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Chapter 3 

Abstract:  

Supramolecular materials are widely recognized among the most promising 

candidates for future generations of sustainable plastics because of their dynamic 

functions. However, the weak noncovalent crosslinks that endow dynamic properties 

usually trade off materials’ mechanical robustness. Here, we present the discovery 

of a simple and robust supramolecular crosslinking strategy based on acylhydrazine 

units, which can hierarchically crosslink the solvent-free network of poly(disulfides) 

by forming unique reticular hydrogen bonds, enabling the conversion of soft into stiff 

dynamic material. The resulting supramolecular materials exhibit increase in 

stiffness exceeding two to three orders of magnitude compared to those based on 

the hydrogen-bonding network of analogous carboxylic acids, simultaneously 

preserving the repairability, malleability, and recyclability of the materials. The 

materials also show high adhesion strength on various surfaces while allowing 

multiple surface attachment cycles without fatigue, illustrating a viable approach how 

robustness and dynamics can be merged in future material design. 
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3.1 Introduction  

Lengthening the life cycle of polymeric materials, particularly by introducing 

functionality that allows ready recycling without compromising the key materials 

properties, provides a major contemporary challenge and represents an urgent goal 

for the scientific community due to the rapidly rising global problems caused by 

traditional plastics1-3. Replacing the irreversible covalent bonds in common plastics 

by dynamic chemical bonds offers a promising solution enabling intrinsically dynamic 

polymeric materials that can self-repair, be reused, and recycled on our way to future 

sustainable plastics4-9. The rise of supramolecular polymers i.e., macromolecules 

formed by linking small molecules via noncovalent bonds, has sparked the creation 

and application of a variety of constitutionally dynamic noncovalent materials10-11. 

The reversible bond dissociation and exchange of noncovalent bonds endow 

supramolecular materials with unique dynamic functions, however, usually trading 

off the mechanical robustness and durability of materials due to the inherently weak 

bond strength of noncovalent crosslinks and focused their most frequent uses on 

soft adaptive materials12, 13, e.g. extracellular matrix of artificial tissue14. To make 

supramolecular materials truly suitable as replacement for traditional plastics, the 

fundamental challenge is how to develop robust, simple, and dynamic 

supramolecular crosslinking strategies that simultaneously enable, apparently 

contradicting, mechanical durability (robustness) and dynamic behavior (reversibility, 

disassembly and repairability) of the polymers. 

Hydrogen bonds (H-bonds) are the ubiquitous noncovalent interactions in nature 

sustaining life itself most obvious in the structures of proteins and DNA, and 

representing the prevalent noncovalent crosslinks for supramolecular polymers15-17. 

H-bonds are reversible and, usually weak, but tailoring the multivalency and 

directionality of H-bonds, materials crosslinked by H-bonds are accessible that show 

high mechanical robustness17. A fascinating example created by nature is ice (Fig. 

3.1A), a stiff supramolecular material completely crosslinked by H-bonds. The 

robustness of ice originates from the synergy of numerous H-bonds that are present 

in a reticular network due to the specific geometry of water molecules (Fig. 3.1B)18. 

Meanwhile, the highly ordered reticular framework of ice can also heal and reshape 

itself by dynamic reorganization of the hydrogen bonds through a reversible thaw-

freeze process under mild conditions. Combining mechanical robustness and 
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reversibility, we are motivated to explore robust supramolecular tools that offer 

similarly reticular H-bonding crosslinks for polymers to enhance material strength 

without compromising the dynamic functions. 

Here, we report our discovery that a structurally simple unit, i.e., an acylhydrazine, 

can induce self-assemble into a three-dimensional reticular crosslinking H-bonding 

network (Fig. 3.1). Introducing the acylhydrazine crosslinks into dynamic disulfide-

based polymers results in a simultaneous enhancement of material stiffness (two to 

three orders of magnitude), toughness and adhesiveness, compared to those based 

on the typical H-bonds of carboxylic acids. Meanwhile, the hierarchical reticular H-

bond crosslinks preserve the intrinsically dynamic functions of poly(disulfides), such 

as complete repairing, malleability, and reusability under mild conditions. The notable 

enhancement of material properties brought by a simple molecular design using 

acylhydrazine units to tune hydrogen bonds, demonstrates the power of controlling 

macroscopic properties of supramolecular materials by precise structural elaboration 

at the molecular level controlling intermolecular interactions, and offers a robust and 

straightforward crosslinking strategy for designing high-performance yet dynamic 

materials. 

3.2 Results and Discussion 

3.2.1 Design of reticular H-bonding self-assembly  

The discovery came from our long-lasting research interests in developing self-

healable and recyclable supramolecular materials based on thioctic acid (TA)19-23, a 

natural small molecule that is present as a coenzyme in the body of animals24. The 

disulfide-containing five-membered ring, with a dynamic covalent S-S bond, can 

undergo ring-opening polymerization (ROP) in a solvent-free melting state, forming 

soft and stretchable materials that are mainly crosslinked by the dimeric H-bonds of 

carboxylic acids19. Although some further crosslinks by metal-carboxylate complexes 

and ionic interactions have been developed to toughen the supramolecular network21, 

the inherent weakness of the dimeric H-bonds of carboxylic acids limits the 

mechanical robustness and the practical applications of the resulting materials. 
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Figure 3.1 Ice-inspired reticular H-bonding crosslinks based on acylhydrazine units. 

A-C. (A) Photograph of ice, (B) self-assembled network in crystal structure, and (C) 

tetrahedral H-bonds around one water molecule of ice in the crystal phase Ih; (D) 

Molecular structure of an acylhydrazine unit, containing three H-donors and two H-

acceptors; (E) Sidechain design strategy deriving from TA with dimeric H-bonds to 

TAH with reticular H-bonds. 

Aiming to evolve the dimeric H-bonds of carboxyl groups into ice-like reticular H-

bonds (Fig. 3.1B-C), we noticed the structural feature of acylhydrazines: A single 

acylhydrazine unit contains three H-donors and two H-acceptors, meaning that one 

of the H-acceptors may simultaneously interact with two H-donors so that the global 

supramolecular system can be stabilized by saturating all the H-donors (Fig. 3.1D). 

Inspired by this hypothesis, we prepared TAH monomers from TA at a large scale 

(up to 50 g) in a chromatography-free and high-yield (over 85%) single-step 

procedure (Fig. 3.1E, For detailed procedures see the “Experimental Method” 

section), affording yellow powders with a melting point of 77°C. The increased 

melting point from TA (60°C) to TAH (77°C) suggests the presence of multiple H-

bonds in TAH solids.  

To explore the atom-precision self-assembly structure, TAH was crystallized from 

tetrahydrofuran/heptane solvent mixture (under the strict absence of heat and light 

to prevent polymerization) providing the single-crystal x-ray structure. Unexpectedly, 

we discovered a notably complex H-bonding network of acylhydrazine units in the 

solid state (Fig. 3.2A-D, and table S1): (i) The molecules were packed in an 
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antiparallel manner along the b axis (Fig. 3.2A); (ii) The adjacent antiparallel stacks 

further interacted and crosslinked by forming hydrazine-hydrazine and hydrazine-

carbonyl H-bonds, resulting in a reticular framework fully crosslinked by H-bonds 

(Fig. 3.2B-C). In this fascinating architecture, all the H-bond donors and acceptors 

were saturated by forming H-bonds with varied bond lengths (2.08 Å ~ 2.33 Å) (Fig. 

3.2D). We also found that the carbonyl groups were “oversaturated” by forming H-

bonds with two NH donors, which may be a key feature responsible for the 

formation of reticular H-bonding network. 

 

Figure 3.2 X-ray single-crystal structure of TAH monomers. View along b axis (A) 

shows the antiparallel molecular self-assembly of TAH mediated by reticular H-bonds. 

View along c axis (B) and view along a axis (C) presents the geometrically intricate 

H-bonding network of acylhydrazines (only acylhydrazine groups are shown in Fig. 

3.2C for clear presentation). Insight view (D) shows the atomic structures of an 

acylhydrazine group bound with six intermolecular H-bonds. Irrelevant hydrogen 

atoms are omitted for clarity. 
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To further understand the hierarchical H-bonding assembly of TAH, infrared 

spectroscopy (IR; Fig. 3.3) and temperature-varied nuclear magnetic resonance (VT-

NMR; Fig. 3.4) were used to study the H-bonding status of TAH under concentration-

dependent conditions with dichloromethane as the H-bond-supporting solvent. 

Under high dilution (1 mM), the TAH molecules were mostly molecularly dissolved 

because of the nonbonded amide band (ʋN-H = 3443 cm-1; δN-H = 1605 cm-1) and the 

nonbonded carbonyl band (ʋC=O = 1678 cm-1) observed in IR spectra (Fig. 3.3), and 

the small temperature-decreasing coefficient [Δδ/ΔT = -1.7 parts per billion (ppb/K)] 

25 of the amide proton in the 1H NMR spectra (Fig. 3.4). Increasing the concentration 

drove the formation of intermolecular H-bonding interactions, as shown by the 

corresponding shift of amide band and carbonyl band (Fig. 3.3B) and the remarkably 

increased temperature-decreasing coefficient (Δδ/ΔT = -11.9 ppb/K at 200 mM; Fig. 

3.4). The change in the IR spectra from 1 mM to 200 mM solution and then in the 

solid state clearly indicated the distinctive shifting of the IR bands of amide N-H and 

carbonyl groups, confirming the hierarchical mode of the H-bonding self-assembly 

of TAH. Combining with the bond length analysis based on the x-ray structure (Fig. 

3.2D), we can infer that the amide-amide H-bonds support the primary self-assembly, 

and the hydrazine-hydrazine and hydrazine-carbonyl H-bonds drive the secondary 

self-assembly to form the reticular H-bonding network. 

 

Figure 3.3 Concentration-dependent FT-IR spectra of TAH monomers in solutions. 

Liquid phase FT-IR spectra of TAH in CH2Cl2 with various concentrations (1-200 mM) 

in the N-H stretching vibration region (A) and in the C=O stretching vibration and N-

H banding vibration region (B). 
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Figure 3.4 Temperature-dependent chemical shift of N-H bond of the TAH 

monomers in solutions with different concentrations. The concentration of TAH 

ranges from 1 mM to 200 mM. The temperature-decreasing coefficient (Δδ/ΔT), that 

is the slope of the curve, exhibited a positive correlation with the increase of 

concentrations, indicating the self-assembly mediated by intermolecular H-bonds of 

amide bonds. 

 

Figure 3.5 Structure of amide analogues of TAH: primary amide substituted 

analogues (TAA) and N,N-dimethyl-substituted analogue (TAMH). 

To further support the reliability of our H-bond design strategy, two amide analogues 

of TAH were synthesized and characterized. First the primary amide (TAA) (Fig. 3.5) 

bears one H-acceptor and two H-donors, i.e., reminiscent of the nonsaturation 

strategy but with the propensity to form hydrogen bonding distinctly different from 

TAH featuring two H-acceptor and three H-donors. The x-ray single crystal structure 

of TAA showed a reticular H-bonding framework but unlike that of TAH (Fig. S1 and 

table S2), and, in addition, TAA does not undergo polymerization (vide infra) likely 

the direct consequence of the distinct H-bonding design. On the other hand, the N,N-

dimethyl-substituted analog (TAMH) (Fig. 3.5) was an oil and could not be 

crystallized (vide infra), obviously lacking reticular H-bonds as crosslinks. The 

combined results of structural comparison indicated the reliability and generality of 

our strategy for the design of reticular H-bonding-based self-assembly. 
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3.2.2 Polymer preparation and characterization 

After having established a fundamental insight in the hierarchical reticular H-bonds 

of TAH in the solid state, we move to the polymerization of TAH to investigate how 

the acylhydrazine units crosslink in solvent-free polymers. To this end, the disulfide-

mediated ROP of TAH monomers was performed under solvent-free melting 

conditions (Fig. 3.6A-B), (see detailed experimental procedures in Experimental 

Method section). To enable high-molecular-weight poly(disulfides), a series of 

dithiocarbamate (DTC)-based catalysts, including Zn(DTC)2, Na(DTC), and DTC, 

were used because of their capability of catalyzing the sulfur-sulfur bond exchange 

reaction in the vulcanization of rubber (Fig. 3.6C)26. The resulting poly(TAH) samples 

formed without catalysts were translucent solid materials with an amorphous network 

as confirmed by X-ray diffraction (Figs. S2). Notably, it was found that applying 

Zn(DTC)2 as catalyst led to less translucent samples with visibly enhanced stiffness: 

A piece of poly(TAH)-5%Zn(DTC)2 network (60 m × 10 m × 2 mm) can support a 200 

g weight without visible deformation.  

 

Figure 3.6 (A) Preparation method for the catalyst-assisted solvent-free ROP of TAH 

and the resulting polymer structure. The catalysts refer to Zn(DTC)2, Na(DTC), or 

DTC with 1% ~ 10% molar ratio’s of TAH monomers; (B) Photograph of the resulting 
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supramolecular materials;c (C) Molecular structure of the DTC-based catalysts and 

the possible polymerization mechanism. 

 

Figure 3.7 (A) Partial IR spectra of poly(TAH) polymers with and without different 

catalysts (5% mol ratio of TAH monomers); (B) Small-angle X-ray scattering (SAXS) 

patterns of poly(TAH)-Zn(DTC)2 polymers. SAXS patterns show the emergence of a 

broad scattering peaks with the increasing amount of catalyst. 

These intriguing observations triggered us to investigate how the catalysts affected 

the structure and properties of the poly(disulfide) network. IR spectra of these 

solvent-free poly(TAH) with and without catalysts showed broad and consistent 

vibration bands (ʋN-H and ʋC=O) attributed to TAH monomers (Fig. 3.7A), indicating 

that the acylhydrazine units followed the H-bonding pattern as observed in the x-ray 

crystal structure (Fig. 3.2A-D). On the other hand, according to literature reports26, 

DTC-based catalysts can activate disulfide bonds and drive rubber vulcanization 

reactions. In our system, we inferred that the presence of DTC-based catalysts, 

especially Zn(DTC)2, notably increased the molecular weight of poly(TAH) polymers 

because of: (i) the remarkably higher glass transition temperature (Tg; Figs. S3), (ii) 

similar vibration bands of C=O groups in IR spectra (Fig. 3.7A) excluding metal-

acylhydrazine interactions, (iii) high-molecular-weight-induced microphase 
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separation in the presence of catalysts, and iv) peak distribution in the analysis of 

gel permeation chromatography (GPC; Fig. S4). To illustrate the microphase 

structure, synchrotron-radiation small-angle X-ray scattering (SAXS) technology was 

used, exhibiting enhanced broad scattering peaks with increasing amounts of 

catalysts (Fig. 3.7B). The observed microphase separation can be attributed to the 

secondary clustering of the reticular H-bonded acylhydrazine units in the high-

molecular-weight solvent-free poly(TAH) network27. By calculation, applying the 

Bragg equation, the H-bond clusters were distributed in the network with an average 

internal distance of 52 nm (Fig. 3.7B). Hence, the hierarchical crosslinking topology 

of the H-bonding network can be easily controlled by varying the addition amounts 

of Zn(DTC)2 catalysts, which offers us opportunities to tune the macroscopic 

properties of the H-bonding network of poly(TAH). 

The thermal properties of the resulting polymers were further studied by differential 

scanning calorimetry (DSC) and thermogravimetry analysis (TGA). The glass 

transition temperature (Tg) of poly(TAH) polymers revealed by DSC was found to be 

positively correlated with the amount of added catalysts (Figs. S3), which should be 

attributed to two factors; (i) the catalysis-enhanced molecular weight, as supported 

by GPC analysis (Fig. S4), and (ii) the secondary crosslinking of H-bonding clusters 

that decrease the mobility of polymer chains. The TGA curves of all poly(TAH) 

samples showed high thermostability with similar decomposition temperatures over 

200°C (Figs. S5). Despite the fully noncovalent network and excellent solubility of 

TAH monomers, all the poly(TAH) polymers unexpectedly show to be insoluble in 

water and many organic solvents, only swelling in methanol and being soluble in 

dimethyl formamide and dimethyl sulfoxide. The excellent solvent resistance is 

unusual for supramolecular materials that can be attributed to the robust crosslinking 

due to the reticular H-bonds of the acylhydrazine units. 

3.2.3 Mechanical robustness and toughness  

Having established the hierarchically reticular H-bonding of poly(TAH) network, we 

moved to the key question: How this unique noncovalently crosslinking 

acylhydrazine unit affects the macroscopic mechanical properties of the materials 

compared with the traditional dimeric H-bonds, e.g. carboxylic acids. The results of 

the systematic investigation of the mechanical properties of poly(TAH) materials are 
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compiled in Figs. 3.8 and Figs. 3.9. The poly(TAH) polymer without catalyst shows a 

tensile Young’s modulus of 8.0 MPa (Fig. 3.8A), which was nearly 100-fold higher 

than our previously reported network mainly crosslinked by carboxylic acids (84 

KPa)19, and even higher than that of the network toughened by strong iron(III)-

carboxylate complexes (Fig. 3.8A).21 The stiffened network of poly(TAH) still retained 

good stretchability (over 200%), suggesting that the reticular H-bonding network of 

poly(TAH) can sustain high tension force as well as dynamically dissipate external 

mechanical energy. Moreover, applying DTC-based catalysts further stiffened the 

poly(TAH) network (Fig. 3.8A, and Figs. 3.9). For example, the poly(TAH) network 

obtained with the Zn(DTC)2 catalysts shows Young’s moduli varying from 53.2 MPa 

to 340.3 MPa, dependent on the amount of catalyst (Fig. 3.9A). Higher catalyst 

loading up to 10% molar ratio of TAH produced materials with poorer mechanical 

performances, which may be explained as the loss of reticular H-bonds due to the 

ligand competition effect as a result of the presence of excess catalysts. Combining 

the fact that (i) all samples have similar vibration bands (ʋC=O) in IR spectra (Fig. 

3.7A), (ii) metal-free catalysts also show remarkable stiffening effects (Fig. 3.9C), 

and (iii) control experiments show that adding ZnCl2 salts does not stiffen the network 

(Fig. 3.9D), it is evident that the possible strengthening contribution due to metal-

acylhydrazine complexes can be excluded in our materials.  

 

Figure 3.8 (A) Representative stress-strain curves of the poly(TAH) and poly(TAH)-

5%Zn(DTC)2 network in this work compared with the poly(TA-DIB-Fe) network in our 

previous study19,21; (B) Comparison of Young’s modulus and toughness of the 

poly(TAH) and poly(TAH)-5%Zn(DTC)2 network compared with the poly(TA-DIB-Fe) 

network19,21.  
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Figure 3.9 Stress-strain curves of poly(TAH) with various ratio of Zn(DTC)2, 

Na(DTC), DTC, and 5% DTC and 5% ZnCl2. 

Furthermore, the two amide analogues, i.e., TAA and TAMH, were polymerized 

under the same condition used for TAH (Fig. S6). The melts of TAA recrystallized 

back to monomers after cooling down to room temperature (Fig. S7), which may be 

due to the favored monomer formation instead of polymers, caused by the spatially 

separated disulfide rings in the solid state as observed in the crystal structures 

resulting from the distinct H-bonding array (Fig. S1). Poly(TAA) polymers can be 

obtained by irradiating the melts of TAA in solvent-free state, but the resulting 

materials showed fragility and poor mechanical properties (Fig. S8). The melts of 

TAMH were still flowing liquids after cooling (Fig. S9A), suggesting the lack of H-

bonding crosslinks. The addition of Zn(DTC)2 can facilitate the curing of poly(TAMH) 

(Fig. S9B), and the resulting network exhibited very soft properties (Young’s modulus 

= 0.83 MPa; Fig. S9C). Therefore, these results unambiguously indicate that the 

formation of the specifically designed reticular H-bond crosslinks are responsible for 

the robustness enhancement of poly(TAH) materials. 
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Despite the high stiffness, the poly(TAH) network with 5% molar ratio Zn(DTC)2 

maintained good stretchability with a breaking elongation over 150%, meanwhile 

exhibited enhanced toughness up to 29.6 MJ/m3. A comparison of the poly(disulfides) 

networks with different sidechain crosslink units unambiguously illustrates the 

discovered stiffening effect of the acylhydrazine units (Fig. 3.8B). The homogeneous 

H-bond crosslinking of acylhydrazine units enables a two-orders of magnitude 

stiffening effect compared with the corresponding carboxylic acids19, and the 

secondary-clustering H-bonding crosslinking can further stiffen the poly(TAH) 

network over 40 times. It should also be noted that the metal-free H-bonded network 

presented here exhibits three times higher toughness compared to the state-of-the-

art poly(TA) materials crosslinked by iron-carboxylic ionic clusters21. Further, speed-

dependent tensile experiments indicated that the reticular H-bonding network of 

poly(TAH) materials can dissipate the mechanical energy and enable stretchability 

at different tensile speeds (10 ~ 100 mm/min) (Fig. S10A). The tensile experiments 

of the samples with a half-width notch further show the high toughness of the network 

(Fig. S10B). 

Besides the mechanical robustness and toughness of the bulky materials, thin 

filaments can also be made by tension-induced fiber processing from the hot-melt 

liquid of the poly(TAH) with catalysts, as a result of the dynamic covalent bonds in 

the main chain of poly(disulfides). The diameter of the filaments can be controlled by 

the tensile speed to produce thin filaments, indicating the processibility. The stress-

strain curves of these filaments showed high and reproducible mechanical 

robustness and toughness similar to that of the bulk materials (Fig. 3.10A). As a 

visible illustration, a piece of filament with a diameter of 0.74 mm was used to 

successfully sustain the load of a 23,000-fold weight of itself (Fig. 3.10A). 

Combining all these properties and structural data, it has been unambiguously 

demonstrated that the introduction and control of the reticular H-bonding crosslinks 

of acylhydrazine units can simultaneously stiffen, toughen, and strengthen the 

solvent-free poly(disulfide) polymer network (Fig. 3.8B and 3.10B). The unique 

multiple H-bonding crosslinking of acylhydrazines featuring high density, over-

saturation, and unprecedented geometrical synergy, results in robust and tough 

supramolecular networks, exhibiting comparable tensile strength and higher stiffness 

than engineering elastomers (see Fig. 3.10C for a comparison with common 
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engineering materials).28 

 

Figure 3.10 (A) Representative tensile stress-strain curves of the processed 

filaments of poly(TAH) samples with 5% molar ratio of Zn(DTC)2, Na(DTC) and DTC 

catalysts, respectively. The inset photograph showed that a polymer filament (8.5 

mg; diameter = 0.74 mm) can sustain a 200 g weight (23,000-fold compared to its 

own weight); (B Radar map showing the remarkably enhanced mechanical 

performance by the formation of secondary H-bonding clusters using 5% Zn(DTC)2 

as the catalyst; (C) Ashby plot shows the mechanical properties of our materials 

compared with current engineering materials. (C) reproduced from ref. 28. 

3.2.4 Dynamic functions  

Supramolecular materials feature intrinsically dynamic functions, such as self-

healing and reprocessing capabilities29-32, however in most cases being a trade-off 

with mechanical robustness. A pertinent question is whether the stiffened 

supramolecular materials in our system still exhibit dynamic properties. We 
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performed dynamic mechanical analysis (DMA) (Fig. S11) and rheological analysis 

(Fig. 3.11A and Fig. S12) to understand the temperature-dependency of their 

mechanical properties (Fig. S11). DMA data showed that poly(TAH) and poly(TAH)-

5%Zn(DTC)2 showed similar storage moduli (around 2 GPa) at the glassy state, and 

the Tg of poly(TAH)-5%Zn(DTC)2 was higher than that of poly(TAH) (Fig. S11). Both 

poly(TAH) and poly(TAH)-5%Zn(DTC)2 samples exhibited a typical rubbery plateau 

(Fig. 3.11A) with frequency-dependency (Fig. S12), indicating the existence of 

physical entanglements in the network. This observation is consistent with the 

literature33, in which the thermal polymerization of 1,2-dithianes results in cyclic 

polymers with physical entanglements, which also contribute to the mechanical 

stretchability of the network. To quantify the temperature-dependent viscosity of the 

material, creep and relaxation experiments were performed at different steady 

temperatures (Fig. 3.11B and Fig. S13). The poly(TAH)-5%Zn(DTC)2 sample 

exhibited excellent creep resistant at ambient temperature (below 30°C), while its 

viscosity visibly decreased from 36 MPa·S (30°C) to 4 MPa·S (40°C), indicating the 

remarkably accelerated chain mobility at 40°C. These results indicated that despite 

the high stiffness of poly(TAH)-5%Zn(DTC)2 network, chain mobility is still allowed 

under mild conditions. 

 

Figure 3.11 Dynamic properties and functions enabling malleability, repairability, and 

recyclability. (A) Temperature-dependent storage moduli of poly(TAH) with and 

without 5% Zn(DTC)2 catalyst recorded by rheometer under a constant frequency of 

1 Hz; (B) Creep-recovery plots for poly(TAH)-Zn(DTC)2 at different temperatures 

under 10 KPa. Viscosity is calculated and marked to quantify the temperature-

dependent chain mobility.  
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To quantitatively understand the temperature-dependent chain mobility in the 

solvent-free H-bonding network, the apparent activation energy (Ea) of the 

supramolecular network was evaluated by a series of temperature-dependent 

relaxation experiments using rheometry (Fig. 3.12A and Figs. S14-S15). It was found 

that poly(TAH) without catalyst exhibited a linear relationship in the entire 

temperature region tested, and the Ea was calculated as 58 kJ·mol-1. The Ea of 

poly(TAH)-5%Zn(DTC)2 materials showed strong temperature-dependency: The Ea 

below 40°C was as high as 251 kJ·mol-1, while it decreased to Ea = 97 kJ·mol-1 

above 40°C. The change of Ea should be related to the glass transition due to the 

observed Tg at 37.8°C (Fig. S11). Realizing the fact that this material is chemically 

crosslinked by H-bonds, the chain mobility is dominated by the exchange of H-

bonded pairs17. These thermodynamic results can provide quantitative 

understanding for the temperature-dependent dynamic nature of the reticular H-bond 

crosslinks. Therefore, the resulting network of poly(TAH)-5%Zn(DTC)2 reached a 

subtle balance between robustness and dynamicity in the transition temperature 

region (25°C ~ 40°C). 

 

Figure 3.12 (A) Arrhenius plot of the poly(TAH) with and without 5% Zn(DTC)2 

catalyst. The relaxation time at different temperature is collected based on the 

rheology master curves with different reference temperature (Fig. S14) or the 

temperature-dependent stress relaxation curves (Fig. S15). A notable slope increase 

is observed in the plot of poly(TAH)-5%Zn(DTC)2 below 40°C, indicating the 

remarkable stiffening of the materials due to the formation of reticular H-bond 

clusters; (B) Time-dependent repair strength of the interacted samples through the 

hole of a Teflon membrane at 30°C and 40°C. The strength of the completely 

repaired sample was evaluated as 22 MPa by hot-pressing the interfaces at 100°C 

for 3 h.  
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The unusual combination of chain mobility and robustness gave us the opportunities 

to explore the self-repairing properties of the material. A widely recognized 

evaluation method was used to reproducibly establish the self-repairing efficiency of 

stiff materials17, 34. The self-repairing process of two solid samples was studied at a 

contacting interface through a hole of a Teflon membrane spacer under a constant 

temperature and compression force (see experimental details in Experimental 

Method section) and the dependency of repairing efficiency as a function of both 

temperature and repairing time was investigated (Fig. 3.12B and Fig. S16). The 

samples of poly(TAH)-5%Zn(DTC)2 exhibited a tension strength of 12.4 MPa after 

repairing 6 h at 40°C, and were fully repaired (over 20 MPa) after 48 h at 40°C. As 

expected decreasing the repairing temperature to 30°C led to a lower repairing 

efficiency (~75%) in 48 h. The temperature-dependency of the self-repairing 

efficiency in this material was consistent with the results demonstrated by creep and 

relaxation experiments.  

 

Figure 3.13 (A) Reprocessability of the stiff and dynamic supramolecular materials 

by readily shaping or pressing at mild conditions (45°C); (B) Mechanical 

performances of the reprocessed poly(TAH)-5%Zn(DTC)2 materials after repeating 

multiple cycles. 

Taking advantages of the readily malleable and repairable ability of our materials, 

further experiments showed that the mechanical robust supramolecular materials 

can be reshaped under mild heating conditions, resulting in a spiral material with 

persistent shape at room temperature (Fig. 3.13A). Meanwhile, polymer fragments 

can be reprocessed into renewed plastic materials by hot-pressing at 50°C. The 

“recycled” materials showed remaining microphase structures and similar 

mechanical performance over several cycles (Fig. 3.13 and Fig. S17). These results 

demonstrated the advantageous nature of the intrinsic and robust crosslinks due to 

1st 2nd 3rd
0

100

200

300

400

500

Y
o

u
n

g
's

 M
o

d
u

lu
s
 (

M
P

a
)

0

50

100

150

200

 E
lo

n
g

a
tio

n
 (%

)

0

5

10

15

20

25

M
a
x

im
u

m
 s

tre
s

s
 (M

P
a

)

A B



 

71 |  
 

Ice-inspired Reticular Hydrogen Bonds Enable Robust, Tough and Dynamic  
Supramolecular Materials 

3 

the reticular H-bonds of acylhydrazines and the distinctive dynamic behavior in the 

solvent-free network of dynamic poly(disulfides). 

3.2.5 Interfacial adhesion ability  

The supramolecular materials based on poly(TAH) also exhibited great potential as 

high-performance hot-melting adhesive materials. One of the drawbacks of 

commercially available macromolecular adhesives rests on the low penetration 

ability of long polymers on widely used rough surfaces35-37, which might lead to the 

existence of many bubbles or the presence of solvents between the adhesion 

interfaces. We anticipated that the small-molecule precursor of our materials can 

readily penetrate the surfaces and form molecular-level noncovalent interactions, 

such as H-bonds and metal-ligand interactions (Fig. 3.14A). Then the formation of 

reticular H-bonding crosslinks after cooling to room temperature produced a robust 

polymer adhesion layer, without the use of external additives, such as water needed 

for cyanoacrylate-based adhesives38. We discovered that the formed adhesion 

layers using poly(TAH) can sustain unexpectedly high loading forces for glass and 

aluminum surfaces, both of which are important substrates for engineering 

adhesives (Fig. 3.14B-C). 

 

Figure 3.14 Interfacial adhesion strength of the reticular H-bonding network. (A) 

Schematic representation of the adhesion behavior of traditional macromolecular 

adhesives and the solvent-free small-molecule adhesives; (B-C) Photographs 

showing the robust adhered glass surfaces (B) and aluminum surfaces (C). The 

loading experiment of 20 kg weights is recorded by video (See Supporting 

Information). 



 

72 |  

 

Chapter 3 

To quantitatively evaluate the adhesion strength of our materials, a widely applied 

lap shearing testing method was used and the shearing adhesion strength of all 

poly(TAH) with or without catalysts was systematically investigated (Fig. 3.15A): The 

average adhesion strength of poly(TAH) without catalysts was as high as 11 MPa for 

aluminum surfaces, which was even 4-fold higher than the maximum adhesion 

strength of poly(TA-DIB-Fe) copolymers based on our previous work19. This 

enhancement was notable when realizing that the current system was free with any 

metal ions or covalent crosslinkers, and can be attributed to the robust crosslinking 

interactions of acylhydrazines. Furthermore, the adhesion strength for aluminum 

surfaces can be further increased to 18 MPa ± 3 MPa in the presence of poly(TAH)-

2% Zn(DTC)2.  

 

Figure 3.15 (A) The shear strength of the resulting materials using different amounts 

of Zn(DTC)2 catalysts; (B) The shear strength of poly(TAH)-2%Zn(DTC)2 for a variety 

of surfaces compared to two types of commercial adhesive materials, including 

Permabond engineering epoxy adhesive and poly (ethylene-vinyl acetate) (PEVA) 

hot-melt adhesive; (C) Recyclable adhesive ability of the resulting materials on 

aluminum surface showing no fatigue after multiple heating/cooling cycles. 
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Next a series of different surfaces were used to evaluate the general adhesive ability 

of the material (Fig. 3.15B). By contrast with Permabond engineering epoxy 

adhesive, the adhesive strength of our materials exhibited over 5.5-fold higher on 

glass, 2.5-fold higher on aluminum, 2-fold higher on fiberglass, and comparable on 

other surfaces. Moreover, compared with representative commercial PEVA hot-melt 

adhesives39, the adhesive strength of our materials was over 5.1-fold higher on glass, 

16.0-fold higher on aluminum, 10.1-fold higher on fiberglass. The high adhesive 

performance is attributed to the combined effect of (i) high penetration ability of 

small-molecule precursors that enables molecule-level contact, (ii) the robust and 

tough supramolecular polymer network crosslinked by the reticular H-bonds, and (iii) 

the noncovalent interactions between the acylhydrazine groups and the interfacial 

metal atoms or functional groups, such as hydroxyl groups and carbonyl groups (Fig. 

3.14A). Moreover, due to the inherently reconfigurable poly(disulfide) main chain, our 

adhesive materials can be repeatedly used for multiple adhesive cycles without any 

fatigue (Fig. 3.15C). The high adhesive ability together with the excellent recyclability 

endows these poly(TAH) materials with the capability to form the basis for next-

generation supramolecular adhesives made from biobased small molecules35. 

3.3 Conclusions 

In conclusion, we demonstrated a robust supramolecular crosslinking strategy by 

simply converting carboxylic acids into acylhydrazines. By elaborating the reticular 

H-bonding crosslinks of acylhydrazine units in a solvent-free poly(disulfide) network 

with dynamic covalent bonds, these supramolecular materials show excellent 

mechanical properties with simultaneously two or three orders enhanced stiffness, 

they are significantly toughened, meanwhile exhibiting readily repair properties and 

malleability under mild conditions, while exhibiting strong adhesion and recyclable 

adhesive abilities. Noting the widespread use of polymers containing carboxylic 

acids and esters, it can be expected that our approach allows a general and versatile 

crosslinking strategy for designing supramolecular materials combining robustness, 

dynamic properties and recycling capacities and offers ample opportunities to design 

future long-range ordered robust supramolecular materials and circular plastics. 
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3.5 Experimental Section 

3.5.1 Materials 

The key feedstock (±)-α- thioctic acid (TA) was used as received from Adamas®beta 

with a Reagent Grade (99%). N,N'-disuccinimidyl carbonate(NHS), triethylamine 

(>99%), hydrazine monohydrate (79%), ammonium hydroxide solution (28%), 1,1-

dimethylhydrazine, and Zinc diethyldithiocarbamate (Zn(DTC)2), sodium 

dimethyldithiocarbamate hydrate (Na(DTC)), tetraethylthiuram disulfide (DTC) were 

obtained from commercial sources (Sigma-Aldrich and TCI) and used as received 

without further purification. Solvents used for reactions and spectroscopy were 

HPLC grade. Solvents for NMR spectroscopy were used as received from Sigma-
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Aldrich. The hot glue gun and hot melt adhesive were bought from Tilswall company. 

The epoxy engineering adhesive was used as received from Permabond brand. 

3.5.2 Instruments and methods 

Solution-Phase Nuclear Magnetic Resonance (NMR) 1H NMR and 13C NMR 

spectra were measured on a Bruker AV-400 (1H: 400 MHz, 13C: 100 MHz) 

spectrometer at room temperature. Chemical shift values (δ) are reported in parts 

per million (ppm) with the solvent resonance as the internal standard (DMSO: δ 2.49 

for 1H, δ 39.52 for 13C). The following abbreviations (and their corresponding 

combination) are used to indicate signal multiplicity: s (singlet), d (doublet), t (triplet), 

q (quartet), m (multiplet), and br (broad). Temperature-varied NMR spectra were 

recorded on a Varian Unity Plus 500 spectrometer (500 MHz). Chemical shifts were 

denoted in δ values (ppm) relative to CD2Cl2 (1H: δ = 5.32; 13C: δ = 53.84). The 

temperature of the sample was controlled by a low-temperature cooler connected 

with a real-time programmed sensor. Measurement was performed after the real-

time temperature was fixed around the target temperature (± 1°C) at least 2 min. 

ESI Mass Spectra were recorded on an LTQ Orbitrap XL (ESI+). ESI Mass data 

were collected by Renze Sneep.  

Attenuated Total Reflection (ATR) were performed on a Perkin-Elmer FT-IR 

Spectrometer 400. Solid polymer samples were added onto the surface of sample 

platform. The background of the sample platform was corrected. The measurements 

were performed at room temperature (25°C). 

Liquid-phase IR were performed on a Perkin-Elmer FT-IR Spectrometer 400. A 

demountable liquid cell (Specac Company, UK) with KBr windows and PTFE 

spacers (thickness = 1 mm or 0.1 mm) was used to support the solution samples. 

The background of solvents (CH2Cl2) was corrected, the measurements were 

performed at room temperature (25°C) unless indicated otherwise.  

Differential Scanning Calorimetry (DSC) were carried out on a TA instruments 

DSC Q1000 in a dry nitrogen atmosphere in Prof. K. Loos’s lab. Samples were 

cycled from -50°C to 175°C at a rate of 5 or 10 °C/min. Glass transition temperature 

was found by taking the midpoint of the reversible endotherm of the 2nd heating scan 

for each sample. 
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Thermogravimetric Analysis (TGA) were carried out on a TGA5500 (TA 

Instruments, USA) in a nitrogen atmosphere with a temperature range from 20 °C to 

600 °C with a heating rate of 10 °C/min. TGA measurements were operated by J. 

van Dijken in Prof. K. Loos’s lab. 

X-ray diffraction (XRD) experiments were undertaken on a rotating anode X-ray 

powder diffractometer (18KW/D/max2550VB/PC) equipped with a copper target 

18KW (450mA), a fully automated curved (plate) crystal graphite monochoromator 

and a programmed variable slit system. XRD measurements were performed in the 

Research Center of Analysis and Test of East China University of Science and 

Technology. 

Dynamic Mechanical Analysis (DMA) was performed on a PerkinElmer DMA 

Q8000 operating in tension mode in Prof. F. Picchioni’s lab. Temperature ramps 

were carried out at a constant rate of 3 °C/min from -100°C to 100°C for all samples 

with a displacement of 2 m, a fixed frequency of 1Hz, and a force multiplier of 1.5.  

Rheological Tests were performed on a TA Instruments Discovery HR-2 rheometer 

in Prof. F. Picchioni’s lab. Polymer samples were placed under a 20-mm-diameter 

parallel plate with a gap of 0.1-2.0 mm. Temperature dispersion tests were carried 

out in a range from -20°C to 160°C (5 °C/min) at a constant frequency of 1 Hz with 

an applied strain of 0.1%. Frequency sweep tests were conducted in a range from 

626 rad/s to 6.28  103 rad/s at room temperature with an applied strain of 0.1%. 

Creep recovery tests were carried out between 24°C and 50°C with a constant 10 

kPa force. The creep test ranges from 0 s to 1963 s and the recovery test ranges 

from 2000 s to 2982 s for the poly(TAH)-5%Zn(DTC)2 polymers. The creep test 

ranges from 0 to 390 s and the recovery test ranges from 400 s to 1180 s for the 

poly(TAH) polymers. Stress relaxation analysis tests were performed between 50°C 

and 80°C with a constant strain of 0.1%.  

Gel Permeation Chromatography (GPC) were carried out on a Viscotek GPCmax 

equipped with model 302 TDA detectors by A. Woortman in Prof. K. Loos’s lab, a 

guard column (PSS-GRAM, 10 µm 5cm) and two analytical columns (PSS-GRAM-

1000/30 Å, 10 µm 30 cm) at a flow rate of 1.0 ml·min-1). The samples were dissolved 

in DMF containing 0.01 M LiBr for overnight. The mixture was filtered over a 0.45 µm 

PTFE filter prior to injection. 
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Small Angle X-Ray Scattering (SAXS) were performed on the BL19U2 SAXS 

beamline at Shanghai Synchrotron Radiation Facility (Shanghai, China).  

Bragg’s Law: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 

The scattering angle, which we define by convention as 2θ, defines a “probe length” 

expressed as d =2π/q, where q = 4πsin(θ)/λ, in which λ is the wavelength of the X-

rays. 

X-ray crystallography: A single crystal sample was mounted on top of a cryoloop 

and transferred into the cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture 

diffractometer. Data collection and reduction was performed using the Bruker 

software suite APEX3 (Bruker, APEX3 (v2016.1-0), SAINT (Version 8.18C) and 

SADABS (Version 2012/1). Bruker AXS Inc., Madison, Wisconsin, USA (2016)). The 

final unit cell was obtained from the xyz centroids of 9493 reflections after integration. 

A multiscan absorption correction was applied, based on the intensities of symmetry-

related reflections measured at different angular settings (SADABS). The structures 

were solved by direct methods using SHELXT (G. M. Sheldrick, SHELXT-Integrated 

space-group and crystal-structure determination. Acta Cryst. Sec. A: Found. Adv. 71, 

3-8 (2015)), and refinement of the structure was performed using SHLELXL (G. M. 

Sheldrick, A short history of SHELX. Acta Cryst. Sec. A: Found. Adv. 64, 112-122 

(2008)). The hydrogen atoms were generated by geometrical considerations, 

constrained to idealized geometries and allowed to ride on their carrier atoms with 

an isotropic displacement parameter related to the equivalent displacement 

parameter of their carrier atoms. CCDC 2094546 and CCDC 2111918 contain the 

supplementary crystallographic data for this paper. It may be obtained free of charge 

from The Cambridge Crystallographic Data Centre via www.ccdc.cam. 

ac.uk/data_request/cif. Single crystals were measured by Dr. Qi Zhang and data 

were refined by Dr. Ryojun Toyoda.  

Polymerization procedure: In a typical procedure, 5 g (0.023 mol) of TAH monomer 

was added into a 15 ml Teflon vial, which was then heated by a metal heating block 

with a constant temperature of 145°C. Yellow viscous liquid TAH was obtained under 

magnetic stirring. In the case of catalytic polymerization, a given amount of catalyst 

was added as powder into the molten TAH liquid and dissolved by vigorous stirring. 
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Next the reaction mixture was stirred at 145°C for 2.5 h to obtain homogeneity and 

the resulting liquid was quickly transferred into a Teflon mold and cooled to room 

temperature to form free-standing polymer samples. 

Tensile testing: All the tensile tests were carried out on an Instron 4301 tensile 

machine mounted with a maximum 5 KN detection cell. The data were recorded in 

real time by a wire-connected computer system. Unless otherwise noted, samples 

were tested at a fixed tensile speed of 10 mm/min. Tensile bars (60 mm by 5 mm by 

2 mm) were prepared using a Teflon mold with multiple cells to enable parallel 

conditions. Tensile measurement was carried out at ambient condition for all 

samples and each measurement was repeated with at least three independent 

samples. All tensile testing measurements were measured in Prof. K. Loos’s lab. 

Healing testing: The tensile tests for self-healing samples were conducted on an 

Instron 5565 tensile machine with a 100 N detection cell. Two 1 mm-thick poly(TAH)-

5%Zn(DTC)2 rectangular sheets (5 mm by 5 mm) were examined at a contacting 

interface through a hole of a Teflon membrane spacer (diameter = 1 mm; Fig. S17). 

The assembled specimens were put in an oven with a given constant temperature 

under a constant compression force (1 MPa) for different healing time. Then the 

repaired sandwich-like specimens were glued to the surface of aluminum plates, 

which were measured by the tensile machine at a testing speed of 10 mm/min. 

Adhesion testing: Adhesion tests were performed at room temperature on an 

Instron 4301 tensile machine mounted with a 5 KN load cell. The polymers were 

molten into low-viscosity liquid by heating at 145°C, and then deposited on the 

surfaces to adhere two surfaces together after cooling down to room temperature. 

The adhered samples were fixed to the jigs of the tensile machine to measure the 

shear strengthen of the adhesion layer. In the case of glass surfaces, special ultra-

strong glass plates were used to be able to sustain the shearing force due to the 

high adhesion strength of the adhesive interfaces. 
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3.5.3 Experimental method 

 

Preparation of TAH monomer: (±)-α-thioctic acid (TA) (1.0 eq, 4.8 g, 0.023 mol) 

was dissolved in CH3CN (200 mL). Di-(N,N′-succinimidyl) carbonate (3.0 eq, 7.2 g, 

0.028 mol) and triethylamine (Et3N, 3 eq, 10 mL) were added into the above solution 

and the mixture was stirred at room temperature for 2 h. The mixture was 

concentrated at 35C under reduced pressure and then added to aqueous 5% 

NaHCO3 solution to produce yellow precipitates. The precipitates were filtered, 

washed by water, and then dissolved in CH3CN (200 mL). 80% Hydrazine 

monohydroxide (13 eq, 15 mL) was dropwise added into the solution and the mixture 

was stirred at room temperature for 3 h. The mixture was filtered and the filtrate was 

concentrated under reduced pressure. The aqueous solution of 5% NaHCO3 was 

added and the mixture was extracted with CH2Cl2 (200 mL). The yellow organic layer 

was then washed by 5% NaHCO3 aqueous solution three times, dried over Na2SO4, 

and the solvent was evaporated under reduced pressure to yield yellow solid 

monomers (4.3 g, 89%). 1H NMR (400 MHz, DMSO) δ 8.90 (s, 1H), 4.12 (s, 2H), 

3.57 (m, 1H), 3.10 (m, 2H), 2.37 (m, 1H), 1.98 (m, 2H), 1.84 (m, 1H), 1.62 (m, 1H), 

1.48 (m, 3H), 1.30 (m, 2H). 13C NMR (151 MHz, DMSO) δ 171.92, 56.60, 40.39, 

38.57, 34.57, 33.72, 28.79, 25.46. HRMS (ESI) (m/z): [M + H]+ calcd for C8H16N2OS2 

+ H: 221.0777, found 221.0776. 

 

Preparation of TAA monomer: 2,5-dioxopyrrolidin-1-yl 5-(1,2-dithiolan-3-

yl)pentanoate (TA-NHS) (1.0 eq, 6.0 g, 0.020 mol) was dissolved in CH3CN (200 

mL). 15 mL 25% ammonia solution (9.0 eq, 14 g, 0.2 mol) was dropwise added into 

the above solution and the mixture was stirred at room temperature for 5 h. The 

mixture was filtered and the filtrate was concentrated under reduced pressure and 

the product recrystallized from CH3CN twice at -25C to yield a yellow solid 

compound (3.4 g, 86%). 1H NMR (400 MHz, DMSO) δ 7.23 (s, 1H), 6.68 (s, 1H), 
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3.59 (m, 1H), 3.11 (m, 2H), 2.39 (m, 1H), 2.02 (m, 2H), 1.86 (m, 1H), 1.64 (m, 1H), 

1.48 (m, 3H), 1.32 (m, 2H). 13C NMR (151 MHz, DMSO) δ 174.68, 56.64, 40.40, 

38.57, 35.39, 34.63, 28.85, 25.34. MS (EI, 70 eV) m/z (%), 205 (M+, 53.98), 188 

(M_NH2
+, 2.13), 172 (10.8), 155 (28.15), 140 (34.46), 123 (34.36), 105 (17.5), 95 

(23.31), 72 (32.91), 59 (100), 55 (46.15), 41 (38.58). 

 

Preparation of TAMH monomer: 2,5-dioxopyrrolidin-1-yl 5-(1,2-dithiolan-3-

yl)pentanoate (TA-NHS) (1.0 eq, 7.8 g, 0.026 mol) was dissolved in CH3CN (200 

mL). 19 mL 1,1-dimethylhydrazine (10 eq, 15 g, 0.26 mol) was dropwise added into 

the solution and the mixture was stirred at room temperature for 8 h. The mixture 

was concentrated under reduced pressure. Aqueous 5% NaHCO3 solution was 

added and the mixture was extracted with CH2Cl2 (200 mL). The yellow organic layer 

was then washed by 5% NaHCO3 solution three times, dried over Na2SO4, and the 

solvent was evaporated under reduced pressure to yield a yellow oil (3.8 g, 85%). 

The desired compound was obtained as two rotamers in a ratio of 15:8. Major isomer: 

1H NMR (400 MHz, DMSO) δ 8.70 (s, 1H), 3.58 (m, 1H), 3.10 (m, 2H), 2.43 (m, 6H), 

2.38 (m, 1H), 2.30(t, 1H), 1.92 (t, 1H), 1.84 (m, 1H), 1.63 (m, 1H), 1.47 (m, 3H), 1.33 

(m, 2H). Minor isomer: 1H NMR (400 MHz, DMSO) δ. 8.14 (s, 1H), 3.58 (m, 1H), 3.10 

(m, 2H), 2.43 (m, 6H), 2.38 (m, 1H), 2.30(t, 1H), 1.92 (t, 1H), 1.84 (m, 1H), 1.63 (m, 

1H), 1.47 (m, 3H), 1.33 (m, 2H). Major isomer: 13C NMR (151 MHz, DMSO) δ 169.74, 

56.62, 46.8, 40.4, 38.6, 34.58, 34.15, 31.58, 28.70, 25.41. Minor isomer: 13C NMR 

(151 MHz, DMSO) δ 174.69, 56.69, 48.24, 40.42, 38.6, 34.76, 34.15, 31.58, 29.08, 

24.64. HRMS (APCI) (m/z): [M + H]+ calcd for C10H20N2OS2 + H:249.10898, found 

249.10871. 
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3.6 Supplemental Figures 

 

Figure S1. X-ray single-crystal structure of TAA monomers. (A) Unit cell; (B) View 

along a axis to show the reticular H-bonding network of amide units (other parts of 

molecules are hidden for clarification); (C) View along c axis to show the spatially 

separated disulfide rings due to the packing geometry of H-bonds. 

 

Figure S2. XRD patterns of poly(TAH) (A), poly(TAH)-Zn(DTC)2 (B), poly(TAH)-

Na(DTC)2 (C), and poly(TAH)-DTC (D), indicating the amorphous network. 
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Figure S3. DSC thermograms for poly(TAH) without or with various catalysts on the 

second heating from -50°C to 175°C at a temperature-increasing rate of 5°C/min. Tg 

refers to the glass-transition temperature. 
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Figure S4. (A) GPC data of poly(TAH) with various catalysts. To capture the polymer 

signal before complete depolymerization, the partially dissolved sample solutions 

were used for GPC measurements. (B) 1H NMR spectra (400 MHz) of poly(TAH) and 

TAH monomer in DMSO-d6. The DMF or DMSO solution of poly(TAH) polymers is 

found as depolymerized monomers/oligomers. We assume that the moderate 

basicity of acylhydrazine groups allow them to act as a catalyst to enable the “auto-

depolymerization” ability of poly(TAH). 

 

Figure S5. TGA data for polymers with various amount of Zn(DTC)2, Na(DTC) and 

DTC catalyst (room temperature to 600°C in N2), showing good thermostability with 

similar decomposition temperatures over 200°C. 

File name ID Mn Mw Method

2020-10-15 DYX-0 288 388 THEO_PM

2020-10-15 DYX-1 1,114 1,742 THEO_PM

2020-10-15 DYX-2 1,214 11,387 THEO_PM

2020-10-15 DYX-5 1,232 92,007 THEO_PM

2020-10-15 DYX-10 1,067 1,986 THEO_PM

Overlay Report Conventional Calibration: DMF system
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2020-10-15 DYX-10 1,067 1,986 THEO_PM
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Figure S6. ATR data of TAA monomer, poly(TAA) solid and poly(TAA)-5% Zn(DTC)2 

solid. 

 

Figure S7. POM images of TAA monomers before and after melting. The crystalline 

solids are molten under 140°C into TAA liquid without birefringence properties, 

indicating the absence of ordered domains in solvent-free molten state. After cooling 

down to around 90°C, the liquid quickly recrystallized into monomers. 

 

Figure S8. (A) Photographs showing the TAA crystalline solids before and after UV 

irradiation (365 nm; 1 h). The yellow solid became pink after irradiation due to the 

formation of sulfide radicals, which faded slowly in dark after a few hours. (B) Bright-

fieldand POM images of the poly(TAA) film made from UV-irradiated TAA melts in 

solvent-free state. The resulting film is not birefringence. By this method, bulk 

poly(TAA) material can be made and molded (C). However, the fragility and 
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inhomogeneity of the material made it hard to obtain reliable data. Hence it can be 

concluded that the acylhydrazine unit bears major advantages compare to primary 

amide units in these materials. 

 

Figure S9. (A) ATR analysis of TAMH monomer, poly(TAMH) and poly(TAMH)-5% 

Zn(DTC)2 polymer. (B) DSC thermograms for poly(TAMH)-5% Zn(DTC)2 from -50°C 

to 175°C at a temperature-increasing rate of 5 °C/min. Tg refers to the glass-

transition temperature. (C) Stress-strain curve of poly(TAMH) with 5% Zn(DTC)2. 

The measurement was carried out with a strain rate of 10 mm/min at RT. 

 

Figure S10. (A) Stress-strain curves of poly(TAH)-2%Zn(DTC)2 under various strain 

rates. (B) Tensile experiments of poly(TAH)-Zn(DTC)2 with a notch. 

 

Figure S11. DMA data of poly(TAH) with and without catalyst. Temperature-

dependent storage moduli of poly(TAH) with and without 5% Zn(DTC)2 catalyst 
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recorded by DMA. The temperature increase was stopped at 100°C because of the 

technical issue caused by the softened sample at this temperature. 

 

Figure S12. Rheological curves of poly(TAH) and poly(TAH)-5%Zn(DTC)2. 

Rheology experiments of the poly(TAH) and poly(TAH)-5%ZnDTC2 polymers. (A) 

Frequency-dependence of storage (G’) and loss (G’’) moduli measured at 25°C; (B) 

Frequency-dependence of viscosity (η) measured at 25°C; Temperature-

dependence of G’ at 1 Hz, 20 Hz, and 40 Hz of poly(TAH) (C) and poly(TAH)-

5%Zn(DTC)2 (D).  

 

Figure S13. Creep-recovery plots for poly(TAH). (A) Creep-recovery plots for 

poly(TAH) at different temperatures ( = 10 KPa); (B)  Viscosities at different 

temperature were extracted from fits on the linear regimes of the plots. 
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Figure S14. Rheological data of Poly(TAH)-5%Zn(DTC)2. Master Curves of 

Poly(TAH)-5%Zn(DTC)2 prepared by the time-temperature superposition (TTS) 

treatment for G’ and G’’ values obtained at reference temperatures of 20°C (A), 30°C 

(B), and 40°C (C) in frequency (ω) dispersion tests at ω = 628 - 6.28 10-2 rad/s at 

an applied strain of 0.01%, 0.05% or 1%; (D) Relaxation time of Poly(TAH)-

5%Zn(DTC)2 for the flow transition calculated based on the crossover of G’ and G’’ 

at various temperature. 

 

Figure S15. Temperature-dependent stress-relaxation. Temperature-dependent 

stress relaxation for poly(TAH) (A) and Poly(TAH)-5%Zn(DTC)2 (B) polymers. 
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Figure S16. Healing ability of assembled poly(TAH)-5%Zn(DTC)2 upon healing at 

various temperature and time. (A) Schematic representation of the assembled 

specimen; Force-displacement curves of sandwich-like poly(TAH)-5%Zn(DTC)2 

healing at 30°C (B) and 40°C (C), respectively. Each test was repeated at least three 

times. 

 

Figure S17. Small-angle X-ray scattering (SAXS) patterns of poly(TAH)-

5%Zn(DTC)2 after reprocess. It shows the maintained feature of microphase 

separation after recycling.  
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Table S1. Crystal data and structure refinement for TAH (CCDC 2094546). 

Identification code cu_blfqi28_0ma 

Empirical formula C8H16N2OS2 

Formula weight 220.35 

Temperature/K 100.0 

Crystal system monoclinic 

Space group C2/c 

a/Å 42.585(2) 

b/Å 4.7829(2) 

c/Å 10.7100(6) 

α/° 90 

β/° 104.063(4) 

γ/° 90 

Volume/Å3 2116.03(19) 

Z 8 

ρcalcg/cm3 1.383 

μ/mm-1 4.280 

F(000) 944.0 

Crystal size/mm3 0.276 × 0.106 × 0.035 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.278 to 137.85 

Index ranges -50 ≤ h ≤ 50, -5 ≤ k ≤ 5, -12 ≤ l ≤ 12 

Reflections collected 25965 

Independent reflections 1947 [Rint = 0.0737, Rsigma = 0.0363] 

Data/restraints/parameters 1947/0/138 

Goodness-of-fit on F2 1.114 

Final R indexes [I>=2σ (I)] R1 = 0.0648, wR2 = 0.1716 

Final R indexes [all data] R1 = 0.0689, wR2 = 0.1753 

Largest diff. peak/hole / e Å-3 0.87/-0.67 
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Table S2. Crystal data and structure refinement for TAA (CCDC 2111918). 

Identification code mo_blfqi50c_0ma_a 

Empirical formula C8H15NOS2 

Formula weight 205.33 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 17.232(2) 

b/Å 5.8868(6) 

c/Å 9.8945(11) 

α/° 90 

β/° 100.133(4) 

γ/° 90 

Volume/Å3 988.05(19) 

Z 4 

ρcalcg/cm3 1.380 

μ/mm-1 0.493 

F(000) 440.0 

Crystal size/mm3 0.21 × 0.17 × 0.032 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 7.206 to 52.13 

Index ranges -21 ≤ h ≤ 21, -7 ≤ k ≤ 7, -12 ≤ l ≤ 12 

Reflections collected 22803 

Independent reflections 1960 [Rint = 0.1202, Rsigma = 0.0425] 

Data/restraints/parameters 1960/0/109 

Goodness-of-fit on F2 1.173 

Final R indexes [I>=2σ (I)] R1 = 0.0867, wR2 = 0.1849 

Final R indexes [all data] R1 = 0.1046, wR2 = 0.1946 

Largest diff. peak/hole / e Å-3 1.41/-0.94 
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