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Acylhydrazine-based reticular hydrogen bonds enable
robust, tough, and dynamic supramolecular materials

Yuanxin Deng"*t, Qi Zhang'*t, Chenyu Shi', Ryojun Toyoda?, Da-Hui Qu'*,

He Tian', Ben L. Feringa'%*

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 cross-links that endow
dynamic properties usually trade off materials’ mechanical robustness. Here, we present the discovery of a simple
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and robust supramolecular cross-linking strategy based on acylhydrazine units, which can hierarchically cross-link
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.

INTRODUCTION
Lengthening the life cycle of polymeric materials, particularly by intro-
ducing functionality that allows ready recycling without compromising
the key materials properties, provides a major contemporary chal-
lenge and represents an urgent goal for the scientific community due
to the rapidly rising global problems caused by traditional plastics
(1-3). 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 re-
used, and recycled on our way to future sustainable plastics (4-9). 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
materials (10-11). The reversible bond dissociation and exchange of
noncovalent bonds endow supramolecular materials with unique
dynamic functions, however, usually trading off the mechanical ro-
bustness and durability of materials due to the inherently weak bond
strength of noncovalent cross-links and focused their most fre-
quent uses on soft adaptive materials (12, 13), e.g,, extracellular matrix
of artificial tissue (14). To make supramolecular materials truly suit-
able as replacement for traditional plastics, the fundamental challenge
is how to develop robust, simple, and dynamic supramolecular cross-
linking strategies that simultaneously enable, apparently contra-
dicting, mechanical durability (robustness) and dynamic behavior
(reversibility, disassembly, and repairability) of the polymers.
Hydrogen bonds (H-bonds) are the ubiquitous noncovalent inter-
actions in nature sustaining life itself most obvious in the structures
of proteins and DNA and representing the prevalent noncovalent
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cross-links for supramolecular polymers (15-17). H-bonds are re-
versible and usually weak, but tailoring the multivalency and direction-
ality of H-bonds, materials cross-linked by H-bonds are accessible
that show high mechanical robustness (17). A fascinating example
created by nature is ice, a stiff supramolecular material completely
cross-linked 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 (18). Meanwhile,
the highly ordered reticular framework of ice can also heal and re-
shape itself by dynamic reorganization of the hydrogen bonds through
areversible thaw-freeze process under mild conditions. Combining
mechanical robustness and reversibility, we are motivated to explore
robust supramolecular tools that offer similarly reticular H-bonding
cross-links for polymers to enhance material strength without com-
promising 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 cross-linking H-bonding network (Fig. 1). Introducing the
acylhydrazine cross-links 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 cross-links preserve the intrinsically
dynamic functions of poly(disulfides), such as complete repairing,
malleability, and reusability under mild conditions. The notable en-
hancement 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 inter-
molecular interactions and offers a robust and straightforward cross-
linking strategy for designing high-performance yet dynamic materials.

RESULTS AND DISCUSSION

Design of reticular H-bonding self-assembly

The discovery came from our long-lasting research interests in develop-
ing self-healable and recyclable supramolecular materials based on
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Fig. 1. Reticular H-bonding cross-links based on acylhydrazine units. (A) Sidechain design strategy deriving from TA with dimeric H-bonds to TAH with reticular
H-bonds. (B to E) X-ray single-crystal structure of TAH monomers. View along b axis (B) shows the antiparallel molecular self-assembly of TAH mediated by reticular
H-bonds. View along c axis (C) and view along a axis (D) present the geometrically intricate H-bonding network of acylhydrazines (only acylhydrazine groups are shown
in Fig. 1D for clear presentation). Insight view (E) shows the atomic structures of an acylhydrazine group bound with six intermolecular H-bonds. Irrelevant hydrogen atoms

are omitted for clarity.

thioctic acid (TA) (19-23), a natural small molecule that is present
as a coenzyme in the body of animals (24). 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 cross-linked
by the dimeric H-bonds of carboxylic acids (19). Although some further
cross-links by metal-carboxylate complexes and ionic interactions
have been developed to toughen the supramolecular network (21),
the inherent weakness of the dimeric H-bonds of carboxylic acids
limits the mechanical robustness and the practical applications of
the resulting materials.

Aiming to evolve the dimeric H-bonds of carboxyl groups into
reticular H-bonds, we noticed the structural feature of acylhydrazines
(Fig. 1A): A single acylhydrazine unit contains three H-donors and
two H-acceptors, meaning that one of the H-acceptors may simulta-
neously interact with two H-donors so that the global supramolecu-
lar system can be stabilized by saturating all the H-donors. 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. 1A and figs. S1 to S3). For detailed
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procedures and characterizations, see the “Experimental method”
section in the Supplementary Materials), affording yellow powders
with a melting point of 77°C (fig. S4). 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 polym-
erization) providing the single-crystal x-ray structure. Unexpectedly,
we discovered a notably complex H-bonding network of acylhy-
drazine units in the solid state (Fig. 1, B to E, and table S1): (i) The
molecules were packed in an antiparallel manner along the b axis
(Fig. 1B); (ii) The adjacent antiparallel stacks further interacted and
cross-linked by forming hydrazine-hydrazine and hydrazine-carbonyl
H-bonds, resulting in a reticular framework fully cross-linked
by H-bonds (Fig. 1, C and D). In this fascinating architecture, all the
H-bond donors and acceptors were saturated by forming H-bonds
with varied bond lengths (2.08 to 2.33 A; Fig. 1E). We also found that
the carbonyl groups were “oversaturated” by forming H-bonds with
two N-H donors, which may be a key feature responsible for the
formation of reticular H-bonding network.
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To further understand the hierarchical H-bonding assembly of
TAH, infrared spectroscopy (IR; figs. S5 and S6) and temperature-varied
nuclear magnetic resonance (NMR; figs. S7 to S13) 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 (un_yg =
3443 cm™Y; Sy = 1605 cm™!) and the nonbonded carbonyl band
(Vc=o = 1678 cm ™) observed in IR spectra (figs. S5 and S6A) and
the small temperature-decreasing coefficient [AS/AT = —1.7 parts per
billion (ppb)/K] (25) of the amide proton in the 'H NMR spectra
(figs. S7 to S11). Increasing the concentration drove the formation
of intermolecular H-bonding interactions, as shown by the corre-
sponding shift of amide band and carbonyl band (figs. S5 and S6) and
the remarkably increased temperature-decreasing coefficient (AS/AT =
—11.9 ppb/K at 200 mM; fig. S12). The change in the IR spectra
from 1 to 200 mM solution and then in the solid state clearly indi-
cated 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. 1E), 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.

To further support the reliability of our H-bond design strategy,
two amide analogs of TAH were synthesized and characterized
(figs. S14 to S20 and table S2). First, the primary amide (TAA) bears
one H-acceptor and two H-donors, i.e., reminiscent of the nonsatu-
ration 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. S20),
and, in addition, TAA does not undergo polymerization (vide in-
fra), likely the direct consequence of the distinct H-bonding design. On
the other hand, the N,N-dimethyl-substituted analog (TAMH) was
an oil and could not be crystallized (figs. S17 to S19), obviously lack-
ing reticular H-bonds as cross-links. The combined results of structural
comparison indicated the reliability and generality of our strategy
for the design of reticular H-bonding-based self-assembly.

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 polym-
erization of TAH to investigate how the acylhydrazine units cross-
link in solvent-free polymers. To this end, the disulfide-mediated
ROP of TAH monomers was performed under solvent-free melting
conditions (Fig. 2, A and B) (see detailed experimental procedures in
the “Experimental method” section in the Supplementary Materials).
To enable high-molecular weight poly(disulfides), a series of
dithiocarbamate (DTC)-based catalysts, including Zn(DTC),, Na(DTC),
and DTC, were used because of their capability of catalyzing the sulfur-
sulfur bond exchange reaction in the vulcanization of rubber (fig. S21)
(26). The resulting poly(TAH) samples formed without catalysts were
translucent solid materials (fig. S22A) with an amorphous network
as confirmed by x-ray diffraction (figs. S22B and $23). Notably, it
was found that applying Zn(DTC); as catalyst led to less translucent
samples with visibly enhanced stiffness: A piece of poly(TAH)-5%
Zn(DTC), network can support a 200-g weight without any deform-
ation (Fig. 2C and movie S1). These intriguing observations triggered
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us to investigate how the catalysts affected the structure and proper-
ties of the poly(disulfide) network. IR spectra of these solvent-free
poly(TAH) with and without catalysts showed broad and consistent
vibration bands (Un_g and vc—o) attributed to TAH monomers (Fig. 2D
and figs. S24 to S27), indicating that the acylhydrazine units fol-
lowed the H-bonding pattern as observed in the x-ray crystal struc-
ture (Fig. 1, B to E). On the other hand, according to literature
reports (26), 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),,
notably increased the molecular weight of poly(TAH) polymers be-
cause of (i) the remarkably higher glass transition temperature (T;
figs. S28 to S31), (ii) similar vibration bands of C=0 groups in IR
spectra (Fig. 2D and figs. S25 to S27) excluding metal-acylhydrazine
interactions, (iii) high-molecular weight-induced microphase sep-
aration in the presence of catalysts (fig. S32), and (iv) peak distribu-
tion in the analysis of gel permeation chromatography (GPGC; fig. S33).
To illustrate the microphase structure, synchrotron-radiation small-
angle x-ray scattering technology was used, exhibiting enhanced broad
scattering peaks with increasing amounts of catalysts (fig. S34). 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) network (27). By calcula-
tion, applying the Bragg equation, the H-bond clusters were distributed
in the network with an average internal distance of 52 nm (fig. S34).
Hence, the hierarchical cross-linking topology of the H-bonding
network can be easily controlled by varying the addition amounts of
Zn(DTC); catalysts, which offers us opportunities to tune the macro-
scopic 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 thermo-
gravimetry (TG). 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. S28 to S31), which should
be attributed to two factors; (i) the catalysis-enhanced molecular weight,
as supported by GPC analysis (fig. S33), and (ii) the secondary cross-
linking of H-bonding clusters that decrease the mobility of polymer
chains. The TG curves of all poly(TAH) samples showed high ther-
mostability with similar decomposition temperatures over 200°C
(figs. S35 to S37). Despite the fully noncovalent network and excel-
lent solubility of TAH monomers, all the poly(TAH) polymers un-
expectedly show to be insoluble in water and many organic solvents
(fig. S38), 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 cross-linking due to the reticular H-bonds of the acylhydra-
zine units.

Mechanical robustness and toughness

Having established the hierarchically reticular H-bonding of poly(TAH)
network, we moved to the key question: How this unique non-
covalently cross-linking 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 compiled in Fig. 2 and figs. S39 to S42. The poly(TAH) polymer
without catalyst shows a tensile Young’s modulus of 8.0 MPa (Fig. 2E
and fig. S39), which was nearly 100-fold higher than our previously
reported network mainly cross-linked by carboxylic acids (84 KPa)
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Fig. 2. Structure characterization and mechanical properties of poly(TAH) polymers. (A) Preparation method for the catalyst-assisted solvent-free ROP of TAH and
the resulting polymer structure. The catalysts refer to Zn(DTC),, Na(DTC), or DTC with 1 to 10% molar ratios of TAH monomers. (B) Photograph of the resulting supra-
molecular materials. (C) Photograph showing the robust H-bonding network of a poly(TAH)-5% Zn(DTC), sample (60 mm X 10 mm X 2 mm), which can support a 200-g
weight without visible deformation. (D) Partial IR spectra of poly(TAH) polymers with and without different catalysts (5% mol ratio of TAH monomers). (E) Representative
stress-strain curves of the poly(TAH) and poly(TAH)-5% Zn(DTC), network in this work compared with the poly(TA-DIB-Fe) network in our previous study (79, 27). (F) Com-
parison of Young’s modulus and toughness of the poly(TAH) and poly(TAH)-5% Zn(DTC), network compared with the poly(TA-DIB-Fe) network (19, 21). (G) Representative
tensile stress-strain curves of the processed filaments of poly(TAH) samples with 5% molar ratio of Zn(DTC),, Na(DTC), and DTC catalysts, respectively. The inset photo-
graph 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). (H) Radar map showing the
remarkably enhanced mechanical performance by the formation of secondary H-bonding clusters using 5% Zn(DTC), as the catalyst. (I) Ashby plot shows the mechanical
properties of our materials compared with current engineering materials. (I) reproduced from (28). PVC, polyvinyl chloride; PP, polypropylene; PE, polythylene; PTFE,

polytetrafluoroethylene; EVA, ethylene-vinyll acetate.

(19) and even higher than that of the network toughened by strong
iron(III)-carboxylate complexes (Fig. 2E) (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 and dynamically dissipate external mechanical energy.
Moreover, introducing DTC-based catalysts further stiffened the
poly(TAH) network (Fig. 2E and figs. S40 to S42). For example, the
poly(TAH) network obtained with the Zn(DTC), catalysts shows
Young’s moduli varying from 53.2 to 340.3 MPa, dependent on the
amount of catalyst (Fig. 2E and fig. S40). Higher catalyst loading up
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to 10% molar ratio of TAH produced materials with poorer mechani-
cal performances, which may be explained as the loss of reticular
H-bonds due to the ligand competition effect as a result of the pres-
ence of excess catalysts. Combining the fact that (i) all samples have
similar vibration bands (vc=o) in IR spectra (Fig. 2D), (ii) metal-
free catalysts also show remarkable stiffening effects (fig. S42), and
(iii) control experiments show that adding ZnCl, salts does not
stiffen the network (fig. $43), it is evident that the possible strength-
ening contribution due to metal-acylhydrazine complexes can be
excluded in our materials. Furthermore, the two amide analogs, i.e.,
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TAA and TAMH, were polymerized under the same condition used
for TAH (figs. S44 to S51). The melts of TAA recrystallized back to
monomers after cooling down to room temperature (fig. $45), 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. S20). 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. $47). The melts of TAMH
were still flowing liquids after cooling (fig. S48), suggesting the lack
of H-bonding cross-links. The addition of Zn(DTC); can facilitate
the curing of poly(TAMH) (figs. $49 and S50), and the resulting net-
work exhibited very soft properties (Young’s modulus = 0.83 MPa;
fig. S51). Therefore, these results unambiguously indicate that the
formation of the specifically designed reticular H-bond cross-links are
responsible for the robustness enhancement of poly(TAH) materials.

Despite the high stiffness, the poly(TAH) network with 5% molar
ratio Zn(DTC), maintained good stretchability with a breaking elon-
gation over 150%, meanwhile exhibited enhanced toughness up to
29.6 MJ/m>. A comparison of the poly(disulfide) networks with dif-
ferent sidechain cross-link units unambiguously illustrates the dis-
covered stiffening effect of the acylhydrazine units (Fig. 2F). The
homogeneous H-bond cross-linking of acylhydrazine units enables a
two-orders of magnitude stiffening effect compared with the corre-
sponding carboxylic acids (19), and the secondary clustering H-bonding
cross-linking can further stiffen the poly(TAH) network over 40 times.
It should also be noted that the metal-free H-bonded network pre-
sented here exhibits three times higher toughness compared to the
state-of-the-art poly(TA) materials cross-linked by iron-carboxylic
ionic clusters (21). 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 to 100 mm/min) (fig. S52). The tensile
experiments of the samples with a half-width notch further show the
high toughness of the network (fig. S53).

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 (fig. S54), indicating the proces-
sibility. The stress-strain curves of these filaments showed high and
reproducible mechanical robustness and toughness similar to that of the
bulk materials (Fig. 2G and figs. S55 to S58). As a visible illustration, a
piece of filament with a diameter of 0.74 mm was used to successfully sus-
tain the load of a 23,000-fold weight of itself (Fig. 2G and movie S2).

Combining all these properties and structural data, it has been
unambiguously demonstrated that the introduction and control of
the reticular H-bonding cross-links of acylhydrazine units can simulta-
neously stiffen, toughen, and strengthen the solvent-free poly(disulfide)
polymer network (Fig. 2, F and H). The unique multiple H-bonding
cross-linking of acylhydrazines featuring high density, oversatura-
tion, and unprecedented geometrical synergy results in robust and
tough supramolecular networks (see Fig. 21 for a comparison with
common engineering materials) (28).

Dynamic functions
Supramolecular materials feature intrinsically dynamic functions, such
as self-healing and reprocessing capabilities (29-32), however, in most
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cases, being a trade-off with mechanical robustness. A pertinent ques-
tion is whether the stiffened supramolecular materials in our system
still exhibit dynamic properties. We performed dynamic mechanical
analysis (DMA) (fig. $59) and rheological analysis (Fig. 3A and fig. S60)
to understand the temperature dependency of their mechanical prop-
erties (fig. S59). DMA data showed that poly(TAH) and poly(TAH)-5%
Zn(DTC), showed similar storage moduli (around 2 GPa) at the glassy
state, and the T of poly(TAH)-5% Zn(DTC), was higher than that
of poly(TAH) (fig. S59). Both of poly(TAH) and poly(TAH)-5%
Zn(DTC), samples exhibited a typical rubbery plateau (Fig. 3A) with
frequency dependency (fig. S60), indicating the existence of physical
entanglements in the network. This observation is consistent with
the literature (33), 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 quan-
tify the temperature-dependent viscosity of the material, creep and
relaxation experiments were performed at different steady temperatures
(Fig. 3B and fig. S61). The poly(TAH)-5% Zn(DTC), 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), network, chain mobility is still allowed under mild conditions.

To quantitatively understand the temperature-dependent chain
mobility in the solvent-free H-bonding network, the apparent acti-
vation energy (E,) of the supramolecular network was evaluated by
a series of temperature-dependent relaxation experiments using
rheometry (Fig. 3C and figs. S62 and S63). It was found that poly(TAH)
without catalyst exhibited a linear relationship in the entire tempera-
ture region tested, and the E, was calculated as 58 k] mol™!. The E,
of poly(TAH)-5% Zn(DTC), materials showed strong temperature
dependency: The E,’ below 40°C was as high as 251 kJ mol ™, while
it decreased to E,” = 97 k] mol™" above 40°C. The change of E,
should be related to the glass transition due to the observed Tj at
37.8°C (fig. S59). Realizing the fact that this material is chemically
cross-linked by H-bonds, the chain mobility is dominated by the
exchange of H-bonded pairs (17). These thermodynamic results can
provide quantitative understanding for the temperature-dependent
dynamic nature of the reticular H-bond cross-links. Therefore, the
resulting network of poly(TAH)-5% Zn(DTC), reached a subtle
balance between robustness and dynamicity in the transition tem-
perature region (25° to 40°C), which is reminiscent of ice, being
simultaneously robust and plastic (24).

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 re-
producibly establish the self-repairing efficiency of stiff materials (17, 34).
The self-repairing process of two solid samples was studied at a con-
tacting interface through a hole of a Teflon membrane spacer under
a constant temperature and compression force (see detailed experi-
mental details in the “Experimental method” section in the Supple-
mentary Materials), and the dependency of repairing efficiency as a
function of both temperature and repairing time was investigated
(Fig. 3D and fig. S64). The samples of poly(TAH)-5% Zn(DTC); ex-
hibited a tension strength of 12.4 MPa after repairing 6 hours at 40°C
and were fully repaired (over 20 MPa) after 48 hours at 40°C. As
expected, decreasing the repairing temperature to 30°C led to a lower
repairing efficiency (~75%) in 48 hours. The temperature depen-
dency of the self-repairing efficiency in this material was consistent
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Fig. 3. Dynamic properties and functions enabling malleability, repairability, and recyclability. (A) Temperature-dependent storage moduli of poly(TAH) with
and without 5% Zn(DTC), catalyst recorded by rheometer under a constant frequency of 1 Hz. (B) Creep-recovery plots for poly(TAH)-Zn(DTC), at different temperatures
under 10 KPa. Viscosity is calculated and marked to quantify the temperature-dependent chain mobility. (C) Arrhenius plot of the poly(TAH) with and without 5%
Zn(DTQ), catalyst. The relaxation time at different temperature is collected on the basis of the rheology master curves with different reference temperature (fig. $62)
or the temperature-dependent stress relaxation curves (fig. S63). A notable slope increase is observed in the plot of poly(TAH)-5% Zn(DTC), below 40°C, indicating the
remarkable stiffening of the materials due to the formation of reticular H-bond clusters. (D) 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 hours. (E) Reprocessability of the stiff and dynamic supramolecular materials by readily shaping or pressing at mild conditions (45°C). (F) Mechanical performances
of the reprocessed poly(TAH)-5% Zn(DTC), materials after repeating multiple cycles.

with the results demonstrated by creep and relaxation experiments. room temperature (Fig. 3E). Meanwhile, polymer fragments can be
Taking advantages of the readily malleable and repairable ability of  reprocessed into renewed plastic materials by hot pressing at 50°C. The
our materials, further experiments showed that the mechanical ro-  “recycled” materials showed remaining microphase structures and
bust supramolecular materials can be reshaped under mild heating  similar mechanical performance over several cycles (Fig. 3, Eand F,
conditions, resulting in a spiral material with persistent shape at and fig. S65). These results demonstrated the advantageous nature
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of the intrinsic and robust cross-links due to the reticular H-bonds
of acylhydrazines and the distinctive dynamic behavior in the solvent-
free network of dynamic poly(disulfides).

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 surfaces (35-37), which might lead to the ex-
istence of many bubbles or the presence of solvents between the
adhesion interfaces. We anticipated that the small-molecule precur-
sor of our materials can readily penetrate the surfaces and form
molecule-level noncovalent interactions, such as H-bonds and metal-
ligand interactions (Fig. 4A). Then, the formation of reticular
H-bonding cross-links after cooling to room temperature produced
a robust polymer adhesion layer, without the use of external addi-
tives, such as water needed for cyanoacrylate-based adhesives (38).
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 ad-
hesives (Fig. 4, B and C, and movie S3).

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. 4D): The average adhesion strength
of poly(TAH) without catalysts was as high as 11 MPa for alumi-
num surfaces, which was even fourfold higher than the maximum
adhesion strength of poly(TA-DIB-Fe) copolymers based on our
previous work (19). This enhancement was notable when realizing
that the current system was free with any metal ions or covalent cross-
linkers and can be attributed to the robust cross-linking interactions
of acylhydrazines. Furthermore, the adhesion strength for aluminum
surfaces can be further increased to 18 + 3 MPa in the presence of
poly(TAH)-2% Zn(DTC),. Next, a series of different surfaces were
used to evaluate the general adhesive ability of the material (Fig. 4E).
Compared with representative commercial hot melt adhesives (39),
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,
and comparable on other surfaces. 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 cross-linked
by the reticular H-bonds, and (iii) the noncovalent interactions between
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Fig. 4. Interfacial adhesion strength of the reticular H-bonding network. (A) Schematic representation of the adhesion behavior of traditional macromolecular adhe-
sives and the solvent-free small-molecule adhesives. (B and C) Photographs showing the robust adhered glass surfaces (B) and aluminum surfaces (C). The loading exper-
iment of 20-kg weights is recorded by video (movie S3). (D) The shear strength of the resulting materials using different amounts of Zn(DTC), catalysts. (E) The shear
strength of poly(TAH)-2% Zn(DTC), for a variety of surfaces compared to two types of commercial adhesive materials, including Permabond engineering epoxy adhesive
and poly(ethylene-vinyl acetate) hot melt adhesive. Al, aluminum. (F) Recyclable adhesive ability of the resulting materials on aluminum surface showing no fatigue after

multiple heating/cooling cycles. PMMA, polymethyl methacrylate.
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the acylhydrazine groups and the interfacial metal atoms or func-
tional groups, such as hydroxyl groups and carbonyl groups. More-
over, due to the inherently reconfigurable poly(disulfide) main chain,
our adhesive materials can be repeatedly used for multiple adhesive
cycles without any fatigue (Fig. 4F). The high adhesive ability together
with the excellent recyclability endows these poly(TAH) materials
with the capability to form the basis for next-generation supra-
molecular adhesives made from biobased small molecules (35).

In conclusion, we demonstrated a robust supramolecular cross-linking
strategy by simply converting carboxylic acids into acylhydrazines.
By elaborating the reticular H-bonding cross-links of acylhydrazine
units in a solvent-free poly(disulfide) network with dynamic cova-
lent bonds, these supramolecular materials show excellent mechan-
ical properties with simultaneously two or three orders enhanced
stiffness, they are significantly toughened, meanwhile exhibiting readily
repair properties and malleability under mild conditions while ex-
hibiting 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
cross-linking strategy for designing supramolecular materials com-
bining robustness, dynamic properties, and recycling capacities and
offers ample opportunities to design future long-range ordered ro-
bust supramolecular materials and circular plastics.

MATERIALS AND METHODS

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 poly-
merization, a given amount of catalyst was added as powder into the
molten TAH liquid and dissolved by vigorous stirring. Next, the reaction
mixture was stirred at 145°C for 2.5 hours 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 ma-
chine 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.

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), rectangular sheets (5 mm by 5 mm) were
examined at a contacting interface through a hole of a Teflon mem-
brane spacer (diameter = 1 mm; fig. S64). The assembled specimens
were put in an oven with a given constant temperature under a con-
stant 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.

Deng etal., Sci. Adv. 8, eabk3286 (2022) 28 January 2022

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 cool-
ing down to room temperature. The adhered samples were fixed to
the jigs of the tensile machine to measure the shear strength of the
adhesion layer. In the case of glass surfaces, special ultrastrong glass
plates were used to be able to sustain the shearing force due to the
high adhesion strength of the adhesive interfaces.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk3286
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