ppm was

formed, indicative of a successfulCMreaction. In addition, the

starting resonancesHatδ=5.74 ppm vanished, with a new

resonance appearing atδ=5.72 ppm, demonstrating the con-

version of the model compounds (97.3 %, see Table 3, Entry 6).

Further, the fixed complexes/aggregates were analyzed by the

method developed previously using ESI MS. As depicted in

Figure 6, the fixed host–guestcm-HBdemonstrates a product

ratio of 7.28 %, comparable to that in Entry 3 using a 0.1 M

model compound concentration. The fixed dimercm-HHwas

found with a product ratio of 7.01 % for the aggregated

products. In comparison, the fixed trimercm-HHHdemon-

strated the highest ratio of 2.92 % among all entries due to the

promoted aggregation by the nonpolar and non-H-bond-

replacingPIBbulk.

Figure 6.Normalized percentage of selected products for Entry 1–6 (the normalized percentage was calculated based on the cumulative intensity of the
products in ESI MS spectra; for detailed calculation, seeSupporting Information, SI 3; the structures ofcm-HHandcm-HHHhere were selected as
representatives, and their constitutional isomers can be found inSupporting Information, SI 3.)
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We further probed diffusion-ordered NMR spectroscopy

(DOSY) to distinguish the different products based on their

diffusion coefficients, similar to the reported identification of

complex mixtures without separation.[32]After the workup, as

described in Entry 6, the product mixture was directly probed.

As shown in Figure 8, the newly formed alkene resonance at

δ=5.65 ppm and the peak atδ=5.72 ppm can be clearly

distinguished on the DOSY spectrum. Indicated by the yellow

arrows, the resonances atδ=5.72&3.25 andδ=1.0–1.5 ppm

illustrate theCM products of barbiturate cm-Band the

aggregated oligomers with a diffusion coefficient of

6.50×105cm2s1. The alkene resonances atδ=5.68 ppm (see

green arrows), together with the phenyl-resonances (Ph ) at

δ=7.5–8.5 ppm, demonstrate a reduced diffusion coefficient of

5.50×105cm2s1, which can be assigned to the fixed host–

guest complexcm-HBas well as the aggregated productscm-

HHandcm-HHH. Thus, with the assistance of DOSY, various

products can be further identified without separation. When

our method for aggregate analysis is applied to study H-bonded

aggregates in polymers, the resultingCM products with

polymeric backbones can be distinguished by DOSY, hence

facilitating the MS analysis which is typically more challenging

when dealing with polymers.

Figure 7.a) Schematic explanation of cross-metathesis (CM) reaction in a polyisobutylene (PIB) matrix and the workup to removePIBmatrix; b)1H NMR (in
CDCl3) of the products mixture before the addition of catalyst and after workup to removePIBmatrix; c) zoom-in of the double bond region of the

1H NMR
spectrum; the vanish of the starting alkene shifts indicates the high conversion (97.3 %) of Entry 6 (see Table 3).

Figure 8.a) Diffusion-ordered NMR spectroscopy (DOSY) spectrum of the products mixture from Entry 6 directly after workup; b) the zoom-in of the region of
product signals. (the alkene and other shifts referred by the yellow arrows are attributed to the fixed products ofcm-Band possible aggregates as evidenced
by a lack of phenyl (Ph ) shifts, while the alkene and other shifts referred by the green arrows are attributed to the fixed productscm-HB, as well as the
aggregated productscm-HHandcm-HHH).
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Conclusions

We here experimentally probed the formation of host–guest

complexes of Hamilton receptor-barbiturate (H B) complexes,

formed in solution and inside a polymer matrix, to probe the

influence of a microenvironment on their supramolecular

association behavior. A new method was developed to firstly

covalently fix the H-bonded associates/aggregates via an alkene

cross-metathesis (CM) reaction, followed by analysis of these

then covalently linked aggregates using electrospray ionization

mass spectrometry (ESI MS). To this end, a novel Hamilton

receptor (H) was equipped with cyclopentene moieties and

used as a host to form host–guest complexes with allobarbital

(B), as studied via UV-Vis spectroscopy titration experiments in

different solvents and at various temperatures. These experi-

ments allowed us to validate the formation of the specific host–

guest complexes. Furthermore, it is observed that polar solvents

containing additional H-bonding sites significantly reduce the

formation of the 1 : 1H Bcomplex, indicated by an association

constant ofH B, weakened fromKassn.=~10
5M 1in toluene, to

~104M 1in halogenated solvents (chloroform, DCM), further to

~103M 1in 1,2-dichloroethane, and finally, to ~102M 1in polar

H-bonding-replacing solvents such as MeOH, HFiP, and DMSO.

In addition, the presence of 0.2 equivalents of methanol in

toluene significantly reducedKassn.to ~10
2M 1, comparable to

other polar H-bonding-replacing solvents. To probe the cross-

metathesis (CM) chemistry for covalent fixation of the H-

bonded structures, we probed Grubbs 2nd and Grubbs 3rd

generation catalysts under several reaction conditions (solvent,

temperature, and concentration), identifying the optimal reac-

tion conditions at 50°C. Higher-order aggregates (dimerscm-

HHand trimerscm-HHH, denoted afterCMreactions) were

covalently tethered viaCMreaction, followed by electrospray

ionization mass spectrometry (ESI MS) analysis. This two-step

method, first a covalentCMfixation followed by ESI MS, was

extended to study theH Bmodel complex within a poly-

isobutylene (PIB) matrix, presenting a method to analyze the

complex host–guest assemblies in solvent-free (polymeric)

environments. The results indicated a higher percentage of H-

bonded 1 : 1H Bassembly,cm-HB, and an increased amount of

dimers, cm-HH, and trimers,cm-HHH, due to the closer

proximity among the model compounds and the related

segregation effects from the surrounding polymer matrix. This

approach successfully established a two-step method to study

H-bonded assemblies, allowing to be identified via ESI MS

analysis, even inside concentrated or solvent-free systems, such

as in a model polymer (polyisobutylene,PIB). This approach,

therefore, opens a new perspective to reveal the formation of

aggregates and complex assemblies, potentially avoiding the

need for laborious physical characterizations such as SAXS/

WAXS.
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4. Conclusion 

This cumulative thesis investigates the H-bonds of modified barbiturate (Ba), 

2-thiobarbiturate (TBa), ureido-pyrimidinone (UPy), and the Hamilton wedge-

barbiturate (HW-Ba) complex by manipulating molecular surroundings and 

extending the study to polymer matrices. The first approach explores the 

distinct H-bonding behavior of TBa compared to Ba in solution, solid-state, and 

within a polyisobutylene (PIB) matrix. The second approach examines the 

dynamics and stability of UPy quadruple H-bonds in polymerized ionic liquids 

(POILs) which is a highly charged ionic media, employing both solution-based 

and solid-state characterizations. The third approach investigates H-bonding in 

the HW-Ba complex across solvents with tailored polarity and H-bonding 

donor/acceptor abilities, establishing a two-step methodology that involves 

covalent fixation followed by ESI MS analysis to characterize H-bonded 

aggregates. 

• Investigation of H-bonding in modified barbiturate and 2-
thiobarbiturate both in solutions and in nonpolar PIB: 

To explore the proximity effect arising from the receptor atom of H-bonds, 

barbiturate and 2-thiobarbiturate were prepared using a condensation reaction 

between C-2 modified malonate and urea or thiourea. NMR titration (Figure 4.1) 

using CDCl3 yielded the H-bonding strength with a Ka of 4.26 M-1 for B and 0.94 

M-1 for TB. VT NMR spectroscopy revealed the slower dynamics of sulfur H-

bonds of TB, as there appear two distinct -NH shifts representing -NH···O=C 

and -NH···S=C H-bonds at temperatures lower than 0 °C. Meanwhile the slower 

dynamics by reduced temperature led to peak broadening of B as there is only 

-NH···O=C H-bond. Therefore, the H-bonding in TB could involve both sulfur at 

the C-2 position and oxygen at the C-4/6 position. Solid-state characterization 

by DSC demonstrated a semicrystalline nature of B by the strong and highly 

ordered H-bonds of barbiturate that introduce a glass transition, a crystallization 

peak, and a melting peak. The weaker and less ordered sulfur H-bonds of TB 

result in a higher glass transition temperature than B, with no crystallization and 

melting peak observed. Further, VT FT-IR revealed the highly dynamic nature 

of TB H-bonds already at room temperature, demonstrated by the broad H-

bonded -NH stretching at ~ 3200 cm−1 and free -NH stretching at ~ 3390 cm−1. 

The H-bonds of B are “frozen” and became dynamic at a temperature higher 

than 85 °C, as evidenced by the free -NH stretch at ~ 3400 cm−1 and the 
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broadened peak at ~ 3250 cm−1 that was found at ~ 3200 cm−1. As for TB, its 

spectra remain almost identical to those at room temperature, similar to the 

spectra of B in the melt state, indicative of an already dynamic character with 

more broken H-bonds in thiobarbiturates TB within the whole temperature 

Figure 4.1 a) NMR titration of B and TB in CDCl3, yielding a Ka equal to 4.26 M-1 for B and 

for 0.94 M-1 TB; b) VT NMR spectra of B and TB, showing two distinct H-bonds of TB 

detected as temperature reduces; c) proposed H-bonding pattern of TB; d) DSC 

thermogram of B and TB, demonstrating the weaker H-bonds of TB introduces a higher Tg; 

e) VT FT-IR spectra of B and TB, showing TB bears more dynamic H-bonds already at 

room temperature while B becomes dynamic only when the temperature rises above 85 °C; 

f) frequency sweep of PB and PTB (two telechelic PIB modified with B or TB) at 20 °C, 

illustrating a faster dynamics of B than TB in the PIB matrix; g) loss tangent of PB and PTB, 

indicative for a more solid nature of PTB by the less order and weaker sulfur H-bonds. 
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range. Finally, the telechelic PIB was equipped with barbiturate or 2-

thiobarbiturate using CuAAC click chemistry to afford PB and PTB, and the 

frequency sweep at 20 °C by a rheometer revealed their H-bonding in such 

nonpolar polymer matrix. As characterization by the crossover of the G’ and G’’, 

PB shows a relaxation at τ = 5.27 × 10−3 s−1. PTB demonstrated no terminal 

relaxation within the given frequency range, elucidating that thiobarbiturate 

aggregates in PTB display a longer lifetime compared to the native barbiturate 

aggregates in PB. Besides their longer lifetime, H-bonds in PTB are indeed 

more tolerant against a low frequency (of shear) than those in PB at a frequency 

lower than ~ 53 s−1, evidenced by a lower loss tangent value of PTB than that 

of PB. In summary, TB demonstrates a weak and slower association compared 

to B in solutions, and in the solid state, the less-ordered H-bonds of TB frustrate 

the crystallization but introduce glass transition at a higher temperature 

compared to B. When embedded at both ends of a nonpolar PIB, the faster 

dynamics of B result in an early terminal relaxation of the PIB matrix while the 

TB of slower dynamics results in a more robust H-bond against shear.  

• Investigation of stability of ureido-pyrimidinone quadruple H-bonds in 
ionic media: 

To introduce a (poly-) ionic environment to the ureido-pyrimidinone (UPy) 

quadruple H-bonding motif, the acrylate-based ionic liquid monomer (ILA) and 

UPy-bearing monomer (UPyA) were synthesized and polymerized via RAFT 

polymerization. Increasing the UPy content in the copolymer led to a transition 

from a gel to a powdery polymer (Figure 4.2), indicating stronger interchain 

interactions due to the UPy H-bonds. This effect was further confirmed by DSC 

analysis, which showed an elevated Tg with higher UPy content, resembling the 

effect of increased Mn. Due to the dynamic nature of H-bonding and ionic 

interactions in the copolymer, the material with Mn = 10 kDa and 7 %mol UPy 

could be hot-pressed into disc (or stripe) specimens, demonstrating self-healing 

at 40 °C within an hour. Tensile strain-stress tests quantified this self-healing 

efficiency, showing that the low-molecular-weight copolymer (Mn = 10 kDa and 

7 %mol UPy) achieved nearly complete self-healing, whereas the high-Mn 

counterpart (Mn = 67 kDa, 7 %mol UPy) exhibited greater tensile strength 

(ultimate strength = 2.25 MPa). To investigate the influence of an ionic medium 

on UPy H-bonds, a neat copolymer (Mn = 11.5 kDa, 25 %mol UPy, denoted as 

cp0) was mixed with varying amounts of pyrrolidinium 

bis(trifluoromethylsulfonyl)imide (IL), generating cp25, cp50, and cp75 (with the  
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Figure 4.2 a) Synthesis of polymeric ionic liquids (POIL-x) and UPy-containing POILs 

(CPILU-y) via RAFT polymerization; b) photos of CPILU with a increasing content of UPy 

motifs, showing the material status changes from gel to powdery; c) DSC thermogram 

of POIL and CPILU with different Mn and UPy content, demonstrating UPy H-bonds can 

increase the Tg which is a similar effect from increasing Mn; d) manufacture of a disc 

sample of CPILU (Mn = 10 kDa, 7 %mol UPy) and the self-healing test at 40 °C; e) the 

tensile strain-stress curve of as-prepared and self-healed CPILU (Mn = 10 and 67 kDa, 

7 %mol UPy), showing low-molecular-weight endows better self-healing while high-Mn 

confers better tensile strength; f) master curve of neat CPILU (11.5 kDa and 25 %mol of 

UPy motifs, renamed “cp0”) and CPILU + 25 %wt pyrrolidinium 

bis(trifluoromethylsulfonyl)imide (IL) (sample name = cp25), demonstrating the fastened 

but not altered polymer dynamics by mixing low-molecular-weight IL; g) the VT ss NMR 
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number indicating the IL weight percentage). VT ss NMR spectra demonstrated 

the stability of UPy H-bonds in cp0 up to ~80 °C (considering an additional 30 °C 

from frictional heating379 during rotation). VT FT-IR spectra further indicated that 

UPy H-bonds began dissociating above 70 °C, as evidenced by a blue shift in 

C=O stretching and broadening of the -NH stretching band. Importantly, ss 

NMR confirmed that UPy H-bonds remained intact despite IL mixing, a finding 

further validated by FT-IR analysis. The master curve analysis of cp0 and cp25 

revealed similar profiles with transitions occurring on different timescales, 

indicating accelerated polymer dynamics upon IL mixing but without altering 

fundamental behavior. This observation suggests that IL enhances chain 

mobility by reducing chain friction via solvation rather than disrupting UPy H-

bonds, highlighting the independent stability of UPy H-bonds within the 

copolymer matrix. 

• Investigation of H-bonds and aggregates of novel Hamilton wedge-
barbiturate complex: 

The host-guest association behavior between the modified barbiturate (B) 

and Hamilton wedge (H) was examined using UV titration experiments, to 

determine their Ka using different molecular proximity (Figure 4.3). By fitting the 

raw UV titration data, the Kas in different solvents were calculated and plotted 

against the dielectric constants of each solvent, highlighting the effect of solvent 

polarity on the stability of the H-B complex. In the nonpolar hydrocarbon solvent 

toluene, the complex exhibited the highest stability (Ka, Tol = ~ 105 M-1), due to 

the absence of competing H-bond donors or acceptors and the low polarity. In 

contrast, chlorinated solvents (DCM, CHCl3, DCE) weakened the association, 

with Ka, DCE = ~ 103 M-1, as a result of their higher polarity and weak H-bond-

accepting ability. Solvents containing oxygen or nitrogen atoms (dioxane, 

DMSO, DMF, EA, MeCN, THF) or hydroxyl groups (EG, HFIP, iPA, MeOH) 

significantly disrupted H–B binding (for instance, Ka, DMSO = ~ 102 M-1), due to 

their strong polarity and competitive H-bonding nature. Interestingly, in α,α,α-

trifluorotoluene (TFT), a solvent similar to toluene but with enhanced polarity 

spectra of cp0, showing the stable UPy H-bonds till ~ 80 °C (the Tactual with an additional 

30 °C due to the frictional heating upon rotation); h) ss NMR of samples with different 

content of low-molecular-weight IL mixed (cp“z”, z is the %wt of IL mixed), showing the 

UPy H-bonds is stable upon mixing with IL; i) VT FT-IR spectra of neat cp0, revealing 

the partially broken UPy H-bonds at T > 70 °C; j) FT-IR spectra of cp25, cp50, and cp75, 

illustrating the stable UPy H-bonds in these samples. 



 

93 

 

and fluorophilicity, the H-B complex exhibited unexpectedly high stability, 

attributed to solvophobic interactions. Titration in toluene-methanol mixtures 

further illustrated the sensitivity of H–B H-bonds to the molecular environment. 

As methanol content increased to a MeOH/Tol molar ratio of 0.03, the Ka 

Figure 4.3 a) Chemical structures of the modified barbiturate B, Hamilton wedge H, and 

the complex H-B, while the cyclopentene or allyl moieties allow for further chemical 

process; b) the UV titration plot with B equivalence, with the original UV spectra as the 

built-in figure; c) the association constant (Ka) of the complex H-B determined with various 

solvents; d) the Ka of the complex H-B determined in toluene-methanol mixtures, showing 

the sensitivity of the H-B complex to the polar and H-bond-replacing molecular 

surrounding; e) van't Hoff plot of Ka in toluene (Tol) and 1,2-dichloroethane (DCE) at 

multiple temperatures, demonstrating the solvent-dependent thermodynamics of the H-

bonds presenting in the H-B complex; f) the scheme showing the process to covalently fix 

the aggregated products by cross-metathesis reaction (CM); g) the ESI MS spectra of the 

selected aggregated products, showing the detection by ESI MS after CM is a feasible 

method for aggregates analysis. 
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dropped by two orders of magnitude, demonstrating the pronounced effect of 

solvent polarity and competition on complex stability. A van't Hoff analysis of Ka 

across different temperatures provided thermodynamic insights into the H-B 

host-guest complex. In toluene, the association process was predominantly 

entropy-driven below 40°C, whereas in DCE, the binding remained largely 

enthalpy-driven across the entire temperature range (20 – 60 °C). This variation 

confirmed that molecular surroundings influence the thermodynamics of H-

bonding by modulating enthalpic and entropic contributions. Further, the 

presence of cyclopentene or allyl moieties enabled covalent fixation of the H-B 

complex via cross-metathesis (CM), and the resulting aggregates were 

analyzed using ESI MS to determine molecular weight distribution and 

aggregation ratios under different conditions. This two-step strategy, covalent 

fixation via CM followed by ESI MS analysis, was extended to study H-B 

aggregates within a solvent-free PIB matrix, providing a novel approach for 

examining aggregate formation and complex assemblies in polymer matrices. 
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1. Experimental Part 

1.1. Solvents and Materials  

Chloroform from VWR, ethyl acetate from Overlack, methanol from Brenntag, and 

toluene from Roth were purchased in technical grade and distilled at least once prior 

use. Deuterium chloroform (CDCl3-d) and deuterium dimethyl sulfoxide (DMSO-d6), 

from Chemotrade, were used as NMR deuterium solvents.  

 

Dry solvents were prepared as follows: tetrahydrofuran (THF), from Roth, was predried 

over potassium hydroxide for several days and refluxed over sodium and benzophenone 

under inert atmosphere and distilled freshly before use; n-hexane, from Roth, was 

refluxed over concentrated sulfuric acid and oleum to remove olefins and subsequently 

distilled over sodium and benzophenone under an inert gas atmosphere for several 

hours; dichloromethane (DCM), from Overlack, was predried over calcium chloride for 

several days and then refluxed over calcium hydride for several hours; diethyl ether, 

from Overlack, was passed through a column filled with sodium sulfate to remove 

moisture; dimethyl sulfoxide (DMSO), from Grüssing, was stored over molecular 

sieves (pore diameters 4Å) for several days before use; N,N-dimethylformamide (DMF) 

from Grüssing was stored over calcium hydride for several days before use.  

 

1-Bromo-3-phenoxypropane was purchased from Alfa Aesar; titanium tetrachloride, 

magnesium chips, iodomethane, N,N-dimethylacetamide, 2,6-di-tert-butyl pyridine, 

and isobutylene were purchased from Sigma Aldrich; 5-(tert-butyl)isophthalic acid 

were purchased from TCI. All chemicals listed here were used without any purification 

unless otherwise stated. 

1.2. Methods  

Thin-layer Chromatography (TLC) 

TLC was performed on “Merck silica gel 60” plates. Spots on TLC plate were 

visualized using UV light (254 or 366 nm), oxidizing agent “blue stain”, or potassium 
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permanganate solution. “Blue stain” was prepared as follow: (NH4)6Mo7O24∙4H2O (1 g) 

and Ce(SO4)2∙4H2O (1 g) were dissolved in a mixture of distilled water (90 mL) and 

concentrated sulfuric acid (6 mL). Potassium permanganate solution was prepared as 

follow: KMnO4(3 g) and K2CO3 (10 g) were dissolved in distilled water (300 ml). 

 

Electrospray Ionization Time-of-Flight Mass Spectroscopy (ESI-ToF MS) 

ESI-ToF MS measurements were performed using a Bruker Daltonics microTOF. 0.1 

mg of samples were dissolved in HPLC grade methanol. All spectra were obtained by 

means of direct injection with a flow rate of 180 μL h-1 in the negative mode with an 

acceleration voltage of 4.5 kV. 

 

Gel Permeation Chromatography 

GPC measurements were performed at 40 °C on a Viscotek GPCmax VE 2002 from 

ViscotekTM applying a HHRH Guard-17369 and a GMHHR-N-18055 column. As 

solvent THF was used and the sample concentration was adjusted to 3 mg·mL-1 while 

applying a flow rate of 1 mL·min-1. For determination of the molecular weights the 

refractive index of the investigated sample was detected with a VE 3580 RI detector of 

ViscotekTM and PIB-standards (320 g·mol-1 to 578,000 g·mol-1) were used as reference 

from ViscotekTM. 

 

Matrix-assisted Laser Desorption / Ionization Time-of-Flight Mass Spectrometry 

(MALDI-ToF MS) 

MALDI-ToF MS was done on a Bruker Autoflex III system in the reflection mode. 

Formation of ions was obtained by laser desorption (smart beam laser at 355, 532, 808, 

and 1064 ± 6.5 nm; 3 ns pulse width; up to 2500 Hz repetition rate). Ions were 

accelerated by a voltage of 20 kV, and detected as positive ions. 1,8-dihydroxy-9,10-

dihydroanthracen-9-one (Dithranol, 20 mg·mL-1 in THF) was used as matrix and 

sodium iodide (NaI, 20 mg·mL-1 in THF) was used as salts for ionizing polymers 

functionalized with hydrogen-bonding moieties (model polymer PB or PTB, 20 

mg·mL-1 in THF) while applying a volume ratio of 100:20:1. 
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1.3. Synthesis 

 

Figure S1 Synthetic procedure of 1) barbiturates B/B2 and 2-thiobarbiturate TB/TB2; 2) the initiator 3 
for LCCP of isobutylene; 3) telechelic dibarbiturate/dithiobarbiturate polyisobutylene PB/PTB. 

1) Synthesis of Diethyl 2,2-Di(dec-9-en-1-yl)malonate (M1) 

The synthesis of M1 was modified according to reference [1]. To a two-necked flask, 

sodium hydride (0.88g, 60% wt dispersion in oil , 110 mmol) was placed followed by 

adding 20 ml dry THF. While the flask was cooled in an ice bath, diethyl malonate (1.52 

ml, 10 mmol) dissolved in 5 ml dry THF was added dropwise. The reaction mixture 

was stirred for 30 minutes till clear, then treated with 10-bromo-1-decene (4.02 ml, 22 

mmol) dissolved in 5 ml dry THF. The reaction mixture was heated to reflux 
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(temperature of oil bath was 85 °C) for 72 hours, monitored by TLC. After reaction was  

finished, the mixture was quenched with 50 ml 1 M hydrochloric acid, and was 

extracted with ethyl acetate (3 × 30 ml). The combined organic layers were washed 

with brine, dried with sodium sulfate, filtered and concentrated under reduced pressure. 

Column chromatography on silica with hexane/diethyl ether 100:10 was performed. 

After drying under vacuum, M1 as a colorless liquid was obtained. Yield: 2.98 g (68 %). 
1H-NMR (500 MHz, CDCl3): 5.78 (2 H, ddt, J 16.9, 10.1, 6.7), 5.02 – 4.85 (4 H, m), 

4.15 (4 H, q, J 7.1), 2.06 – 1.98 (4 H, m), 1.87 – 1.80 (4 H, m), 1.40 – 1.05 (31 H, 

m).13C-NMR (101 MHz, CDCl3): 171.97, 139.12, 114.07, 60.85, 57.51, 33.75, 32.09, 

29.79, 29.33, 29.24, 29.05, 28.88, 23.87, 14.08. 

2) Synthesis of Diethyl 2,2-Di(dec-9-en-1-yl)malonate (M2) 

The M2 was synthesized according to reference [2]. 1H-NMR (400 MHz, DMSO-d6: δ 

ppm 4.12 (q, J = 7.1 Hz, 4H), 2.77 (t, J = 2.6 Hz, 1H), 2.18 (td, J = 6.8, 2.7 Hz, 2H), 

1.92 – 1.74 (m, 4H), 1.31 – 1.21 (m, 2H), 1.16 (t, J = 7.1 Hz, 6H).13C-NMR (101 MHz, 

DMSO-d6): δ ppm 171.29, 84.37, 71.90, 61.17, 57.44, 30.59, 25.07, 23.10, 18.31, 14.37, 

8.52. 

 

General Synthesis of Barbiturate and 2-Thiobarbiturate 

To synthesize different barbiturates and 2-thiobarbiturates by condensation of malonate 

substrates with urea or thiourea, the general synthesis was modified according to 

reference [2,3] as follow: to a flask cooled in an ice bath finely grounded urea (10 

equivalence) or thiourea (6 equivalence) and potassium tert-butoxide (2.2 equivalence) 

were added. Dry DMSO was added to dissolve the solids, followed by stirring for 30 

minutes till the mixture turned clear. Then the malonate (M1 or M2, 1 equivalence) was 

added and the mixture was stirred at different temperature for different time, monitored 

by TLC. After reaction the reaction mixture was diluted with 1 M hydrochloric acid 

(the pH of the mixture was checked to be 2). The mixture was extracted with ethyl 

acetate for three times. The combined organic extracts were washed with water, dried 

with sodium sulfate, filtered, and concentrated under reduced pressure. Further 

purification was performed by column chromatography on silica or recrystallization in 
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toluene at 75 °C. 

3) Synthesis of 5,5-Di(dec-9-en-1-yl)pyrimidine-2,4,6(1H,3H,5H)-trione (B) 

General synthesis was followed. Urea (3.00 g, 50 mmol), potassium tert-butoxide (1.23 

g, 11.0 mmol) and diethyl 2,2-di(dec-9-en-1-yl)malonate M 1 (2.18 g, 5.0 mmol) were 

mixed in 20 ml DMSO and stirred at 40 °C for 48 hours. Column chromatography on 

silica with ethyl acetate/n-hexane 1:4 was performed. After drying under high vacuum, 

B1 as a white solid was obtained. Yield: 1.05 g (52 %). M.p.: 91°C (DSC). 1H-NMR 

(500 MHz, CDCl3): δ ppm 8.75 (2 H, s), 5.79 (2 H, ddt, J 16.9, 10.2, 6.7), 5.02 – 4.89 

(4 H, m), 2.07 – 1.90 (8 H, m), 1.42 – 1.10 (24 H, m). 13C-NMR (101 MHz, CDCl3): δ 

ppm 172.93 , 149.14 , 139.23 , 114.31 , 56.87 , 39.33 , 33.88 , 29.55 , 29.40 , 29.23 , 

29.12 , 28.97 , 25.22. ESI-ToF MS: [M-H]- calculated for C24H40N2O3, 403.60; found, 

403.29. 

4) Synthesis of 5,5-Di(dec-9-en-1-yl)-2-thioxodihydropyrimidine-4,6(1H,5H)-dione 

(TB) 

General synthesis was followed. Thiourea (1.14 g, 15.0 mmol), potassium tert-butoxide 

(617 mg, 5.5 mmol) and M1 (1.10 g, 2.5 mmol) were mixed in 10 ml DMSO and stirred 

at room temperature for 24 hours. Column chromatography on silica with diethyl 

ether/n-hexane 1:4 was performed. After drying under high vacuum, TB as a slight 

yellowish high viscous liquid was obtained. Yield: 0.65 g (62 %). 1H-NMR (500 MHz, 

CDCl3): δ ppm 9.23 (2 H, s), 5.79 (2 H, ddt, J 16.9, 10.2, 6.7), 5.02 – 4.89 (4 H, m), 

2.06 – 1.88 (8 H, m), 1.43 – 1.11 (24 H, m). 13C-NMR (101 MHz, CDCl3): δ ppm 

176.09 , 170.80 , 139.24 , 114.32 , 57.04 , 39.41 , 33.89 , 29.55 , 29.38 , 29.20 , 29.11 , 

28.97 , 25.19. ESI-ToF MS: [M-H]- calculated for C24H40N2O2S, 419.66; found, 419.26. 

5) Synthesis of 5-Ethyl-5-(pent-4-yn-1-yl)pyrimidine-2,4,6(1H,3H,5H)-trione (B2) 

The B2 was synthesized according to reference [2]. 1H-NMR (400 MHz, DMSO-d6): δ 

ppm 11.53 (s, 2H), 2.77 (t, J = 2.6 Hz, 1H), 2.12 (td, J = 6.9, 2.7 Hz, 2H), 1.91 – 1.78 

(m, 4H), 1.30 – 1.21 (m, 2H), 0.74 (t, J = 7.4 Hz, 3H). 13C-NMR (101 MHz, DMSO-

d6): δ ppm 173.29, 150.23, 83.95, 72.12, 55.86, 37.26, 31.78, 24.06, 18.04, 9.51. ESI-

ToF MS: [M-H]- calculated for C11H14N2O3, 221.24; found, 221.10. 

6) Synthesis of 5-Ethyl-5-(pent-4-yn-1-yl)-2-thioxodihydropyrimidine-4,6(1H,5H)-
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dione (TB2) 

General synthesis was followed. Thiourea (6.45 g, 84.71 mmol), potassium tert-

butoxide (3.67 g, 31.06 mmol) and M2 (3.59 g, 14.12 mmol) were mixed in 15 ml 

DMSO and stirred at room temperature for 24 hours. Column chromatography on silica 

with ethyl acetate/chloroform 1:8 was performed then the crude TB2 was recrystallized 

in toluene. After drying under high vacuum, TB2 as a slight yellowish solid was 

obtained. Yield: 1.85 g (56 %). 1H-NMR (400 MHz, DMSO-d6): δ ppm 12.61 (s, 2H), 

2.78 (t, J = 2.6 Hz, 1H), 2.13 (td, J = 6.9, 2.7 Hz, 2H), 1.93 – 1.81 (m, 4H), 1.32 – 1.20 

(m, 2H), 0.75 (t, J = 7.4 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6): δ ppm 179.23, 

171.31, 83.91, 72.17, 56.45, 37.20, 31.81, 24.03, 18.02, 9.50. ESI-ToF MS: [M-H]- 

calculated for C11H14N2O2S, 237.31; found, 237.08. 

 

Synthesis of Telechelic Polyisobutylenes 

7) Synthesis of Dimethyl-5-(tert-butyl)isophthalate (1) 

5-(tert-butyl)isophthalic acid (2.5 g, 11.25 mmol) was dissolved in methanol (100 ml). 

Then sulfuric acid (1.25 ml, 22.6 mmol) was added and the reaction mixture was heated 

to reflux for 48 hours. After cooling down to room temperature, the solvent was 

removed under reduced pressure. The product was purified using column 

chromatography (chloroform) and allowed to crystallize in the freezer. After drying 

under vacuum, 1 as a white solid was obtained. Yield: 2.4 g (85 %). 1H NMR (400 MHz, 

CDCl3): δ 8.50 (t, J = 1.6 Hz, 1H), 8.26 (d, J = 1.6 Hz, 2H), 3.95 (s, 6H), 1.38 (s, 9H). 
13C NMR (100 MHz, CDCl3): δ 166.63, 152.13, 130.91, 130.35, 128.02, 52.27, 34.98, 

31.16. 

8) Synthesis of 2,2-(5-(Tert-butyl)-1,3-phenylene)bis(propan-2-ol) (2) 

A 500 ml flask was heated and flushed with nitrogen thrice. Magnesium chips (4.6 g, 

0.19 mol) were dissolved in dry diethyl ether (100 ml) and a small portion of 

iodomethane (2 ml, 32 mmol) was added. The mixture was allowed to react until a color 

change was observed. The reaction mixture was held at 0°C, while the rest of 

iodomethane (12.5 ml, 200 mmol) was added. In a second flask 1 (9.5 g, 38 mmol) was 

dissolved in dry diethyl ether (150 ml) and was added to the reaction mixture over 2 
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hours and stirred for 16 hours. The solvent was evaporated und the crude product was 

recrystallized from hot ethyl acetate at 80°C. After drying under vacuum, 2 as a white 

solid was obtained. Yield: 8.0 g (84 %). 1H NMR (400 MHz, CDCl3): δ 7.43 (m, 3H), 

1.75 (s, 2H), 1.60 (s, 12H), 1.35 (s, 9H). 13C NMR (100 MHz, CDCl3): δ 150.98, 148.63, 

119.83, 117.65, 72.88, 35.01, 31.88, 31.50. 

9) Synthesis of 1-(Tert-butyl)-3,5-bis(2-methoxypropan-2-yl)benzene (3) 

2 (1.9 g, 7.6 mmol) was dissolved in methanol (30 ml). Then sulfuric acid (0.004 ml, 

72.3 μmol) was added and the reaction mixture was heated to refluxed for 24 hours. 

After cooling down to room temperature. The solution was adjusted to pH 7 using 

sodium bicarbonate, then extracted with hexane (50 ml) twice. The organic phase was 

then washed with distilled water (50 ml) four times, then dried with sodium sulfate. The 

solvent was removed under vacuum. After drying under vacuum, 3 as a white solid was 

obtained. Yield: 1.5 g (80 %). 1H NMR (400 MHz, CDCl3): δ 7.32 (d, J = 1.7 Hz, 2H), 

7.23 (t, J = 1.7 Hz, 1H), 3.07 (s, 6H), 1.54 (s, 12H), 1.33 (s, 9H). 13C NMR (100 MHz, 

CDCl3): δ 150.76, 145.20, 121.19, 120.35, 77.24, 50.56, 34.84, 31.51, 28.13. 

10) Synthesis of Telechelic Dibromopolyisobutylene (PBr) 

A 250 ml flask was heated and flushed with nitrogen thrice. A stock solution of DCM 

(1 ml), N,N-dimethylacetamide (21 µl, 0.23 μmol), di-tert-butyl pyridine (50 µl, 

0.23 μmol) and 3 (244 mg, 0.8 mmol) were prepared in a separate flask. Hexane and 

DCM (45 ml; 60:40) and the stock solution were added to the reaction flask via septum 

and cooled down to -80°C. Isobutylene (3.4 ml, 35.6 mmol) was condensed at -70°C in 

a separate flask and added to the reaction flask via septum. Titanium tetrachloride 

(1.2 ml, 10.9 mmol) was added and the mixture was stirred for 10 min. The reaction 

was quenched with 1-bromo-3-phenoxypropane (803 µl, 5.1 μmol) and stirred for 3 

hours. The solvent was removed under reduced pressure, and the crude polymer was 

subsequently dissolved in hexane and precipitated into methanol (400 ml). After drying 

under high vacuum, PBr as a colorless viscous liquid was obtained. Yield: 2.7 g (90 %). 

Mn, GPC = 2981. 1H NMR (400 MHz, CDCl3): δ 7.26 (m, 4H), 7.17 (s, 3H), 6.82 (m, 

4H), 4.08 (t, J = 5.8 Hz, 4H), 3.60 (t, J = 6.5 Hz, 4H), 2.31 (p, J = 6.2 Hz, 4H), 1.83 (s, 

6H), 1.80 (s, 6H), 1.42 (m, 85H), 1.10 (m, 256H). 
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11) Synthesis of Telechelic Diazidopolyisobutylene (PN3) 

Telechelic dibromo-PIB PBr (Mn was assumed to 3000) (1.15 g, 0.383 mmol) was 

dissolved in a 80 ml n-heptane/DMF mixture (1:1 v/v), then sodium azide (506 mg,    

7.7 mmol) was added. The reaction mixture was heated to 90 °C for 8 h. After the 

reaction mixture was cooled down, the n-heptane layer was separated and washed with 

water (3 x 50 ml). The organic layer was dried over sodium sulfate and the solvent was 

removed. The crude polymer was redissolved in n-hexane and then precipitated into  

methanol (3 x 400 ml). After drying under high vacuum PN3 as a yellowish viscous 

liquid was obtained. Yield: 1.05 g (94 %). Mn, GPC = 2818. 1H NMR (400 MHz, CDCl3): 

δ 7.26 (d, J = 8.8 Hz, 4H), 7.17 (s, 3H), 6.81 (d, J = 8.8 Hz, 4H), 4.03 (t, J = 5.9 Hz, 

4H), 3.51 (t, J = 6.7 Hz, 4H), 2.04 (p, J = 6.3 Hz, 4H), 1.83 (s, 6H), 1.80 (s, 6H), 1.44 

– 1.36 (m, 85H), 1.18 – 0.95 (m, 256H). 

12) Synthesis of Telechelic Dibarbiturate Polyisobutylene (PB) 

The synthesis was modified according to reference [4,5]. Telechelic diazido-PIB 

(PN3) (Mn was assumed to 3000) (506.4 mg, 0.169 mmol), B2 (87.68 mg, 0.371 

mmol), and N,N-diisopropylethylamine (174.2 µl, 1.016 mmol) were dissolved in 

15 ml dry THF. The mixture was purged with argon for 30 minutes to remove 

oxygen. Cu(I)iodide (6.56 mg, 0.0338 mmol) was added under counterflow of 

argon then stirred at 50 °C for 48 hours. The reaction was checked by TLC. After 

reaction was finished, 30 ml 1 M hydrochloric acid was added and the mixture was 

extracted with DCM (3 x 30 ml). The combined organic mixture was washed with 

water (1 x 30 ml) and dried over sodium sulfate. Then DCM was removed under 

reduced pressure and the raw product was purified by column chromatography on 

silica with ethyl acetate/hexane (1:1, Rf, BA = 0.5, Rf, P1 = 0) then 

chloroform/methanol (1:20, Rf, P1 = 0.5), followed by precipitation into methanol 

(400 ml). After drying under high vacuum PB as a yellowish rubbery solid was 

obtained. Yield: 265 mg (45 %). Mn, GPC = 3165. 1H NMR (400 MHz, CDCl3): 8.88 

(s, 4H), 7.29 (s, 2H), 7.26 (d, J = 8.8 Hz, 4H), 7.17 (s, 3H), 6.80 (d, J = 8.8 Hz, 4H), 

4.53 (t, J = 6.8 Hz, 4H), 3.95 (t, J = 5.7 Hz, 4H), 2.68 (t, J = 7.5 Hz, 4H), 2.35 (p, J 

= 6.4 Hz, 4H), 2.03 (dq, 4H), 1.83 (s, 6H), 1.80 (s, 6H), 1.70 – 1.53 (m, 8H), 1.43 
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– 1.30 (m, 85H), 1.14 – 1.00 (m, 256H), 0.88 (t, J = 7.4 Hz, 6H). 

13) Synthesis of Telechelic Dithiobarbiturate Polyisobutylene (PTB) 

The synthesis was modified according to reference [4,5]. Telechelic diazido-PIB 

(PN3) (Mn was assumed to 3000) (434.6 mg, 0.145 mmol), TB2 (78.64 mg, 0.33 

mmol), and N,N-diisopropylethylamine (257.67 µl, 1.5 mmol) were dissolved in 

15 ml dry THF. The mixture was purged with argon for 30 minutes to remove 

oxygen. Cu(I)iodide (5.83 mg, 0.033 mmol) was added under counterflow of argon 

then stirred at 50 °C for 48 hours. The reaction was checked by TLC. After reaction 

was finished, 30 ml 1 M hydrochloric acid was added and the mixture was extracted 

with DCM (3 x 30 ml). The combined organic mixture was washed with water (1 

x 30 ml) and dried over sodium sulfate. Then DCM was removed under reduced 

pressure and the raw product was purified by column chromatography on silica 

with chloroform/hexane (1:4, Rf, PTB = 0, Rf, TB2 = 0, Rf, PN3 = 1), then chloroform 

(Rf, PTB = 0, Rf, TBA = 0.25), and final methanol/chloroform (1:20, Rf, PTB = 0.5) 

followed by precipitation into methanol (3 x 400 ml). After drying under high 

vacuum PTB as a brown rubbery solid was obtained. Yield: 230 mg (49 %). Mn, 

GPC = 3165. 1H NMR (400 MHz, CDCl3) δ 9.24 (s, 4H), 7.27 (d, J = 8.5 Hz, 6H), 

7.17 (s, 3H), 6.80 (d, J = 8.7 Hz, 4H), 4.54 (t, J = 6.7 Hz, 4H), 3.95 (t, J = 5.6 Hz, 

4H), 2.74 – 2.60 (m, 4H), 2.36 (p, J = 6.4 Hz, 4H), 2.04 (dq, J = 16.0, 8.4 Hz, 4H), 

1.83 (s, 6H), 1.80 (s, 6H), 1.61 (s, 8H), 1.47 – 1.29 (m, 1036H), 1.15 – 0.99 (m, 

2345H), 0.89 (t, 25H). 
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2. Nonlinear Fitting of NH Chemical Shift for Association Constants 

For determination of the dimerization constant of the barbiturate B and thiobarbiturate 

TB, the stock solutions in CDCl3 were prepared and the exact concentration was 

calculated. The NMR samples were prepared by diluting the exact amount of the stock 

solutions with CDCl3 to reach the desired concentration, varying from 0.005 to 0.1 M. 

Then the N-H chemical shifts were recorded and plotted vs concentration as shown in 

the main text in Figure 1c). The association constant was calculated using the following 

equation (1): 𝛿 = 𝛿ேு,௙௥௘௘ + ఋಿಹ,೘ೌೣିఋಿಹ,೑ೝ೐೐[஻]బ ൬[𝐵]଴ + ଵସ௄ೌೞೞ೙. − ට([𝐵]଴ + ଵସ௄ೌೞೞ೙.)ଶ − [𝐵]଴ଶ൰ (1) 

Where 𝛿 is the experimental N-H chemical shift; 𝛿ேு,௙௥௘௘ is the N-H chemical shift for the species free from hydrogen bonds (the 

N-H chemical shift from the sample with 0.005 M was used here); 𝛿ேு,௠௔௫ is the N-H chemical shift for the fully hydrogen bonded species; [𝐵]଴ is the concentration of the NMR sample; 𝐾௔௦௦௡. is the association constant. 

3. Calculation of Coalescence Constant 

Using the equation (2), the coalescence rate constant at the TCoalescence = 0 °C can be 

calculated. 𝑘௖ = గ∆జ√ଶ ≈ 2.22ඥ∆𝜐ଶ + 𝐽஺஻ଶ  (2) 

Where ∆𝜐 is the difference of frequency of the two isolated peaks; 𝐽஺஻ is the J-coupling of the two isolated peaks 

If we apply the coalescence rate constant to Eyring equation (3), the free enthalpy of 

coalescence can be calculated. 𝑘௖ = χ ௞ಳ்௛ 𝑒∆ீ೎ಯ ோ்ൗ  (3) 

Where 
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𝑘஻ is the Boltzmann constant; χ is the transmission coefficient, assumed equal to 1; ℎ is the Planck constant: ∆𝐺௖ஷ is the Gibbs free energy of activation. 

4. Space Filling Model of B in Langmuir Film 

Figure S2 The space filling model of B and the hypothesized arrangement on the water subphase. For 
the molecule TB, the model is identical except a larger C2=S thus is not shown here. 

5. Summary of Characterization of Model Polymers 

Table S1 Molecular weight and PDI from NMR, GPC, and MALDI-ToF MS; glass transition 
temperature; and melt viscosity at 80 °C of polymer precursor PBr and model polymer PB and PTB. 

 Mn NMR Mn GPC Mn MALDI PDI GPC Tg DSC (°C) Viscosity 80°C (Pa‧s) 

PBr 3512 2981 - 1.32 -58.8 6.43 

PB 3741 3165 2800 1.43 -61.3 3.03 × 107 

PTB 3971 3244 3091 1.78 -59.6 1.63 × 108 
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6. NMR Spectra of Model Compounds and Polymers 

Figure S3 1H NMR spectrum of B. 

Figure S4 13C NMR spectrum of B. 
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Figure S5 1H NMR spectrum of TB. 

Figure S6 13C NMR spectrum of TB. 
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Figure S7 1H NMR spectrum of PB. 

Figure S8 1H NMR spectrum of PTB. 
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7. ESI-ToF MS Spectra of Model Compounds 

Figure S9 Left: the full experimental ESI-ToF MS spectra; middle: the compound spectra; and right : 
the simulated isotope pattern of a) B, b) TB, c) B2, and d) TB2. 
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8. MALDI-ToF MS Spectra of Model Polymers 

1,8-dihydroxy-9,10-dihydroanthracen-9-one (Dithranol, 20 mg·mL-1 in THF) was used 

as matrix and sodium iodide (NaI, 20 mg·mL-1 in THF) was used as salts for ionizing 

polymers functionalized with hydrogen-bonding moieties (model polymer PB or PTB, 

20 mg·mL-1 in THF) while applying a volume ratio of 100:20:1 in reflection mode. 

8.1. Spectra of PB 

Figure S10 a) MALDI-ToF spectra of PB; b) the zoom-in of the peak at 3055.37; and c) the simulated 
isotope pattern for [C36H48N5O6(C4H8)35C20H24N5O4]+[Na2+H]+. 
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8.2. Spectra of PTB 

Figure S11 a) MALDI-ToF spectra of PTB; b) the zoom-in of the peak at 3087.08; and c) the 
simulated isotope pattern for [C36H48N5O5S(C4H8)35C20H24N5O3S]+[Na2+H]+. 
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9. DSC Curves of Model Polymers 

Figure S12 DSC curves of telechelic dibromo PIB PBr, model polymer PB and PTB (curves are 
vertically shifted). 

10. Loss Tangent vs Frequency Curve of Model Polymers 

Figure S13 Loss tangent vs frequency curve of model polymer PB and PTB. 
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11. Zero-shear Viscosity vs Temperature Curve of Model Polymers 

 Figure S14 Zero-shear viscosity vs temperature curve of model polymer PB and PTB. 
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1. Experimental Procedure 

1.1. Materials and Methods 

Solvents 
Acetonitrile (MeCN), dimethyl sulfoxide (DMSO) and dimethyl formamide (DMF) 
were purchased from Grüssing (Filsum, Germany); methylene chloride (DCM), 
acetone and n-hexane were purchased from Overlack (OQEMA GmbH, 
Mönchengladbach, Germany); tetrahydrofuran (THF) was purchased from Carl Roth 
(Karlsruhe, Germany); and dimethyl sulfoxide 99.7+% extra dry was purchased from 
Fisher Scientific (Schwerte, Germany). All the volatile solvents were purchased in 
technical grade and redistilled at least once before use. The DMF for polymerization 
was dried over a solvent purification system and the dimethyl sulfoxide 99.7+% extra 
dry was used as received. NMR solvents deuterated chloroform (chloroform-d) and 
deuterated dimethyl sulfoxide (DMSO-d6) were purchased from Chemotrade (Eckert & 
Ziegler Gruppe, Düsseldorf, Germany) and used as received. 
Methods 
Nuclear Magnetic Resonance 
All 1H-NMR and 13C-NMR spectra were measured on a Varian FT-NMR spectrometer 
(500 and 101 MHz, respectively) (Agilent Technologies Germany GmbH & Co. KG, 
Waldbronn, Germany). All samples were measured at 27 °C using deuterated 
chloroform (chloroform-d) or deuterated dimethyl sulfoxide (DMSO-d6). Chemical 
shifts (δ) were recorded in parts per million (ppm) relative to the remaining solvent 
signals (chloroform-d: 7.26 ppm (1H) and 77.0 ppm (13C), DMSO-d6: 2.50 ppm (1H) 
and 39.5 ppm (13C). Chemical shifts were reported with the following notations: s, 
singlet; d, doublet; t, triplet; q, quartlet; p, pentlet; m, a more complex multiplet or 
overlapping multiplets. The data analysis was performed via MestReNova (version 
9.0.1-13254). 
Gel Permeation Chromatography 
GPC (THF) measurements were performed on a Viscotek GPCmax VE 2002 (Malvern 
Panalytical GmbH, Kassel, Germany) GPC machine with a CLM3008 (Tguard, Org 
Guard 10×4.6) and a CLM3011 (Range:1000 – 400000 g·mol-1) main column at 30 °C. 
Detection of the refractive index was realized via a VE 3580 RI detector (Malvern 
Panalytical GmbH, Kassel, Germany) at 35 °C. Poly(styrene) (PS) was used as the 
external calibration standards with a molecular weight range from 300 to 170000 g·mol-

1. GPC (DMF+0.1M LiTFSI) measurements were performed on a Viscotek GPCmax 
VE 2001 (Malvern Panalytical GmbH, Kassel, Germany) GPC machine with a 
CLM3008 precolumn and a GMHHR-N-18055 main column in DMF with LiTFSI (0.1 
M) at 60 °C. Detection of the refractive index was realized via a VE 3580 RI detector 
(Malvern Panalytical GmbH, Kassel, Germany) at 35 °C. Poly(styrene) (PS) was used 
as the external calibration standards with a molecular weight range from 1050 to 
115000 g·mol-1. The data analysis was performed via OminSEC4.5 and Origin 2018 
(version b9.5.0.193). 
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1.2. Synthesis of Monomers and Polymers 

 
Scheme S1 Synthetic route of monomers, RAFT chain transfer agent, and polymers. 

a) Synthesis of 3-Chloropropyl Acrylate (CPA) 

The synthesis was adopted from the reference [1] with slight modification. 3-Chloro-1-
propanol (20.0 mL, 236.3 mmol) was dissolved in 150 mL dry DCM in a three neck 
flask and cooled at 0 °C. Triethylamine (33.3 mL, 236.3 mmol) dissolved in 75 mL dry 
DCM was added dropwise via a separation funnel under vigorous stirring over 1 hour. 
Then acryloyl chloride (18.3 mL, 214.8 mmol) dissolved in 75 mL dry DCM was added 
in the same way as triethylamine. The reaction mixture was stirred at 0 °C for about 1 
hour and subsequently at room temperature for 24 hours. After the reaction was finished, 
the reaction mixture was filtered and the organic liquid was washed with 1 M 
hydrochloric acid (150 mL × 1), DI water (150 mL × 3), and brine (150 mL × 1). The 
organic layer was collected, dried over sodium sulfate, filtered, and concentrated under 
reduced pressure. The crude product was then distilled at 55 °C (vapor temperature = 
31 °C) at 0.015 mbar. The purified 3-chloropropyl acrylate (CPA) was afforded as 
colorless liquids with the yield of 27.7 g (87 %). 1H NMR (400 MHz, Chloroform-d) δ 
6.41 (dd, J = 17.4, 1.5Hz, 1H), 6.12 (dd, J = 17.4, 10.4 Hz, 1H), 5.84 (ddd, J = 10.5, 
1.5, 0.5 Hz, 1H), 4.31 (t, J = 6.1 Hz, 2H), 3.63 (t, J = 6.4 Hz, 2H), 2.14 (p, J = 6.3 Hz, 
2H).13C NMR (101 MHz, Chloroform-d) δ 165.95, 130.94, 128.17, 61.20, 41.13, 31.59. 

b) Synthesis of 1-(3-(Acryloyloxy)propyl)-1-methylpyrrolidin-1-ium Bis(trifluoro-
methanesulfonyl)imide (ILA)  

The synthesis was adopted from the reference [1] with slight modification and was 
carried out in two steps: 
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First step b1):  
CPA (7.5 g, 50.7 mmol) was dissolved in MeCN (30 mL) and heated to 75 °C, followed 
by adding 1-methylpyrrolidine (5.6 mL, 53.3 mmol). After 24 hours, the reaction 
mixture was cooled down to room temperature and MeCN was removed by a rotary 
evaporator at 35 °C. Then a little amount of water (5 to 10 mL) was added to dissolve 
the raw product and the water solution was washed with DCM (50 mL × 3), whereafter 
the water phase was concentrated under reduced pressure. The crude product was 
afforded as a viscous brownish oil and was used directly in next step without further 
purification.  
Second step b2): 
The product from the first step b1) was dissolved in water (10 mL) and added to a water 
solution (10 mL) of lithium bis(trifluoromethanesulfonyl)imide (15.5 g, 53.3 mmol). 
The reaction mixture was then stirred at room temperature for 24 hours. After the reac-
tion was finished, the reaction mixture was extracted with DCM (50 mL × 3). Then the 
combined organic layers were washed with water (50 mL × 3) and dried over sodium 
sulfate. The sodium sulfate was filtered and active charcoal was added to the organic 
solution and stirred at room temperature for 5 hours to decolorize the product. After 
decolorization the active charcoal was filtered and DCM was evaporated under reduced 
pressure. The product 1-(3-(acryloyloxy)propyl)-1-methylpyrrolidin-1-ium 
bis(trifluoromethanesulfonyl)imide (ILA) was afforded as a transparent viscous 
yellowish oil with the total yield of 31.9 g (80%). 1H NMR (400 MHz, DMSO-d6) δ 
6.38 (dd, J = 17.3, 1.5 Hz, 1H), 6.18 (dd, J = 17.3, 10.4 Hz, 1H), 5.99 (dd, J = 10.4, 1.5 
Hz, 1H), 4.19 (t, J = 6.2 Hz, 2H), 3.55 – 3.37 (m, 6H), 3.00 (s, 3H), 2.20 – 2.01 (m, 
6H). 13C NMR (101 MHz, DMSO-d6) δ 165.74, 132.34, 128.48, 124.73, 121.53, 118.32, 
115.12, 64.03, 61.74, 60.78, 47.97, 23.30, 21.51. 19F NMR (376 MHz, DMSO-d6) δ -
78.74. 

c) Synthesis of 2-(3-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl 
Acrylate (UPyA) 

The synthesis was adopted from the reference [2] with slight modification. 6-
Methylisocytosine (5.0 g, 40.0 mmol) was placed in 100 mL DMSO and the mixture 
was heated at 120 °C till a clear solution was obtained. Then the flask was removed 
from the oil bath and 2-isocyanatoethyl acrylate (5.2 mL, 42.0 mmol) was added 
immediately to the flask, followed by cooling in a water bath to inhibit polymerization. 
The reaction mixture was stirred for 3 hours at room temperature. After reaction was 
finished, the white solid was filtered and washed thoroughly with n-hexane and dried 
under reduced pressure. Then the product was dried via a freeze-drier to remove 
residual DMSO. The purified product was afforded as a white powder with a yield of 
9.5 g (87 %). 1H NMR (400 MHz, Chloroform-d) δ 12.95 (s, 1H), 11.94 (s, 1H), 10.47 
(s, 1H), 6.44 (dd, J = 17.4, 1.5 Hz, 1H), 6.13 (dd, J = 17.3, 10.4 Hz, 1H), 5.88 – 5.70 
(m, 2H), 4.29 (t, J = 5.7 Hz, 2H), 3.57 (q, J = 5.6 Hz, 2H), 2.23 (s, 2H). 13C NMR (126 
MHz, Chloroform-d) δ 173.00, 166.22, 156.97, 154.68, 148.39, 131.00, 128.52, 106.93, 
63.03, 38.96, 19.11. 
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d) Synthesis of Dibenzyl Carbonotrithioate (DBTTC) 

The synthesis was performed according to reference [3]. 1H NMR (400 MHz, 
Chloroform-d) δ 7.40 – 7.24 (m, 10H), 4.64 (s, 4H). 13C NMR (101 MHz, Chloroform-
d) δ 222.86, 135.07, 129.39, 128.84, 127.91, 41.68. 

e) RAFT Homopolymerization of ILA for POIL-x 

RAFT homopolymerization of ILA was carried out in DMF using DBTTC as the 
RAFT chain transfer agent and ABIN as the initiator. Typically, ILA (1086.0 mg, 2.3 
mmol), DBTTC (5.6 mg, 2.3×10-2 mmol), AIBN (0.4 mg, 2.3×10-3 mmol) were 
dissolved in DMF (2.3 mL) inside a Schlenk tube. Trioxane was added as the NMR 
reference to monitor the monomer conversion. The Schlenk tube was sealed with a 
rubber septum and the reaction mixture was purged with nitrogen for 30 minutes to 
deoxygenate under vigorous stirring. The tube was then quickly immersed in an oil bath 
thermostated at 80 °C. Aliquots were taken at certain time intervals and measured 1H 
NMR to study the kinetics of the polymerization by calculating the integral of vinylenic 
protons of ILA to the integral of trioxane protons. The reaction was stopped by opening 
the septum and subsequently precipitated into DCM twice to eliminate the monomer 
residue. The polymer was collected and finally dried at 80 °C under vacuum for 24 
hours. The molecular weight was evaluated by 1H NMR using the characteristic methyl 
protons of the pendent pyrrolidinium (≡N-CH3, 3nH, δ = 3.02 ppm, with n being the 
degree of polymerization) and the characteristic aromatic protons of DBTTC (phH, 
10H, δ = 7.37 ppm). 

f) RAFT Copolymerization of ILA with UPyA for CPILU-y 

RAFT copolymerization of ILA with UPyA was carried out in DMF using DBTTC as 
the RAFT chain transfer agent and ABIN as the initiator. Typically, ILA (1043.0 mg,  
2.2 mmol), and UPyA (29 mg, 0.109 mmol) were placed in DMF (2 mL) in a Schlenk 
tube. The tube was sealed with a rubber septum and the reaction mixture was purged 
with nitrogen for 30 minutes to deoxygenate under vigorous stirring. After 
deoxygenation the tube was heated in an oil bath at 120 °C till a clear solution was 
obtained, then the temperature of the oil bath was cooled to 80 °C. In the meantime, to 
a flask DBTTC (33.2 mg, 1.1×10-1 mmol), AIBN (1.88 mg, 1.1×10-2 mmol), and 
trioxane as the NMR reference were dissolved in deoxygenated DMF (0. 29 mL), and 
this solution was transferred to the reaction Schlenk tube by a syringe to initiate the 
polymerization. Aliquots were taken at certain time intervals and measured 1H NMR to 
study the kinetics of the polymerization by calculating the integral of vinylenic protons 
of ILA and UPyA to the integral of trioxane protons. The reaction was stopped by 
opening the septum and subsequently precipitate into DCM thrice to remove the 
monomer residue. The polymer was collected and finally dried at 80 °C under vacuum 
for 24 hours. The molecular weight was evaluated by 1H NMR using the characteristic 
methyl protons of the pendent pyrrolidinium (≡N-CH3, 3nH, δ = 3.02 ppm, with n being 
the degree of polymerization of ILA), the characteristic vinylenic proton of the pendent 
UPy moiety (-(CH3-)C=CH-, mH, δ = 5.80 ppm, with m being the degree of 
polymerization of UPyA), and the characteristic aromatic protons of DBTTC (phH, 
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10H, δ = 7.36 ppm). 
 
Table S1 Synthetic data of the copolymers CPILU-9 and CPILU-10 for tensile test. 

Sample Entry M/CTA Solvent 
Mmon. 

/M 
fUPy T t conv. 

FUPy, 

NMR 
DPIL DPUPy Mn, th 

Mn, 

NMR 
Mn, 

GPC 
PDI 

cpILU 
9 20:1 DMSO 1 8% 80°C 16 97% 7% 20.7 1.4 9540 10452 2985 1.32 

10 200:1 DMSO 1 8% 80°C 16 98% 7% 133.8 9.4 96380 66798 3454 1.52 

 
1.3. Synthesis of POILC-z for GPC Calibration 

 
Scheme S2 Synthesis rout of POILC-z for GPC calibration. 

g) RAFT Polymerization of CPA for pCPA 

RAFT polymerization of CPA was carried out in DMF using DBTTC as the RAFT 
chain transfer agent and ABIN as the initiator. Typically, CPA (447.0 mg, 3.0 mmol), 
PCDT (8.03 mg, 3.0×10-2 mmol) AIBN (0.5 mg, 3.0×10-3 mmol) were dissolved in 
DMF (4.5 mL) in a Schlenk tube. The Schlenk tube was sealed with a rubber septum 
and the reaction mixture was purged with nitrogen for 30 minutes to deoxygenate under 
vigorous stirring. The tube was then heated in an oil bath thermostated at 70 °C. The 
reaction was stopped by opening the septum and subsequently precipitated into MeOH 
twice to eliminate the monomer residue. The molecular weight was evaluated by THF 
GPC with PS standard. 

h) Quaternization and Ion Exchange of pCPA for POILC-z 

The synthesis was adopted from references [4-6] with modification and was carried out 
in two steps: 
First step h1):  
In a glovebox, pCPA(122.0 mg, 0.8 mmol, calculated based on the molecular weight 
of repeating unit) and pre-distilled anhydrous 1-methylpyrrolidine (0.5 mL, 4.1 mmol) 
were dissolved in anhydrous DMSO (1.0 mL) in a vial. The vial was sealed and heated 
at 75 °C for 24 hours. After reaction was finished, the reaction mixture was precipitated 
into THF twice. The crude product was afforded as viscous oil due to its hygroscopic 
nature and was used directly in next step without further purification. 



6 
 

Second step h2): 
The product from first step h1) was dissolved in water (1.0 mL) and added to the water 
solution (1.0 mL) of lithium bis((trifluoromethyl)sulfonyl)imide (2.3 g, 8.0 mmol). 
After precipitation was observed, acetone (2.0 mL) was added to reach a homogeneous 
reaction mixture. The reaction mixture was then stirred at room temperature for 24 
hours. After reaction was finished, the reaction mixture was precipitated into DCM 
thrice. The polymer was collected and finally dried at 80 °C under vacuum for 24 hours. 
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2. GPC Curves and Data 

 
Figure S1 GPC (DMF+LiTFSI, 0.1 M) curves of POIL-x using a PS standard 
calibration.  

 
Figure S2 GPC (DMF+LiTFSI, 0.1 M) curves of CPILU-y using a PS standard 
calibration.  

 

Figure S3 GPC (THF) curves of precursor polymer pCPA using a PS standard 
calibration. 
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Figure S4 GPC (DMF+LiTFSI, 0.1 M) curves of POILC-z supposed to be calibration. 
 

Table S2 GPC data of precursor polymers pCPA and final POILC-z supposed to be 
calibration. 

pCPA (in THF) Peak Rv /mL 
Mn (PS-

calibration) 
PDI Mp DP, Mp 

pCPA-1 9.17 600 1.18 690 2.3 

pCPA-2 8.59 1800 1.27 2100 10.2 

pCPA-3 8.35 3000 1.2 3300 18.2 

pCPA-4 8.05 5100 1.17 5300 32.4 

pCPA-5 7.89 6400 1.21 6900 41.6 

pCPA-6 7.70 7900 1.29 9500 51.2 

pCPA-7 7.28 15400 1.28 21100 102.0 

Calibration POILC-z (in 
DMF+0.1 M LiTFSI) 

Peak Rv /mL 
Mn (PS-

calibration) 
PDI 

Mp (calculated based 
on DP, Mp of pCPA) 

 

POILC-1 7.67 4200 1.26 1400  

POILC-2 7.60 4500 1.49 5100  

POILC-3 7.40 4300 1.73 9000  

POILC-4 7.37 4700 1.68 15700  

POILC-5 7.13 5500 1.81 20200  

POILC-6 7.00 6200 1.99 24800  

POILC-7 6.62 9200 2.12 49100  
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3. Conductivity and Viscosity Data 

Table S3 Conductivity of POIL-x and CPILU-y from -20 °C to 80 °C, measured by 
BDS 

  Conductivity σ / S*cm-1 

Sample Entry -20 °C -10 °C 0 °C 10 °C 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 

POIL-x 
2 1.64E-10 3.07E-09 3.89E-08 2.80E-07 1.35E-06 5.03E-06 1.43E-05 3.45E-05 7.56E-05 1.46E-04 2.46E-04 

3 4.86E-11 2.67E-10 1.71E-09 2.04E-08 1.75E-07 8.56E-07 3.49E-06 1.03E-05 2.52E-05 5.32E-05 9.09E-05 

CPILU-y 5 1.49E-10 3.24E-09 3.68E-08 2.55E-07 1.22E-06 4.40E-06 1.27E-05 3.02E-05 6.61E-05 1.26E-04 2.19E-04 

 
6 1.38E-11 9.48E-11 4.98E-10 2.90E-09 2.19E-08 1.72E-07 9.03E-07 3.52E-06 1.05E-05 2.57E-05 4.85E-05 

7 6.42E-12 2.50E-11 1.72E-10 1.10E-09 5.43E-09 3.27E-08 1.95E-07 8.42E-07 2.89E-06 8.05E-06 1.84E-05 

 
Table S4 Zero shear viscosity of POIL-x and CPILU-y from 50 °C to 100 °C. 
  Zero Shear Viscosity η0 Pa*s 

Sample Entry 50 °C 60 °C 70 °C 80 °C 90 °C 100 °C 

POIL-x 
2 1.01E3 301 102 43 20 10 

3 9.57E3 2.63E3 896 368 163 87 

CPILU-y 

5 1.20E3 323 102 37 16 9 

6 2.30E5 2.52E4 5.72E3 2.76E3 1.35E3 755 

7 1.03E8 1.99E7 2.42E6 2.84E5 6.30E4 1.51E4 
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4. NMR Spectra 

 

 
Figure S5 a) 1H and b) 13C NMR spectra of compound CPA. 
  

a) 

b) 
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Figure S6 a) 1H, b) 13C, and c) 9F NMR spectra of compound ILA. 
  

a) 

b) 

c) 



12 
 

 

 
Figure S7 a) 1H and b) 13C NMR spectra of compound UPyA. 
  

a) 

b) 
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Figure S8 a) 1H and b) 13C NMR spectra of compound DBTTC. 
  

a) 

b) 
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Figure S9 a) 1H and b) 9F NMR spectra of polymer POIL-x. 

 
Figure S10 a) 1H and b) 9F NMR spectra of polymer CPILU-y. 
  

a) 

b) 

a) 

b) 
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Figure S11 1H NMR spectra of polymer pCPA. 

  
Figure S12 a) 1H and b) 9F NMR spectra of polymer POILC-z. 
  

a) 

b) 
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1. NMR Spectrum of CP0 and Calculation of Sample Composition 

Figure S1. The 1H NMR spectrum of cp0 in DMSO-d6. 

The molecular weight of cp0 was calculated according to its NMR spectrum 
measured in DMSO-d6 as shown in Figure S1. The ‘‘m’’ and ‘‘n’’ in the structure refer 
to the degree of polymerization (DP) of the ILA (DPIL = 2m) and UPyA (DPUPy = 2n), 
and the detailed calculation is listed in Table S1 as follows: 

Table S1. The calculation of the molecular weight of cp0 via its 1H NMR spectrum. 

Proton 1 2 3 4 

Peak /ppm 7.35 5.79 4.03 3.02 

Integral 10.0 5.0 51.7 62.0 

Information Reference peak 

DPUPy = 5/1 = 5, 

namely 5 UPy 

per chain. 

DPIL = 51.7/3 = 

20.7, namely 

20.7 IL per chain. 

The calculated integral 

5*2+20.7*2=51.4 ≈ the 

real integral 51.7, 

proving the precise 

calculation 

So the molecular weight of the synthesized cp0 is  
Mn,NMR = 290.47 + 478.42 * 20.7 + 266.26 * 5 = 11525 Da 
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Then the composition of the sample can be calculated as follows: 

Table S2. The calculation of sample compositions 

 
% wt cp0 /mg cp0 /mmol IL /mg IL /mmol molar ratio 

cp25 1:0.25 218 0.0189 53 0.1298 1:6.9 

cp50 1:0.50 211 0.0183 102 0.2498 1:13.6 

cp75 1:0.75 211 0.0183 160 0.3918 1:21.4 

2. MAS NMR Spectra 

Figure S2 a) Cross polarization (CP) and direct excitation (DE) 13C NMR spectra of 
cp0 measured at 20 kHz MAS rate, and b) direct excitation 13C NMR spectra of all 
samples measured at 263 K and 15 kHz MAS rate (except for cp0 as indicated). 

In Figure S2a) the left dashed box refers to the carbonyls of the backbone ester, ureido 
moieties, and pyrimidinone moieties, and the right box refers to the polymeric 
backbone carbons. While the carbonyls and backbone carbons can be seen in the cross 
polarization (CP) spectrum, the lack of them in the direct excitation (DE) spectra 
(even at 326 K) proves their immobility, evidencing rigid UPy moieties locked by the 
quadrupolar H-bonds. Similarly, in Figure S2b), the carbonyls and backbone carbons 
are missing in the DE spectra of all the samples mixed with IL, indicative of the 
invulnerable H-bonds of UPy against IL. The quadruplet peaks at 120 ppm are the 
-CF3 carbons in the mobile TFSI (trifluoromethanesulfonyl imide) anions in the 
samples. All the sharpened peaks are due to the promoted mobility of these moieties 
resulting from the addition of the IL. 
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Figure S3 1H(SQ)-1H(DQ) BABA spectra alongside corresponding 1D 1H solid-state 
NMR spectra (blue) of a) cp0 measured at 296 K and 20 kHz MAS rate, and b) cp25 
measured at 263 K and 15 kHz MAS rate. 

In Figure S3 the 2D 1H MAS NMR spectra of cp0 and cp25 are shown. As indicated 
by the black dashed box, upon mixing with IL, the signal of the ureido and 
pyrimidinonyl H-bonding protons was slightly deformed, however, if compared with 
the reported spectra,[1] the tautomers exchange (enol-keto) of the UPy moieties cannot 
be concluded due to the poor spectra resolution and missing of corresponding peaks. 

 
[1] I. Schnell, B. Langer, S. H. M. Söntjens, R. P. Sijbesma, M. H. P. van Genderen, H. 
Wolfgang Spiess, Physical Chemistry Chemical Physics 2002, 4, 3750. 
 
  

a) b) 
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3.  ATR FT-IR Spectra  

Figure S4 Variable-temperature ATR FT-IR Spectra of a) & b) cp25, c) & d) cp50, 
and e) & f) cp75. 
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1. Experimental Parts 

1.1. Instruments 

Nuclear Magnetic Resonance Spectroscopy (NMR) measurements were performed on 
a VNMRS (400 MHz) and a DD2 (500 MHz) NMR spectrometer (Agilent 
Technologies Germany GmbH & Co. KG, Waldbronn, Germany). Samples were 
measured at 27 °C using deuterated chloroform (CDCl3) or dimethyl sulfoxide (DMSO-
d6). Chemical shifts (δ) were recorded in parts per million (ppm) relative to the 
remaining protonated solvent signals (CDCl3: 7.26 ppm for 1H spectra and 77.0 ppm 
for 13C spectra; DMSO-d6: 2.50 ppm for 1H spectra and 39.5 ppm for 13C spectra). The 
data analysis was performed via MestReNova (version 9.0.1-13254). 
 
Diffusion-ordered spectroscopy (DOSY) NMR Spectroscopy measurements were 
performed on a DD2 (500 MHz) NMR spectrometer (Agilent Technologies Germany 
GmbH & Co. KG, Waldbronn, Germany). The experiment was performed under 
OpenVnmrJ 1.1 and equipped with a 5 mm PFG One NMR probe, z-gradient, and 
temperature unit. Diffusion-ordered NMR data were acquired by means of the Agilent 
pulse program DgcsteSL_cc using a stimulated echo with self-compensating gradient 
schemes and conventional compensation. The length of the gradient pulse was set to 
3.0 ms for 1H in combination with a diffusion period of 50 – 200 ms (CDCl3). Data 
were systematically accumulated by linearly varying the diffusion encoding gradients 
over a range from 2% to 95% for 64 gradient increment values. 
 
UV-Vis Spectroscopy measurements were on a Perkin Elmer LAMBDA 365 UV/Vis 
Spectrophotometer (PerkinElmer U.S. LLC, Shelton, United States) using Helma 
analytics quartz glass cuvettes (d = 10 mm). Temperature control was achieved using 
the Perkin Elmer Peltier System L365 (PerkinElmer U.S. LLC, Shelton, United States). 
All measurements were conducted at 20 °C unless otherwise stated. All measurements 
were repeated three to five times to ensure reproducibility.  
 
Electrospray Ionization Time of Flight Mass Spectrometry (ESI MS) measurements 
were performed on a Bruker Daltonics microTOF (Bruker Daltonics GmbH & Co. K.G., 
Bremen, Germany) via direct injection at a flow rate of 180 μL·h-1 in positive mode 
with an acceleration voltage of 4.5 kV. Samples were prepared by dissolving/diluting 
in LC-MS grade acetonitrile or chloroform. The instrument was calibrated using the 
ESI-L low-concentration tuning mix from Agilent Technologies (product no. G1969-
85000). The software Data Analysis (version 4.0) was used for data evaluation.  



 

1.2. Materials 

All chemicals were used as received unless otherwise specified. Urea 99%, sodium 
hydride 60% dispersion in mineral oil, potassium tert-butoxide 95%, allyl bromide 97%, 
thionyl chloride, triethylamine 99%, Grubbs catalyst 2nd generation, Grubbs catalyst 3rd 
generation, hydrogen peroxide solution 30 %wt, carbon tetrabromide 99%, 
tributylphosphine 97% (mixture of isomers), 1,2-dichloroethane water-free 99.8%, 
ethylene glycol 99%, and α,α,α-trifluorotoluene anhydrous 99% were purchased from 
Sigma Aldrich (Steinheim, Germany); diethylmalonate 99% (G.C.), 5-(tert-
butyl)isophthalic acid 98% and borane dimethyl sulfide complex 98% were purchased 
from TCI (Zwijndrecht, Belgium); 2,6-diaminopyridine 98% and cyclopent-3-
enecarboxylic acid 99.8% were purchased from BLD Pharm (Kaiserslautern, Germany); 
oxalyl chloride 98% were purchased from abcr (Karlsruhe, Germany); dimethyl 
sulfoxide anhydrous 99.8% and formic acid LC-MS grade were purchased from Fisher 
Scientific (Schwerte, Germany). Polyisobutylene V190 85 %exo was purchased from 
Caldic (Hemiksem, Belgium). 
 
Technical solvents cyclohexane, ethyl acetate, and dichloromethane were purchased 
from Overlack (Korschenbroich, Germany), and redistilled before use. 
 
HPLC/LC grade solvents n-hexane and 1,4-dioxan were purchased from Roth 
(Karlsruhe, Germany); N,N-dimethylformamide (DMF), ethyl acetate (E.A.), 
tetrahydrofuran (THF), acetonitrile (MeCN), methanol (MeOH), isopropanol (iPA) and 
chloroform (CHCl3) were purchased from VWR - Prolabo (Dresden, Germany); 
hexafluoro-2-propanol (HFiP) was purchased from Carbolution Chemicals (Sankt 
Ingbert, Germany). 
 
Deuterated solvents Chloroform-d 99.8% Atom%D stabilized with Ag (CDCl3), 
dimethylsulfoxide-d6 99.8 atom%D (DMSO-d6), methanol-d4 99.8 atom%D (MeOD), 
and toluene-d8 99.8 atom%D (Tol-d8) were purchased from Chemotrade (Düsseldorf, 
Germany). 
  



 

1.3. Synthesis 

 

Scheme S1 Synthesis of B, H, and PIB. 

Synthesis of Diethyl 2,2-Diallylmalonate (2) 
The synthesis was adapted from literature[1]. Sodium hydride (4.40 g, 110 mmol) was 
suspended in dry THF (100 mL) in a pre-dried two-necked flask at 0 °C. A solution of 
1 (7.59 mL, 50 mmol) in dry THF (15 mL) was added dropwise. After the addition, the 
reaction mixture was stirred for 30 minutes until gas evolution ceased. Allyl bromide 
(9.51 mL, 110 mmol) was then added, and the reaction was refluxed for 24 hours. After 
the reaction was complete, 1 M aq. HCl was slowly added to quench the reaction, and 



 

the resulting solid was vacuum-filtered. The filtrate was extracted with diethyl ether, 
and the combined organic layers were dried over Na2SO4. The solvent was removed 
using a rotary evaporator. The crude product was then purified by column 
chromatography on silica gel using a hexane/diethyl ether mixture as the eluent (with 
hexane/diethyl ether 100/15, Rf, 1 = 0.48), yielding 2 as transparent liquid (yield = 83 %). 
1H NMR (CDCl3): δ ppm 5.61(m, 2H), 5.04(m, 4H), 4.13(q, J = 7.1 Hz, 4H), 2.58(dt, 
4H), 1.20(t, 6H). 
13C NMR (CDCl3): δ ppm 170.71, 132.31, 119.07, 61.18, 57.23, 36.37, 14.09. 
 
Synthesis of 5,5-Diallylpyrimidine-2,4,6(1H,3H,5H)-trione (B) 
The synthesis was adapted from literature[1-2]. A pre-dried two-necked flask was 
charged with urea (5 g, 83.2 mmol) and potassium tert-butoxide (2.05 g, 18.3 mmol). 
A solution of 2 (2 g, 8.32 mmol) in demoisturized DMSO (35 mL) was added slowly 
to dissolve all solids. The reaction mixture was stirred at room temperature for 24 hours. 
After the reaction was completed, the pH of the reaction mixture was adjusted to 10 
using 1 M aq. NaOH, followed by the addition of deionized water (100 mL). The 
mixture was washed with chloroform, and the pH of the aq. phase was then adjusted to 
1 using concentrated HCl. The product was extracted with ethyl acetate, and the organic 
layer was washed with aq. NaHCO3 and brine, then dried over Na2SO4. The solvent 
was removed using a rotary evaporator, and the crude product was purified by 
recrystallization from hot xylene, yielding B as white crystals (yield = 80%). 
1H NMR (CDCl3): δ ppm 8.39 (s, 2H), 5.61 (m, 2H), 5.16 (m, 4H), 2.56 (d, 4H). 
13C NMR (CDCl3): δ ppm 172.4, 150.2, 131.8, 120.6, 55.4, 42.0. 
ESI MS: calculated for [C10H2N2O3] = 208.08; found: [M-H]- = 207.08. 
 
Synthesis of N1,N3-Bis(6-aminopyridin-2-yl)-5-(tert-butyl)isophthalamide (4) 
The synthesis was adapted from literature[3]. 4 was prepared in two steps. First, 3-Cl 
was prepared. A two-necked flask was charged with 3 (5 g, 22.5 mmol) and cooled to 
0 °C. Thionyl chloride (50 mL) was slowly added to the flask, followed by the addition 
of a catalytic amount of DMF. The reaction mixture was then allowed to warm to room 
temperature and refluxed for 3 hours. After the reaction was complete, the flask was 
cooled to room temperature, and the thionyl chloride was removed using a rotary 
evaporator. The crude product was then dried under a high vacuum, yielding 3-Cl as a 
transparent yellowish oil, which was used without further purification.  
Second, 4 was prepared. A two-necked flask was charged with DAP (12.3 g, 112.5 
mmol), TEA (15.8 mL, 112.5 mmol), and dry THF (250 mL). The flask was then cooled 
to 0 °C, and a solution of 3-Cl in dry THF (50 mL) was added dropwise. After the 



 

addition was complete, the reaction mixture was allowed to warm to room temperature 
and stirred for 24 hours. After the reaction was complete, the solution was filtered, and 
the filtrate was concentrated to one-third of its volume. The concentrated solution was 
then precipitated into hot water (2 L, 60-70 °C). The resulting suspension was vacuum-
filtered, and the solid was washed with hot water. The crude product was then dried and 
purified by column chromatography on silica gel using hexane/ethyl acetate as the 
eluent (with ethyl acetate, Rf, 4 = 0.68), yielding 4 as a white powder (yield = 63 %). 
1H NMR (DMSO-d6): δ ppm 10.28 (s, 2H), 8.33 (s, 1H), 8.11 (s, 2H), 7.52 – 7.32 (m, 
4H), 6.26 (dd, 2H), 5.78 (s, 4H), 1.37 (s, 9H). 
13C NMR (DMSO-d6): δ ppm 165.12, 158.56, 151.35, 150.38, 138.97, 134.11, 127.97, 
124.26, 104.05, 101.82, 34.79, 30.91. 
 
Synthesis of 5-(Tert-butyl)-N1,N3-bis(6-(cyclopent-3-ene-1-carboxamido)pyridin-2-
yl)isophthalamide (H) 
Hwas prepared in two steps. First, 5-Cl was prepared. A two-necked flask was charged 
with a solution of 5 (1.07 mL, 10 mmol) and a catalytic amount of DMF in DCM (2 
mL), and the mixture was cooled to 0 °C. A solution of oxalyl chloride (0.98 mL, 11 
mmol) in DCM (3 mL) was then added dropwise. The reaction mixture was allowed to 
warm to room temperature and stirred for 3 hours. The resulting solution of 5-Cl was 
used directly in the next step without further purification. 
Second, H was prepared. A two-necked flask was charged with 4 (808.94 mg, 2 mmol), 
TEA (10 mL, 1.4 mmol), and dry THF (30 mL). The flask was cooled to 0 °C, and the 
solution of 3-Cl from the previous step was added dropwise. After the addition was 
complete, the reaction mixture was allowed to warm to room temperature and stirred 
for 24 hours. After the reaction was complete, ethyl acetate (100 mL) was added to the 
mixture, then filtered and washed sequentially with 1 M aqueous HCl, concentrated 
aqueous NaHCO3, and brine. The organic phase was dried over Na2SO4, and the solvent 
was removed using a rotary evaporator. The crude product was then purified by column 
chromatography on silica gel using a hexane/ethyl acetate mixture as the eluent (with 
hexane/ethyl acetate 1/1, Rf, H.W. = 0.5), yielding H as a white powder (yield = 72 %). 
1H NMR (CDCl3): δ ppm 10.55 (s, 2H), 10.14 (s, 2H), 8.37 (s, 1H), 8.20 (s, 2H), 7.87 
– 7.79 (m, 6H), 5.67 (s, 4H), 3.40 – 3.33 (m, 2H), 2.66 – 2.53 (m, 8H), 1.40 (s, 9H). 
13C NMR (CDCl3): δ ppm 174.63, 165.38, 151.48, 150.60, 150.17, 140.02, 134.03, 
128.98, 128.04, 125.05, 110.51, 109.93, 42.57, 39.52, 36.41, 34.92, 30.91. 
ESI MS: calculated for [C34H36N6O4] =592.28; found: [M-H]- = 591.27. 
 
Synthesis of Terminal Hydroxyl Polyisobutylene (PIB-OH) 



 

The synthesis was adapted from literature[4]. A 250 mL pre-dried, two-necked flask was 
charged with a solution of PIB-V190 (8.73 g, 66.48 mmol, exo-ene-terminated, Mn, NMR 
= 1050 Da) in dry THF (50 mL) and cooled to 0 °C. Borane dimethylsulfide (7.72 mL, 
73.13 mmol) was added dropwise, slowly (Caution: heat and gas formation). After the 
addition, the reaction mixture was allowed to warm to room temperature and stirred 
vigorously for 24 hours. The reaction was then cooled to 0 °C, and aqueous NaOH (5.37 
g, 132.96 mmol, in 10 mL deionized water) was slowly added, followed by 30% 
aqueous H2O2 (20.4 mL, 664.8 mmol). The reaction was stirred vigorously at room 
temperature for another 24 hours. Upon completion, the mixture was transferred to a 
separatory funnel, and cyclohexane (100 mL) was added. The organic phase was 
separated and dried over Na2SO4, and the solvent was removed using a rotary 
evaporator. The crude product was purified by column chromatography on silica gel, 
first with hexane and then with chloroform as the eluent (with hexane, Rf, PIB-V190 = 0.95, 
Rf, PIB-OH = 0; with chloroform, Rf, PIB-OH = 0.95), yielding PIB-OH as a colorless 
viscous liquid (yield = 75 %). 
1H NMR (CDCl3): δ ppm 3.46 (q, 1H), 3.32 (q, 1H), 1.78 – 1.64 (m, 1H), 1.58 (d, J = 
13.5 Hz, 2H), 1.53 – 1.24 (m, 50H), 1.24 – 0.74 (m, 150H). 
 
Synthesis of Terminal Bromide Polyisobutylene (PIB) 
The synthesis was adapted from literature[5]. A pre-dried two-necked flask was charged 
with a solution of PIB-OH (6.3 g, 5.73 mmol) in dry DCM (150 mL) and carbon 
tetrabromide (19.18 g, 57.3 mmol), then cooled to 0 °C. After dissolution, tributyl 
phosphine (14.75 mL, 57.3 mmol) was added dropwise. The reaction mixture was then 
allowed to warm to room temperature and stirred vigorously for 24 hours. Upon 
completion, 150 g of silica was added, and the DCM was removed using a rotary 
evaporator. Cyclohexane (300 mL) was then added, and the mixture was stirred 
vigorously for 30 minutes, followed by vacuum filtration and thorough washing of the 
solid with cyclohexane. The filtrate was combined, and the solvent was removed using 
a rotary evaporator. The crude product was precipitated in methanol (200 mL) and 
further purified by column chromatography on silica gel with cyclohexane as the eluent 
(with hexane, Rf, PIB = 0.90), yielding PIB as a colorless viscous liquid (yield = 83 %) 
1H NMR (CDCl3): δ ppm 3.39 (q, 1H), 3.27 (q, 1H), 1.98 – 1.85 (m, 1H), 1.55 (d, J = 
15.8 Hz, 2H), 1.49 – 1.31 (m, 50H), 1.21 – 0.97 (m, 150H). 
Mn, NMR = 1533 Da 
Mn, GPC, THF, P.S. standard = 1324 Da 
 
General Cross-Metathesis (CM) Reaction to Fix H+B Aggregates 



 

All cross-metathesis (CM) reactions were performed following the general CM 
procedure, with variations in conditions as specified, except Entry 6. Typically, a screw-
capped vial was charged with H, B, and Grubbs catalyst inside a glovebox. A degassed 
solvent was added to the vial, and then the cap was secured. The vial was heated to the 
desired temperature to initiate the CM reaction. After 24 hours, the vial was cooled to 
room temperature, removed from the glovebox, and exposed to air to terminate the 
reaction. The reaction mixture was then directly analyzed by NMR spectroscopy and 
ESI-MS without further purification. 
 

Table S1 Summary of cross-metathesis reaction to fix H+B aggregates 

Entry T /°C Solvent Conc. /M Cat. Conv. total ene 
(1) 100 Tol-d8 0.01 G3 100 %. 
(2) 50 Tol-d8 0.01 G3 89.4 % 
(3) 50 DCE 0.1 G3 89.5 % 
(4) 50 MeOD 0.01 G3 78.8 % 
(5) 50 DCE 0.1 G2 97.6 % 
(6) 50 PIB - G3 97.3 % 

 
CM Reaction Entry 1 in Table S1 
General procedure was followed. H (6.00 mg, 0.01012 mmol), B (2.11 mg, 0.01012 
mmol), the Grubbs catalyst 3rd generation (0.89 mg 0.001012 mmol), and toluene-d8 (1 
mL) were used. 
 
CM Reaction Entry 2 in Table S1 
General procedure was followed. H (6.00 mg, 0.01012 mmol), B (2.11 mg, 0.01012 
mmol), the Grubbs catalyst 3rd generation (0.89 mg 0.001012 mmol), and toluene-d8 (1 
mL) were used. 
 
CM Reaction Entry 3 in Table S1 
General procedure was followed. H (6.00 mg, 0.01012 mmol), B (2.11 mg, 0.01012 
mmol), the Grubbs catalyst 3rd generation (0.89 mg 0.001012 mmol), and 1,2-
dichloroethane (0.1 mL) were used. 
 
CM Reaction Entry 4 in Table S1 
General procedure was followed. H (6.00 mg, 0.01012 mmol), B (2.11 mg, 0.01012 
mmol), the Grubbs catalyst 3rd generation (0.89 mg 0.001012 mmol), and MeOD (1 



 

mL) were used. 
 
CM Reaction Entry 5 in Table S1 
General procedure was followed. H (6.00 mg, 0.01012 mmol), B (2.11 mg, 0.01012 
mmol), the Grubbs catalyst 2rd generation (0.86 mg 0.001012 mmol), and 1,2-
dichloroethane (0.1 mL) were used. 
 
CM Reaction Entry 6 in Table S1 
A vial was charged with H (4.3 mg, 0.0072 mmol), B (1.6 mg, 0.0072 mmol), PIB (12.3 
mg), the Grubbs catalyst 3rd generation (2.6 mg, 0.0029 mmol), and degassed THF (1 
mL). The vial was then transferred into a flask, and THF was removed using a rotary 
evaporator over 30 minutes. Argon was introduced to restore the vacuum conditions. 
The cap was secured, and the vial was heated to the desired temperature to initiate the 
cross-metathesis reaction in a glovebox. After 24 hours, the vial was cooled to room 
temperature, removed from the glovebox, and THF (1 mL) was added to dissolve the 
reaction mixture. The reaction mixture was then transferred to a separatory funnel, and 
n-hexane (20 mL) and methanol (20 mL) were added, mixed, and separated, extracting 
all the product into the methanol layer. The methanol layer was transferred to a flask, 
and the methanol was removed using a rotary evaporator. The product mixture was 
dissolved in CDCl₃ for NMR analysis or in acetonitrile for ESI MS analysis. 
  



 

2. UV-Vis Titration for Binding Constant of H-B 

2.1. General Procedures 

To measure the binding constant Kassn. between H and B, stock solutions were first 
prepared in different solvents (volume changes upon dissolution were considered 
negligible and treated as a systematic error, diminished when fitting for the binding 
constant). Typically, H was dissolved in an HPLC-grade solvent in flask A to reach its 
target concentration, while B was dissolved in the same solvent in flask B to reach its 
target concentration. After measuring the background with the neat solvent, 3 mL of the 
H solution was added to an empty cuvette and measured as the initial (0th) spectrum. A 
specific amount of B solution was then added to the cuvette, which was shaken to mix 
thoroughly, and the mixture was measured as the 1st sample. Subsequently, additional 
amounts of B solution were added incrementally to the cuvette, with each mixture 
measured accordingly as the 2nd, 3rd, and subsequent samples. This process was 
repeated to collect data for 10 samples, following the protocol outlined in the 
accompanying Table S2. 

Table S2 The profile of UV Vis spectroscopy titration for measurements of binding 
constant of H with B. 

 H  B     

No. 

mmol 
Based on 

3 mL 
solution 
in the 

cuvette 

conc. / 
mmol/mL 

B 
Equivalence 

mmol 

to reach eq., 
the theoretical 

amount of 
stock solution 
needed /mL 

µL 

the real 
amount 

needed to 
add to the 

cuvette /µL 

0 

7.50E-05 2.50E-05 

0 0.00E+00 0   
1 0.1 7.50E-06 5.00E-03 5 5 
2 0.2 1.50E-05 1.00E-02 10 5 
3 0.3 2.25E-05 1.50E-02 15 5 
4 0.4 3.00E-05 2.00E-02 20 5 
5 0.6 4.50E-05 3.00E-02 30 10 
6 0.8 6.00E-05 4.00E-02 40 10 
7 1.0 7.50E-05 5.00E-02 50 10 
8 1.3 9.75E-05 6.50E-02 65 15 
9 1.6 1.20E-04 8.00E-02 80 15 

10 2.0 1.50E-04 1.00E-01 100 20 
   Sum - - - 80 
 



 

After collecting the U.V. spectra, the data were fitted using the online fitting program 
BindFit (http://supramolecular.org). Fundamental information about UV-Vis 
spectroscopy titration and the use of BindFit can be found in the literature.[6] Titrations 
for each solvent were repeated 3-5 times to ensure reproducibility. A summary of the 
fitted binding constants is provided in Table S3. 
 
For measurements in a toluene/methanol mixture, the solvents were prepared in the 
desired molar ratio and used as described above. 
 
2.2. At Different Temperatures for Van’t Hoff Plot 

For measurements at different temperatures, each sample was equilibrated at the desired 
temperature for 5 minutes before measurement.  

Figure S1 Fitting of the association constants of H and B determined in a) toluene 
and b) 1,2-dichloroethane at various temperatures, using a polynomial function to 

generate Vann’t Hoff plot.  

The Kassn.s were plotted against 1/T and fitted using the following equation as 
previously reported: 

ln 𝐾𝑎𝑠𝑠𝑛. = 𝑎 +
𝑏

𝑇
+

𝑐

𝑇2
 

Where 
Kassn. is the association constant measure at the specified temperature; 
T is the specific temperature in Kelvin; 
a, b, and c are constants obtained from the polynomial fitting, as following 

  a b c 
Tol -279.74 1.78×105 -2.71×107 

DCE -48.13 3.15×104 -4.42×106 

0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
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T (1/K)

Equation y = Intercept + B1*x^1 + B2*x^2
Plot ln K
Weight No Weighting
Intercept -279.73886 ± 42.19529
B1 178300.80855 ± 27123.71023
B2 -2.71328E7 ± 4345233.35674
Residual Sum of Squares 0.55266
R-Square (COD) 0.97957
Adj. R-Square 0.96936
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 ln K determined in DCE
 Polynomial Fit of Sheet1 D"ln K"

ln
 K

T (1/K)

Equation y = Intercept + B1*x^1 + B2*x^2
Plot ln K
Weight No Weighting
Intercept -48.13244 ± 32.89443
B1 31594.39691 ± 20546.63751
B2 -4417530.80187 ± 3203064.797
Residual Sum of Squar 0.03157
R-Square (COD) 0.9732
Adj. R-Square 0.94639

a) b) 



 

Then the change in enthalpy (kJ·mol-1) and entropy (J·mol-1K-1) at a given temperature 
can be calculated using the following equation: 

ΔH = −R (𝑏 +
2𝑐

𝑇
) 

ΔS = R (𝑎 −
𝑐

𝑇2
) 

Where 
R is the gas constant (8.314 J·mol-1K-1). 

  



 

2.3. Links of Online Program for UV-Vis Titration Details 

Table S3 H-B Titration Results and Fitting Links 

Solvent Kassn /M-1 Error Links for Fitting Data 
CHCl3 4.13E+04 0.73% http://app.supramolecular.org/bindfit/view/b1fbd083-f441-4c81-b29f-2f6278951853 
DCM 4.12E+04 1.92% http://app.supramolecular.org/bindfit/view/baa00347-e69a-4336-ba6a-23af54054aa4 
DCE 3.78E+03 2.21% http://app.supramolecular.org/bindfit/view/b7190d75-1131-4164-b232-c6b511701790 

Dioxane 7.02E+02 2.56% http://app.supramolecular.org/bindfit/view/fe5e0449-4ca5-41c0-9e27-380210ebc17d 
DMF 7.34E+02 1.58% http://app.supramolecular.org/bindfit/view/ebf50628-94e4-4114-ab3a-aa21f4e499e7 

DMSO 5.96E+02 3.12% http://app.supramolecular.org/bindfit/view/cbeabd06-5474-4de1-aadd-a66e4c780623 
E.A. 7.08E+02 1.42% http://app.supramolecular.org/bindfit/view/55badf10-cbc9-42c4-a739-d797171951bd 
EG 6.46E+02 1.71% http://app.supramolecular.org/bindfit/view/6dcbd171-052e-4c54-9153-28aa2e39bac0 

HFiP 5.66E+02 4.00% http://app.supramolecular.org/bindfit/view/082d2fed-c3d8-46a8-8b0f-70b3a90fadb8 
iPrA 9.99E+02 2.03% http://app.supramolecular.org/bindfit/view/840e4300-4c1a-4b74-aba1-694e960e1c4c 

MeCN 7.18E+02 1.89% http://app.supramolecular.org/bindfit/view/0f5614aa-fbfe-4c05-8394-3065eea46b04 
MeOH 7.12E+02 1.63% http://app.supramolecular.org/bindfit/view/47efb1d6-b99d-478d-b677-913db75d7d91 
THF 6.44E+02 2.64% http://app.supramolecular.org/bindfit/view/675a601f-59de-4b49-b315-a31cc41349f2 
Tol 4.69E+05 8.43% http://app.supramolecular.org/bindfit/view/0b93e6a2-c22b-438f-9a7a-5d64776ef892 
TFT 1.67E+05 2.14% http://app.supramolecular.org/bindfit/view/1ce9ead9-2b6e-415d-b6e7-6e5739f2c3d8 

        
In DCE at 
various T 

Kassn /M-1 Error Links for Fitting Data 

20 °C 3.78E+03 2.21% http://app.supramolecular.org/bindfit/view/b7190d75-1131-4164-b232-c6b511701790 
30 °C 3.15E+03 0.54% http://app.supramolecular.org/bindfit/view/f512a7c3-64cd-427c-9278-d15e48411faf 
40 °C 1.99E+03 1.19% http://app.supramolecular.org/bindfit/view/a181d472-3e7f-42bc-9e33-55ee40179a23 
50 °C 1.73E+03 1.28% http://app.supramolecular.org/bindfit/view/8a1d17f0-d742-4563-a8f4-ebfb9f290ae4 
60 °C 9.52E+02 2.61% http://app.supramolecular.org/bindfit/view/a77ecc5d-3348-48a0-a853-7b502e10c37c 

        
In Tol at 
various T 

Kassn /M-1 Error Links for Fitting Data 

20 °C 4.00E+05 5.32% http://app.supramolecular.org/bindfit/view/f4c0de05-4d88-40a0-8376-56de7111f25a 
30 °C 4.33E+05 15.91% http://app.supramolecular.org/bindfit/view/8ef698b1-35cc-4376-ae7b-75f292785614 
40 °C 4.58E+05 21.46% http://app.supramolecular.org/bindfit/view/de436de3-0dcb-4665-8726-e8f41197c62d 
50 °C 1.35E+05 5.14% http://app.supramolecular.org/bindfit/view/c63b06ab-36cb-4c89-a083-4a61de1fc38d 
60 °C 7.56E+04 3.86% http://app.supramolecular.org/bindfit/view/3cda4c9a-4c97-4bf6-8344-b84f20fce763 
70 °C 1.93E+04 3.66% http://app.supramolecular.org/bindfit/view/1c7f9618-c7c2-48ab-9ca9-fbe02ca08e7e 
80 °C 1.42E+03 4.22% http://app.supramolecular.org/bindfit/view/188d7826-175c-4e9a-8524-9fc268e52573 
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http://app.supramolecular.org/bindfit/view/b7190d75-1131-4164-b232-c6b511701790
http://app.supramolecular.org/bindfit/view/f512a7c3-64cd-427c-9278-d15e48411faf
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http://app.supramolecular.org/bindfit/view/a77ecc5d-3348-48a0-a853-7b502e10c37c
http://app.supramolecular.org/bindfit/view/f4c0de05-4d88-40a0-8376-56de7111f25a
http://app.supramolecular.org/bindfit/view/8ef698b1-35cc-4376-ae7b-75f292785614
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(Continued) Table S3 Titration Results and Fitting Links 

Tol/MeOH Kassn /M-1 Error Links for Fitting Data 
Molar ratio       

1 : 0 4.69E+05 8.43% http://app.supramolecular.org/bindfit/view/0b93e6a2-c22b-438f-9a7a-5d64776ef892 
1 : 0.01 2.84E+05 5.76% http://app.supramolecular.org/bindfit/view/42278c75-9c03-4fcb-b74a-fedfc787a1e9 
1 : 0.03 1.89E+03 0.62% http://app.supramolecular.org/bindfit/view/607ca93f-45de-4654-ac63-878516e0cd90 
1 : 0.05 1.29E+03 1.89% http://app.supramolecular.org/bindfit/view/a586d25f-e3af-4f99-bff6-d276d1f48c9c 
1 : 0.07 1.09E+03 1.26% http://app.supramolecular.org/bindfit/view/f13d6148-3123-494c-9f14-9ed1930c7af0 
1 : 0.09 9.33E+02 2.11% http://app.supramolecular.org/bindfit/view/ff8539e3-8b62-46db-b241-f26db7a2b7e2 
1 : 0.2 8.22E+02 1.11% http://app.supramolecular.org/bindfit/view/ea6c6e91-8a73-4890-8968-21b57326c1b5 
1 : 0.5 5.36E+02 1.66% http://app.supramolecular.org/bindfit/view/5425ff64-6d56-4ad7-a570-eb7b96e7d2c4 
1 : 1 6.99E+02 0.77% http://app.supramolecular.org/bindfit/view/2692654a-95fe-46a9-879d-06adc227a8fb 

 
  

http://app.supramolecular.org/bindfit/view/0b93e6a2-c22b-438f-9a7a-5d64776ef892
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3. Analysis of Products from CM Reaction via ESI MS 

The normalized ratio between products was calculated as follows: 
The products were first found by ESI MS and simulated with all possible ion couplings 
([M-H], [M+Cl], [M-H+Na+CH3CN-H], etc, as specified in each spectrum). Then, the 
relative intensity of all the matched peaks for one product was summed up and used to 
calculate the cumulative intensity of such compound (Ic). The intensity of all products 
with all relevant ion coupling was summed up and used as intensity (Iall) for all products. 
All the ratios are only calculated based on one spectrum and compared within this 
spectrum. The normalized ratio of this compound was calculated using the following 
equations: 
 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑰𝒄

= 𝑠𝑢𝑚 (𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑒𝑎𝑘𝑠 𝑤𝑖𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑛𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑) 
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑰𝒂𝒍𝒍

= 𝑠𝑢𝑚 (𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑒𝑎𝑘𝑠 𝑤𝑖𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑛𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑) 
 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑟𝑎𝑡𝑖𝑜 𝑹 =
𝐼𝑐

𝐼𝑎𝑙𝑙
 

The analysis of products from CM reaction is listed as follows, and the results of the 
product ratio calculation are summarized in Table S4. 
 
For analysis of EIS MS spectra of products from all entries, see the attached PDF file 
“ESI Analysis_All Entries” as attached separately. 
  



 

The following structures are the possible isomers of cm-HH and cm-HHH: 

 
Figure S2 the possible constitutional isomers of cm-HH and cm-HHH. 

  



 

 
Table S4 Relative intensity taken from ESI MS spectra and the calculated normalized 

ratio among products. 

  Relative Intensity from ESI MS Spectra 

Entry Exp. cm-B cm-H cm-HH cm-HHH cm-HB Sum 
1 Tol_100°C_0.01M 0.51 197.5 12.74 0.5 3.5 214.75 
2 Tol_50°C_0.01M 0.5 121.22 20.44 10.05 7.37 159.58 
3 DCE_50°C_0.1M 0 111.23 3.22 0.5 11.47 126.42 
4 MeOD_50°C_0.01M 0.12 106.62 21.84 11.96 2.63 143.17 
5 DCE_50°C_0.1M_G2 0 202.45 4.59 0.68 4.9 212.62 
6 PIB_50°C 2.35 114.48 9.89 4.12 10.28 141.12 
  Normalized Ratio 

Entry Exp. cm-B cm-H cm-HH cm-HHH cm-HB  
1 Tol_100°C_0.01M 0.24% 91.97% 5.93% 0.23% 1.63%  
2 Tol_50°C_0.01M 0.31% 75.96% 12.81% 6.30% 4.62%  
3 DCE_50°C_0.1M 0.00% 87.98% 2.55% 0.40% 9.07%  
4 MeOD_50°C_0.01M 0.08% 74.47% 15.25% 8.35% 1.84%  
5 DCE_50°C_0.1M_G2 0.00% 95.22% 2.16% 0.32% 2.30%  
6 PIB_50°C 1.67% 81.12% 7.01% 2.92% 7.28%  

 
  



 

4. Conversion Calculation by NMR Spectroscopy 

To calculate the conversion of the cross-metathesis reactions, the integral of the residue 
vinylenic protons (at ~4.9 ppm in Tol-d8 and ~ 5.2 ppm in CDCl3) of B was set to 1, 
then the integral of another vinylenic proton (at ~5.4 ppm in Tol-d8 and ~ 5.6 ppm in 
CDCl3) of B was determined, followed by determination of vinylenic protons of 
products. The integral of vinylenic protons and the integral of vinylenic protons of 
products were summed up, respectively, and the ratio between these two values is the 
ratio between unreacted starting barbiturate and all products. As the conversion of H 
was almost quantitative, this ratio can be used to calculate the total conversion of all 
vinylene groups and further the overall conversion as follows: 
 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝐵𝑎 𝑣𝑖𝑛𝑦𝑙𝑒𝑛𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑰𝒓𝒆𝒔𝒊𝒅𝒖𝒆

= 𝑠𝑢𝑚 (𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑝𝑒𝑎𝑘𝑠 𝑎𝑡 ~4.9 𝑝𝑝𝑚 𝑖𝑛 𝑇𝑜𝑙

− 𝑑8 𝑎𝑛𝑑 ~ 5.2 𝑝𝑝𝑚 𝑖𝑛 𝐶𝐷𝐶𝑙3 ) 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑣𝑖𝑛𝑦𝑙𝑒𝑛𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑰𝒑𝒓𝒐𝒅𝒖𝒄𝒕

= 𝑠𝑢𝑚 (𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑛𝑒𝑤 𝑣𝑖𝑛𝑦𝑙𝑒𝑛𝑖𝑐 𝑝𝑒𝑎𝑘𝑠) 
 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐼𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝐼𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

 
Table S5 Calculation of conversions of all cross-metathesis reactions by NMR 

spectroscopy. 

Entry T /°C Solvent Conc. /M Cat. Iresidue Iproduct Conv. ene 

(1) 100 Tol-d8 0.01 G3 0 - 100 %. 

(2) 50 Tol-d8 0.01 G3 2.21 18.59 89.4 % 

(3) 50 DCE 0.1 G3 1 8.5 89.5 % 

(4) 50 MeOD 0.01 G3 11.22 41.77 78.8 % 

(5) 50 DCE 0.1 G2 1 41.33 97.6 % 

(6) 50 PIB - G3 1 36.74 97.3 % 

   



 

Figure S3 1H NMR spectrum of H-B 1:1 without catalyst in Tol-d8. 

 

 Figure S4 1H NMR spectrum of the reaction mixture from Entry 1 in Tol-d8 and 
zoom-in of vinylene region with H-B 1:1 without catalyst as the background (the grey 

spectrum). 

  



 

Figure S5 1H NMR spectrum of a) the reaction mixture from Entry 2 in Tol-d8, b) 
zoom-in of vinylene region with H-B 1:1 without catalyst as the background (the grey 

spectrum), and c) the integral of relevant protons for conversion calculation. 

  



 

Figure S6 1H NMR spectrum of H-B 1:1 without catalyst in CDCl3. 

Figure S7 1H NMR spectrum of a) the reaction mixture from Entry 3 in CDCl3, b) 
zoom-in of vinylene region with H-B 1:1 without catalyst as the background (the grey 

spectrum), and c) the integral of relevant protons for conversion calculation. 



 

Figure S8 1H NMR spectrum of a) the reaction mixture from Entry 4 in MeOD, b) 
zoom-in of vinylene region with H-B 1:1 without catalyst as the background (the grey 

spectrum), and c) the integral of relevant protons for conversion calculation. 

 
  



 

Figure S9 1H NMR spectrum of a) the reaction mixture from Entry 5 in CDCl3, b) 
zoom-in of vinylene region with H-B 1:1 without catalyst as the background (the grey 

spectrum), and c) the integral of relevant protons for conversion calculation. 

  



 

 

Figure S10 1H NMR spectrum of a) the reaction mixture from Entry 6 in CDCl3, b) 
zoom-in of vinylene region with H-B 1:1 without catalyst as the background (the grey 
spectrum), and c) the integral of relevant protons for conversion calculation. 
  



 

5. NMR Spectra of Compounds 

Figure S11 a) 1H NMR and b) 13C NMR spectrum of B in CDCl3. 

  



 

Figure S12 a) 1H NMR and b) 13C NMR spectrum of 2 in CDCl3. 

  

 



 

Figure S13 a) 1H NMR and b) 13C NMR spectrum of 4 in DMSO-d6. 

  



 

Figure S14 a) 1H NMR and b) 13C NMR spectrum of H in DMSO-d6. 

  



 

Figure S15 1H NMR spectrum of a) PIB-OH and b) PIB in CDCl3. 
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