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ABSTRACT: The realization of covalent adaptable networks with excellent mechanical and dynamic properties remains a major
challenge. Herein, the acylsemicarbazide (ASC) moieties with dynamic reversibility and multiple hydrogen bonding were disclosed
and used to prepare transparent, high modulus, and malleable polymer networks. It was found that the ASC moiety can reversibly
generate isocyanate and hydrazide at elevated temperatures, that is, exhibiting dynamic reversibility. ASC can also produce the
disordered multiple hydrogen bonds that contribute to superior mechanical strength for dynamic polymers. The hydrogen bonding
in ASC moieties can diminish the energy barrier for the cleavage of dynamic covalent bonds, and the dissociation of ASC moieties
further promotes the disruption of hydrogen bonds, showing the synergistic dynamic eﬀects. ASC moieties provide a valuable
molecular engineering opportunity toward high-performance dynamic polymer materials. The polymer containing ASC moieties
possesses excellent optical transparency, superb mechanical performance (Young’s modulus up to 1.7 GPa), together with malleable
and healing properties.

■

INTRODUCTION
Dynamic covalent bonds (DCBs) are subject to reversible
breaking reformation under speciﬁc circumstances.1,2 The
covalent adaptable networks (CANs) combine the beneﬁts of
traditional thermosets with the advantages of thermoplastics and
thus attract more and more attention.3,4 CANs can be classiﬁed
into two major groups based on the exchange mechanism: (1)
dissociative CANs, which rely on reversible bond breakingreformation sequence process, developed since Wudl et al.5
DCBs are ﬁrst dissociated into the original components, and
then random reformation occurs to achieve exchange. (2)
Associative CANs, that is, vitrimer by Leibler,6,7 following the
bond forming-breaking sequence via transient intermediates, are
able to preserve their network integrity and even increase the
cross-link density slightly during the exchange process. Although
much progress in CANs has been made over the past
decade,2,5,6,8−12 achieving CANs with a suﬃciently high
mechanical performance (combining both high modulus and
high toughness) while holding excellent dynamic properties is
© 2020 American Chemical Society

still a big challenge in polymer science because of the opposite
dependence on polymer chain mobilitysuﬃcient mobility for
dynamic exchange but a robust enough structure for high
mechanical strength. It is imperative for polymer scientists to
search for the new dynamic moieties or dynamic chemistry
strategy to solve this issue.
Incorporating secondary supramolecular interactions, typically hydrogen bonds (H-bonds), into CANs can improve the
mechanical strength.13−15 However, a high abundance of Hbonds typically results in the crystallization of the polymer,
which may in turn reduce the toughness and also the optical
Received: July 20, 2020
Revised: August 18, 2020
Published: September 3, 2020

7914

https://dx.doi.org/10.1021/acs.macromol.0c01667
Macromolecules 2020, 53, 7914−7924

Macromolecules

pubs.acs.org/Macromolecules

Article

Figure 1. ASC moieties. (A) Dynamic chemistry and H-bonding of ASC moieties. (B) Schematic illustration of CANs with H-bonded aggregates of
ASC moieties and their reversible dynamics. (C) Facile synthetic route for cross-linked PASC; the inset picture is the photograph of a transparent
PASC ﬁlm.

materials have been reported sporadically for a long time, its
signiﬁcant potential in polymer science has rarely been
explored.21 Herein, we hypothesized that ASC is a dynamic
moiety, which is the ﬁrst stride in this study, as ASC can form an
activated n-centered transition state to facilitate the transfer of
protons, thereby reducing the decomposition activation energy
of dynamic urea bonds.22 On the other hand, ASC moieties
contain several H-bond donors and acceptors and can form
strong multiple H-bonds23 such as the well-known 2-ureido4[1H]-pyrimidinone (UPy) molecule.24 However, diﬀerent
from UPywhich forms H-bonding dimerswe reasoned
that ASC moieties can potentially participate in larger lessordered H-bonded aggregates (Figure 1B). Furthermore, using
bulkier substituents and a nonsymmetric monomer, disordered
nonﬂat aggregates might be obtained, which combine a truly
high mechanical strength with good transparency, which is the
second stride in this study. The synergistic dynamic eﬀects can
be achieved, that is, the H-bonds between ASC moieties are
likely to diminish the energy barrier for the dynamic chemistry of
the ASC bonds, while the dissociation of ASC moieties is
accompanied by the disruption of their intermolecular H-bonds,

transparency of the material. Using less ordered H-bond
networks or reducing the symmetry of polymer chains is an
eﬃcient approach to obtain highly dense H-bonds without
crystallization.16 As the secondary interactions may restrict the
mobility of dynamic moieties to hamper the dynamic exchange
process, the polymer structure requires complex molecular
designs to optimize the interplay between (the dynamics of)
supramolecular interactions and DCBs.17,18 In addition,
introducing more functional groups likely increases the material
costs. Therefore, it is highly desirable to ﬁnd novel dynamic
moieties that provide both DCBs and strong secondary
interactions with synergistic dynamic eﬀects, enabling dynamic
reversibility of polymeric materials with a high mechanical
strength. Acylhydrazone containing hydrogen bonds and
reversible imine group belongs to such a dynamic moiety.19
However, its H-bond intensity is relatively weak and the imine
group is water- and pH-sensitive.
Acylsemicarbazide (ASC) (Figure 1A), regarded as a
combination of urea and amide linked by a N−N bond, can
be easily formed by the addition reaction between isocyanate
and hydrazide.20 Although polyacylsemicarbazide (PASC)
7915
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Table 1. Mechanical Properties of the Cross-Linked PASC
samples

molar ratioa

Young’s modulus
(E, GPa)

yield strength
(σy, MPa)

tensile strength
(σb, MPa)

strain at break
(εb, %)

tensile toughness
(UT, MJ·m−3)

PASC-HM-0.14
PASC-HM-0.07
PASC-HM-0.05
PASC-HM-0.04
PASC-TM-0.07

5:6:10:2/3
10:11:20:2/3
15:16:30:2/3
20:21:40:2/3
10:11:20:2/3

1.71 ± 0.06
1.74 ± 0.06
1.66 ± 0.05
1.69 ± 0.03
1.70 ± 0.04

64.9 ± 1.4
63.6 ± 0.9
61.3 ± 0.7
60.9 ± 0.4
62.4 ± 0.7

62.5 ± 6.1
68.5 ± 5.3
58.3 ± 4.6
61.2 ± 3.6
42.6 ± 5.0

173 ± 17
181 ± 15
172 ± 13
193 ± 14
241 ± 27

88 ± 12
98 ± 11
85 ± 9
97 ± 10
88 ± 12

a

Molar ratio refers to ED-600: IPDH: HMDI/TMXDI: tri-HDI.
For the time-dependent mechanical behavior of cross-linked PASC, the
samples were stretched under various strain rates of 1.5, 4.5, 7.5, 15 and
50 mm·min−1 at room temperature. Thermogravimetric analysis
(TGA) experiments were performed on a NETZSCH TG 209
instrument at a linear heating rate of 10 °C·min−1 from 30 to 800 °C,
under a nitrogen or an air atmosphere. Dynamic mechanical analysis
(DMA) was carried out on a DMA Q800 apparatus (TA Instrument) in
tension ﬁlm mode. Rectangular geometry samples [ca. 0.5 mm (T) × 3
mm (W) × 20 mm (L) and a gauge length of ∼8 mm] were measured
from −110, to 170 °C, at a heating rate of 3 °C·min−1, a strain of 0.1%,
and frequency of 1 Hz. Diﬀerential scanning calorimetry (DSC) was
performed on a NETZSCH DSC 204 (Netzsch Instruments)
diﬀerential scanning calorimeter with a heating rate of 10 °C·min−1
under a nitrogen atmosphere. Both stress-relaxation analysis (SRA) and
creep experiments were performed in tensile geometry on a DMA Q800
apparatus (TA Instruments), and rectangular samples were utilized [ca.
0.5 mm (T) × 3 mm (W) × 20 mm (L) and a gauge length of ∼8 mm].
For the SRA, the built-in stress relaxation mode was used. Samples were
equilibrated at a set temperature for 5 min and then subjected to a
constant strain of 10%. The stress decay over time was monitored. For
the creep experiment, the rectangular samples were equilibrated at the
test temperature for 5 min and then stretched under a constant stress of
100 kPa for 20 min. After that, the stress was released, and the samples
were allowed to recover under the same temperature for another 40
min.
Synthesis of Cross-Linked PASC. The cross-linked PASCs were
synthesized according to Figure 1C. As the solubility of IPDH in DMF
is relatively poor, a two-step polymerization approach was adopted.
First, IPDH was reacted with diisocyanates (HMDI or TMXDI) and
hexamethylene diisocyanate trimer (tri-HDI) in DMF to form
isocyanate-terminated ASC moieties, which could form a homogeneous
solution. After that, ED-600 was added into the solution under vigorous
stirring. The system was cured for a few seconds. After removing the
solvent, the cross-linked PASC was obtained as a colorless rigid solid.
For PASC-HM-0.07, a solution of HMDI (5.247 g, 20 mmol) and
hexamethylene diisocyanate trimer (tri-HDI, 0.336 g, 0.67 mmol) in 8
mL of DMF was charged to a 240 mL polypropylene cup with a Teﬂon
stirrer. IPDH (2.136 g, 11 mmol) was added into the solution under
stirring. After IPDH was completely dissolved, 6 g of ED-600 (10 mmol,
diluted by 4 mL DMF) was quickly added into the previous mixture via
a syringe under vigorous stirring and a colorless gel was obtained within
a few seconds. The gel was incubated at 80 °C for ∼12 h to evaporate
most of the solvent, then cut into small pieces, and further dried under
vacuum at 80 °C for about 24 h, which was followed by another 24 h of
drying at 100 °C to ensure complete removal of the solvent. The sample
was stored in a desiccator before use to avoid moisture. Other crosslinked PASC-HMs with diﬀerent cross-link densities, such as PASCHM-0.14, PASC-HM-0.05, and PASC-HM-0.04, were synthesized by
the same routes with diﬀerent molar ratios of the compounds (see
Table 1). PASC-TM-0.07, with the same molar ratio of compounds
with PASC-HM-0.07, was prepared through similar procedures, but
using TMXDI as diisocyanate.
Cross-Link Density. The cross-link density χ is deﬁned as the
number of moles of elastically eﬀective network chains per cubic
centimeter of sample and calculated by the equation provided by
Scanlan25

which is the third stride in this study. With all these facets, we
hypothesized that ASC might be a good candidate for the
sought-after dynamic moiety for high-performance CANs.
First, we disclose the reversible dynamic chemistry of ASC
moieties, both experimentally and by quantum chemical
calculations, speciﬁcally in view of the role that H-bonds
might play in the dissociation process. Next, to demonstrate the
potential of the ASC moieties in CANs, several cross-linked
PASC materials are developed from commercially available
sources (Figure 1C). These materials were used to demonstrate
the particular structure characteristics of ASC moieties, their
healing properties, but above all their extremely high mechanical
performance even after repetitive remolding.

■

EXPERIMENTAL SECTION

Materials. All materials used are listed by name (abbreviation as
used in the paper, supplier and characteristic): O,O′-bis(2-aminopropyl) polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol 500 (ED-600, Aldrich, Mr ≈ 600 g mol−1), isophthalic
dihydrazide (IPDH, TCI, >95%), benzhydrazide (2, TCI, >98%), 4methoxybenzhydrazide (3, TCI, >98%), benzylamine (BA, Aldrich,
>99%), dimethylglyoxime (Micxy, >99%), dibutylamine (TCI, >99%),
4,4′-methylenebis(cyclohexyl isocyanate) (HMDI, TCI, >90%, mixture of isomers), m-tetramethylxylene diisocyanate (TMXDI, Adamas,
>98%), hexamethylene diisocyanate trimer (tri-HDI, Bayer, Desmodur
N3300), cyclohexyl isocyanate (CHI, TCI, >98%), phenethyl
isocyanate (TCI, >98%), benzyl isocyanate (BI, TCI, >99%), N,Ndimethylformamide (DMF, Adamas, ≥99.5%, water ≤ 50 ppm),
tetrahydrofuran (Macklin, ≥99.5%, water ≤ 50 ppm). All the solvents
and reagents were obtained from commercial suppliers and used
without further puriﬁcation.
General Characterization Methods. Nuclear magnetic resonance (NMR) spectra were recorded at room temperature with a
Bruker spectrometer operating at 400 MHz using DMSO-d6 as solvent.
Molecular weights were measured with gel permeation chromatography (GPC, TOSOH, HLC-8320GPC) with DMF as eluent at a ﬂow
rate of 0.6 mL·min−1 at 40 °C. The calibration was based on polymethyl
methacrylate standards. Fourier transform infrared spectroscopy
(FTIR) analyses of the samples were performed on a Nicolet 560
FTIR spectrometer, with a diamond attenuated total reﬂection (ATR)
attachment for ATR−FTIR and in situ pool (programmable heating
and cooling device) for in situ FTIR. Optical transmittance experiments
were performed on a Cary 60 UV−vis spectrometer (Agilent
Technologies). X-ray diﬀraction (XRD) analysis was performed on
an X-ray diﬀractometer (Empyrean) equipped with a Cu Kα source and
operating at 40 kV and 40 mA in the 2θ range of 5 to 60°. Atomic force
microscopy (AFM) was carried out on an AFM + nano-IR (Anasys
Instruments) in air at room temperature in tapping mode. The samples
for AFM imaging were prepared by solution casting linear PASC from
1% DMF solutions on freshly cleaved mica plates and dried under
vacuum at 60 °C for at least 2 days. Uniaxial tensile measurements were
conducted on an Instron 5567 equipped with a 1 kN load cell at room
temperature (∼25 °C) with a strain rate of 50 mm·min−1, and dogbone-shaped tensile bars were used [ca. 0.5 mm (T) × 2 mm (W) × 35
mm (L) and a gauge length of 15 mm]. At least three samples of each
loading fraction were tested and the reported results are average values.
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Figure 2. Dynamic chemistry of ASC moieties. (A) NMR: (i) dynamic exchange reaction between model compounds 1 and 2 under 120 °C in DMSOd6, as studied over time with 1H NMR (ii), yielding the molar fraction of 1 and 4 of the total ASC moieties as a function of time (iii). (B) GPC: (i)
schematic representation of the dynamic exchange reaction between linear PASC 5 and ASC 6, yielding (ii) a reduction of the molecular weight of
PASC 5 over time. Inset diagram: GPC proﬁles. (C) In situ FTIR: (i) FTIR spectra of linear PASC 5 between 30 and 150 °C. Inset diagram: magniﬁed
view of band for the NCO group around 2260 cm−1. Note: the temperature was increased from 30 to 150 °C with a heating rate of 5 °C min−1. (ii)
Relative FTIR peak intensity curves of the νNCO (2280−2220 cm−1) and ν“free”CO (1720−1660 cm−1), which were normalized by νC−H (3000−2800
cm−1) recorded as a function of incremental temperature. (D) Unimolecular dissociation of ASC moieties by a proposed four-membered ring
mechanism. Bottom: optimized structures (R1CH3, R2CH3).
∞

χ=

where Vact = activation volume, that is, the volume of jumping segments,
ΔEact = activation energy required to take a mole of segments to the top
of the energy barrier, R = gas constant, T = absolute temperature, ε̇y =
strain rate at yield, and ε̇0 = a constant.
Recycling Experiments. Cross-linked PASCs were cut into small
pieces and washed with dichloromethane (DCM) to remove any
surface contaminants, followed by vacuum drying. The cleaned
particles were placed into a square metal mold [ca. 0.5 mm (T) × 50
mm (L) × 50 mm (W)] between two polyimide ﬁlms and then hotpressed under 15 MPa at various temperatures without dehumidiﬁcation (ambient humidity 70−80%). After that, the pressure was
reduced to 1 MPa and then the mold was cooled to room temperature
by cold water within 15 min.
Healing Test. Before the healing test, dog-bone-shaped cross-linked
PASC specimens were cut in the middle along the traverse direction to
form a >90% crack and then healed without compression at 140 °C for 1
h. For the solvent-assisted self-healing approach, the >90% damaged
PASC samples were healed at 120 °C for 1 h with a little bit of DMF
smeared on its crack surfaces.

∑ f /2Cf
f =3

(1)

where f is the functionality of the reactants and Cf is the concentration of
reactant with functionality f, expressed as moles per volume of a fully
cured polymer. It implies that a bigger χ means a higher cross-link
density.
Computational Methods. All quantum chemical calculations
were performed using Gaussian 16 suite of programs and data analyzed
using Gaussview software. All structures have been fully optimized at
the B97D/6-311++G(2d,2p) level with the SMD solvent model to
mimic dimethyl sulfoxide (DMSO) as implemented there, and the
character of all stationary points (minimum or TS) was conﬁrmed via
vibrational frequency analysis. To investigate any method dependence
in the outcome, several structures were also optimized and analyzed at
other levels of theory, including M06-2X/6-311++G(2d,2p), MP2/6311++G(2d,2p), and B3LYP/6-311++G(2d,2p) studies. These all
yielded analogous results.
Flow Model of Eyring. According to the Eyring model,26 yielding
occurs by stress-activated jumps of polymer chain segments, and the
yield stress σy relates to the strain rate as follows
σy =

2ΔEact
2RT εẏ
+
ln
Vact
Vact
ε0̇

■

RESULTS AND DISCUSSION
Dynamic Chemistry and H-Bonding of ASC Moieties.
We studied the dynamic properties of ASC moieties in ﬁve
diﬀerent ways. First, small model compounds were investigated

(2)
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Figure 3. H-bond aggregates of ASC moieties. (A) Schematic illustration (i) and B97D/6-311G++(2d,2p)-optimized structure (ii) of the H-bond
network for a tetramer of model compound 8 (R′ = H). H-bond lengths are given in Å. (B) Various H-bonded aggregates and their corresponding
stabilization energy (ΔE) with respect to separate monomers.

appear at ∼3325 and ∼1640 cm−1, respectively (Figure 2C-i).27
Upon heating, no −NCO characteristic peak at ∼2260 cm−1 was
observed below 90 °C, indicating that ASC moieties are
relatively stable. From 90 °C onward, the peak of −NCO group
appears gradually, indicating the decomposition of ASC
moieties. However, the intensity is extraordinarily low, much
lower than our previously reported oxime-carbamate systems,28
likely because of the high reactivity of the hydrazide groups
(Figure S1), which can rapidly react with the NCO groups.
Upon temperature increases, the νN−H peak is systematically
blue-shifted from 3325 to 3342 cm−1 and its intensity decreases,
which is attributed to the dissociation of H-bonds and reduction
in H-bond strength.29 Concomitantly, the νH−bonded CO
gradually blue-shifted by about 10 cm−1, and a new peak around
1683 cm−1 that belongs to “free” carbonyl (ν“free”CO)
emerged.27 The increase in the peak intensities of ν“free”CO
with the temperature is continuous, but the slope of the curve
clearly increases above 90 °C (Figure 2C-ii), which is consistent
with the onset temperature at which the ASC moieties began to
decompose into isocyanates and hydrazides (conﬁrmed by the
appearance of the characteristic peak of −NCO groups in Figure
2C-ii). This synchronous variation indicates that the dissociation of ASC moieties promotes the disruption of H-bonds to
achieve a synergistic dynamic eﬀect. Linear PASC 7, using metatetramethylxylene diisocyanate (TMXDI) as diisocyanate
resulted in a larger sterically hindered ASC moiety, exhibits a
similar FTIR spectral variation trend with temperature and only
the turning point drops to ∼70 °C (Figure S3), again in line with
the presence of synergistic dynamic eﬀects.
Fourth, the swelling experiments show that the prepared
cross-linked PASC materials (Figure 1C) can only be swelled at
room temperature, but they are completely dissolved in DMF at
elevated temperatures (Figure S6A). This indicates that the
cross-linking should be overcome at such temperatures,

by 1H NMR spectroscopy. When heating an equimolar mixture
of ASC model 1 and hydrazide 2 in DMSO-d6 to 120 °C, two
new species 3 and 4 were generated via the dynamic exchange
between 1 and 2 (Figure 2A-i,ii). This process reached an
equilibrium in ∼36 h (Figure 2A-iii). 1H NMR was further
employed to study the dissociation kinetics of ASC moieties at
diﬀerent temperatures (see Figure S2, Supporting Information).
This revealed that dissociation of ASC moieties in dilute
solution follows ﬁrst-order kinetics, with a comparatively high
apparent dissociation rate constant, for example, kd ∼ 5.15 ×
10−5 s−1 at 120 °C, and a concomitantly low dissociation
activation energy: Ea,d ∼ 142.4 ± 2.4 kJ·mol−1 (Figure S2E).
These results suggest that ASC moieties display dynamic
dissociative exchange properties and thus are suitable to be used
as building block for dynamic polymers.
Second, GPC experiments conﬁrmed the dynamic behavior of
ASC moieties incorporated in linear polymers in solution. For
that, a mixture of linear PASC (PASC 5, Mn ∼ 30.7 kDa)
obtained using 4,4′-methylenebis-(CHI) (HMDI) and the small
molecule ASC 6 (M ∼ 291.35 g·mol−1, ∼1.5 equiv to the ASC
moieties in PASC 5) in DMF was reacted at 120 °C for various
times (Figure 2B-i). In the GPC curves (Figure 2B-ii), the broad
peak at ∼12 min corresponding to linear PASC 5 gradually
moves to longer retention times, and the peak intensity at ∼16
min for ASC 6 decreases steadily with the reaction time. The
molecular weight of the linear PASC drops from ∼30 to ∼8 kDa
within 30 min and further falls to ∼1 kDa after 10 h. These
phenomena clearly demonstrate that the linear PASC 5 is able to
react with ASC 6 via the dynamic dissociation exchange reaction
of ASC moieties.
Third, in situ Fourier-transform infrared spectroscopy (FTIR)
was employed to study the dynamic properties of ASC moieties
in bulk. Before heating, the characteristic peaks attributed to the
stretching vibration of H-bonded N−H (νN−H) and H-bonded
carbonyl (νH‑bonded CO) groups in the ASC moieties of PASC 5
7918
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Figure 4. Characterization of cross-linked PASC. (A) Storage modulus (solid line) and dissipation factor tan δ (dashed line) of PASC measured by
DMA. (B) XRD curves of PASC. (C) AFM phase images of linear PASC 5. (D) Optical transmission spectra of PASC with a thickness of ∼0.5 mm. (E)
Linear ﬁt of the yield stresses (at ∼25 °C) of PASC-HM-0.14 and PASC-HM-0.04 vs ln(strain rate) according to the Eyring equation (eq 2). (F)
Typical strain−stress curves of various PASC samples. (G) Comparison of the mechanical properties of PASC-HM-0.07 with other high-performance
CAN materials reported in literature studies.6,13,36−42 (H) Stress relaxation analysis of PASC-HM-0.07 at various temperatures. Inset diagram: ﬁtted
line of the relaxation times according to the Arrhenius equation (eq S8). (I) Tensile creep behaviors of PASC-HM-0.07 with an applied stress of 100
kPa for 20 min, followed by relaxation for 40 min.

suggesting the existence of untangled polymer chains, which can
only be achieved by eﬀective dissociation of the ASC bonds.
Finally, the dynamic character and hydrogen bonding of ASC
moieties were studied by density functional theory (DFT). The
generation of the constituent hydrazide and isocyanate from the
ASC moieties’ decomposition can be achieved in a unimolecular
fashion upon lengthening of the appropriate C−N bond and a
concomitant proton transfer from −NH group to another one
(Figure 2D).30 A four-membered cyclic transition state with
substantial proton transfer but relatively little C−N bond
lengthening was found with a calculated barrier value of 148.2 kJ·
mol−1, nicely in line with the experimental value of ∼142.4 kJ·
mol−1 in dilute solution (Figure S2E). Such a dissociation
energy barrier is much lower than that of the normal urea group
(∼184 kJ·mol−1),30 which could be attributed to the increase in
the nucleophilicity of a nitrogen atom in the ASC moiety
resulted from the eﬀect of the linked amide group.
Because of both entropic and viscous resistance in a polymer
matrix, intermolecular H-bonds may display a much larger
variety of bond angles of ASC moieties to form relatively high-

energy (distinctly nonﬂat) conformers. Upon heating, these
high-energy conformations of ASC moieties may more readily
decompose to generate hydrazides and isocyanates, which thus
tends to reduce the overall dissociation energy barrier of ASC
moieties in the materials. Many such high-energy conformations
were observed in molecular dynamics calculations of ASC
tetramers (see Section S7.1, Supporting Information). An indepth study for one of such high-energy ASC conformers by
DFT calculations yields a dissociation energy barrier of only ∼70
kJ·mol−1 (Figure S9). Because of the occurrence of many highenergy conformations, the overall reaction barrier for ASC
cleavage should decrease signiﬁcantly with respect to the
solution-value for isolated dimers. Therefore, the formation of
intermolecular H-bonds between ASC moieties in PASC-based
materials can also promote the dissociation of the ASC dynamic
bonds.
To evaluate the relative distribution, energies, and structures
of H-bonded aggregates, we investigated a wide range of
aggregates for model molecule 8 (Figure 3A; R′ = H), which has
a similar structure to the ASC units in the PASC materials, by
7919
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Six N−H···OC hydrogen bonds can be formed between two
monomers toward an H-bonding aggregate.33 With extra ASC
moieties every time another six H-bonds can be formed, to yield
extended H-bonded aggregates, and a rather constant energy
gain of 125 (± 10) kJ·mol−1 per extra unit was obtained (Figure
3B). This value of 125 kJ·mol−1 is comparable to the
dimerization energy (160 kJ·mol−1) for 2-ureido-4[1H]pyrimidinone (UPy) at the same level of theory.34 However,
UPy only forms H-bonded dimers, while ASC allows the
formation of not only dimers but also trimers, tetramers, and
even larger aggregate structures.35 In addition, because of the
asymmetric (nonﬂat) structural characteristics of H-bonded
ASC moieties and the near-constant addition energy for extra
moieties, a wide variety of complex aggregates can be formed
(Figures 3B and S10; for more details: Section S7.2 and Movie
S1, Supporting Information), which results in tough but largely
disordered H-bonded aggregates and inhibition of crystallization.
In addition, we compared the reactivity of hydrazide with
other active hydrogen compounds (see Supporting Information
Figure S1 and Section S2.2) by analyzing the contents of their
reaction products with CHI. All reactions were conducted at
ambient temperature without a catalyst. The results showed that
the reactivity of hydrazide with isocyanate is slightly lower than
that of secondary amine but much higher than that of oxime and
alcohol, and almost no side reaction occurs.
These experimental and computational results conﬁrm the
dynamic reversibility and the disordered multiple H-bond
aggregates of ASC moieties. Also, it is suggested that the Hbonding and reversible covalent bond can mutually promote the
dynamic behavior of ASC moieties to achieve synergistic eﬀects.
Such a structure that combines DCBs and supramolecular
interactions can be regarded as a 2-in-1 dynamic moiety.
Fabrication and Characterization of High-Performance PASC Networks. To demonstrate the advantages for the
dynamic reversibility and disordered multiple H-bond characteristics of ASC moieties, the cross-linked PASC materials were
prepared under ambient temperature in a facile approach using
commercially available resources (Figure 1C). The synthetic
route involves a metaposition aromatic dihydrazide (IPDH), a
low-symmetry diisocyanate (HMDI or TMXDI), a polyether
soft block, and a hexamethylene diisocyanate trimer (tri-HDI)
cross-linker. The cross-linked PASCs are designated as PASC-Iχ, where I = HM or TM refers to HMDI or TMXDI,
respectively, and χ = theoretical cross-linking density (in mmol·
cm−3; eq 1).
TGA shows that the PASC-HM series exhibit a good thermal
stability with <5% weight loss until ∼310 °C under both
nitrogen and air atmosphere (Figure S4A). Glass transition
temperatures (Tg) were determined by DMA to be > 125 °C for
the PASC-HM series (Figure 4A). Therefore, PASC materials
exhibit very good thermal properties, essential for many
applications such as composite and recycling.
XRD analysis of the morphology of PASCs revealed the
absence of crystallinity (Figure 4B). This is attributed to the lessordered hydrogen bonds in the PASC matrix and the rather
short polyethylene glycol segments (∼9 repeating units) in the
soft segments. Phase-image AFM of linear PASC 7 exhibits clear
microphase-separated structures (Figure 4C), with dark and
bright areas attributed to the soft and hard domains,
respectively. The small dimensions of each phase and the
absence of an optical absorption group in the visible range make
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PASC sheets colorless and transparent, with an average optical
transmittance higher than 85% in the visible range (Figure 4D).
The hard domains, which contain large numbers of less-ordered
H-bonds, act as reinforcing physical cross-linkers and strongly
enhance the mechanical properties of PASC-based materials. In
balance, the soft domains endow the materials with ductility.
The role of H-bonds as eﬃcient physical cross-linkers is
supported by the fact that the experimental cross-link density of
∼0.28 mmol·cm−3 calculated by the equation-of-state for rubber
elasticity for PASC-HM-0.07 at 150 °C (Figure S4C) is much
higher than the theoretical cross-link density of ∼0.07 mmol·
cm−3 based on the amount of the added cross-linker.
The ﬂow model of Eyring26 was utilized to explore the
relationship between macroscopic mechanical performance and
microscopic molecular motion. The dog-bone-shaped PASCHM-χ samples with the highest (PASC-HM-0.14) and lowest
(PASC-HM-0.04) cross-link densities were stretched under
diﬀerent strain rates with a gauge length of 15 mm. The results
show that the yield stress increases from ∼47 to ∼65 MPa for
PASC-HM-0.14 and from ∼44 to ∼61 MPa for PASC-HM-0.04
with increasing the strain rates from 1.5 to 50 mm·min−1,
suggesting that PASC-HM exhibits viscoelastic properties
(Figure S4F,G). The activation volumes, that is, the volume of
jumping segments, which are determined according to the
Eyring equation (eq 2), are 1.67 ± 0.05 and 1.68 ± 0.11 nm3 for
PASC-HM-0.14 and PASC-HM-0.04, respectively (Figure 4E).
These values are almost independent of the cross-link density
and do approximately correspond to the volume of the apparent
repeating unit of one soft segment and one hard segment, ∼1.84
nm3 according to eq S6 in the Supporting Information. In the
PASC matrix, the hard segments are inclined to aggregate to
form hard domains because of the strong H-bonding
interactions that serve as tough physical cross-links, while the
soft segments act as stress transfer elements that bridge the hard
segments (Figure 1B). Upon loading, H-bonding aggregates that
exist in the hard domain as the stress concentration points will be
gradually broken, which causes the molecular chain slipping and
further results in yielding. As the H-bonds density in the PASC
system is very high, the material can exhibit such a high yield
strength.
These data demonstrate the role of H-bonds constituting
tough H-bonded aggregates as eﬀective reinforcing physical
cross-linkers. As a result, all cross-linked PASC samples exhibit
superior mechanical performances (Figure 4F and Table 1). For
example, PASC-HM-0.07 possesses a Young’s modulus of E ∼
1.74 ± 0.06 GPa, yield strength of σy ∼ 63.6 ± 0.9 MPa, tensile
strength of σb ∼ 69 ± 5 MPa, strain at break of εb ∼ 181 ± 15%,
and toughness of UT ∼ 98 ± 11 MJ·m−3. While similar single
properties (i.e., only high Young’s modulus or only high
toughness) can be reached before, the comprehensive
mechanical performance of PASC is evidently superior to
those reported for other high-performance CANs materials
(Figure 4G) and quite comparable to that of commercialized
engineering plastics (Table S1).43 As the tensile testing
conditions of the works cited in Figure 4G are diﬀerent from
ours, 40% corrections are added to those data (Figure S5). We
can see that this change has little eﬀect on the comparison
results.
Mechanical properties like Young’s modulus and yield stress
of PASC-TM-0.07 are rather similar to those of PASC-HM-0.07
(Figure 4F and Table 1). We attribute this to a balance between
two factors. On the one hand, it is reasonable that compared to
PASC-HM, the steric hindrance of its ASC moieties for PASC7920
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Figure 5. Recycling and healing properties of PASC materials. (A) Young’s modulus, yield strength, and toughness data of PASC-HM-0.07 after
remolded under diﬀerent conditions. (B) Recycling of PASC-HM-0.07 by compression molding: (i) the ﬁrst generation sample, (ii) PASC-HM-0.07
pieces, and (iii) the fourth generation sample. (C) Stress−strain curves of the recycled PASC-HM-0.07. (D) Photographs of the damaged and healed
PASC samples. (E) Stress−strain curves of damaged and healed PASC-HM-0.07. (F) Repair photographs of the colored PASC-HM-0.07: the dogbone-shaped specimens [0.5 mm (T) × 2 mm (W) × 35 mm (L), mass ≈0.08 g] were bisected and healed at 120 °C for 1 h with the help of DMF and
then subjected to a weight of 3 kg (≈3.7 × 104 times of the sample).

three parts: elastic strain, delayed elastic strain, and viscous
strain. Among them, the viscous strain varies linearly with time at
a speciﬁed temperature and is unrecoverable. The viscous strain
rates (rviscous) and viscosities (η3) can be determined from the
residual strains according to eq S9 as ∼0.17%·min−1 (∼3.5 × 109
Pa·s), ∼0.33%·min−1 (∼1.8 × 109 Pa·s), and ∼0.81%·min−1
(∼7.4 × 108 Pa·s) at 110 °C, 120 °C, and 130 °C, respectively.
The viscosity activation energy Ea,v ∼ 99.6 kJ·mol−1 (Figure
S6D) aligned very well with the independently measured
relaxation activation energy (Ea,r). Both the cleavage of H-bonds
and the dissociation of ASC moieties are responsible for the
network topology rearrangements of cross-linked PASC. These
low values, that is, signiﬁcantly lower than the aforementioned
dissociation energy for the ASC model compound 6 in dilute
solution of ∼142 kJ·mol−1, are indeed as predicted above, and
we ascribe these to high-energy ASC conformations that exist
because of the polymer-speciﬁc intermolecular H-bonds
between ASC moieties. Additionally, the dissociation of ASC
moieties promotes the breaking of H-bonds to accelerate the
relaxation process. Consequently, the relaxation activation
energy of crosslinked PASC is much lower than the dissociation
energy of individual ASC moieties in solution. This implies that
H-bonds and ASC units thus mutually assist in dynamic
chemistry with each other, a clear synergistic dynamic situation.
For PASC-TM-0.07, an even lower stress relaxation activation
energy of 44.5 ± 2.7 kJ·mol−1 was observed (Figure S6B), which
we attribute to the increased steric eﬀects in the TMXDI system.
Although the dynamic behavior of PASC is via a dissociative
exchange process and the materials are able to dissolve in insert
solvent at elevated temperatures (Figure S6A), the relaxation
time and viscosity of PASC follow the Arrhenius law, which is a
peculiarity of vitrimer.44 The extraordinary low concentration of
isocyanates and hydrazides are generated from the ASC moieties

TM is higher, which tends to decrease the hydrogen-bonding
intensity. However, the benzene moieties presented in PASCTM might provide some additional π−π stacking stabilization
and thus enhance the molecular interactions. Interestingly, we
observed that PASC-TM shows a relatively lower stress after
yielding and lower breaking strength compared with PASC-HM.
We tentatively attribute this to the diﬀerence in the newly
formed H-bonded complexes during stretching. As there are a
large number of H-bonding acceptors that exist in the ﬂexible
polyether soft segments, upon cleaving the ASC aggregates,
these acceptors might form new hydrogen bonds with the
cleaved ASC moieties during cold drawing caused by chain
segment slipping. The newly formed H-bonded complexes are
likely weaker for PASC-TM because of the eﬀect of its bulky
substituents, leading to a decreased intermolecular friction. This
further suggests the contribution of hydrogen bonding to
material strength.
The plasticity properties of the cross-linked PASC are
demonstrated by the static viscoelastic tests, that is, stress
relaxation analysis and creep experiments. For the stress
relaxation analysis, the rectangular samples were maintained
under a strain of 10%, and the decay of the stress over time was
monitored at diﬀerent temperatures. The relaxation modulus of
PASC-HM-0.07 decays to nearly zero under 140 °C within 15
min, and the rate of the decay increases as the temperature rises
(Figure 4H). Its relaxation activation energy (Ea,r) was
calculated to be 100.0 ± 1.0 kJ·mol−1 via an Arrhenius analysis
(eq S8). The creep experiments were carried out by applying a
constant tensile stress (100 kPa) to the PASC-HM-0.07
specimen at a certain temperature for 20 min, after which the
evolution of strain over time was monitored. Obviously, both the
strain rate and residual strain increase with increasing the test
temperature (Figure 4I). The creep strain can be divided into
7921
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damaged PASC-HM-0.07 samples were healed at 120 °C for 1 h
with a little bit DMF smeared on its crack surfaces. The
mechanical properties of the damaged samples were nearly
completely recovered after the repairing step, with a healing
eﬃciency of ∼99.7% based on the toughness recovery (Figure
5E and Table S2). This eﬃcient healing is attributed to the
dynamic exchange of the ASC moieties, which eﬀectively
releases the molecular chains from restrictions by cross-linked
structures, and the increased chain segment mobility under the
combined eﬀect of increased temperature and traces of solvent.

at elevated temperatures, which is conﬁrmed by the in situ FTIR
(Figures 2C and S3), which results in negligible loss of network
integrity. This kind of CANs can be treated as dissociative
vitrimer-like CANs45 or pseudovitrimer.
Recycling and Healing Properties of Cross-Linked
PASC. To explore the reprocessing properties, PASC-HM-0.07
was ﬁrst hot-pressed at diﬀerent temperatures for 1 h. Even at
120 °C, slightly beneath the Tg (∼126 °C, Figure 4A), where the
dissociation rate of ASC moieties is relatively low (kd ≈ 5.15 ×
10−5 s−1, Figure S2D), cut-up PASC 9 pieces can be merged
together to form a uniform sheet with an average optical
transmittance in the visible range of ∼82.5% and a tensile
strength of ∼56 MPa (Figures 5A and S7A). The synergistic
dynamic eﬀect resulting from the combination of H-bonds and
DCBs is responsible for this behavior. Raising the processing
temperature even further improves the material performance,
and the material can achieve the excellent performance after
reprocessed at 140 °C for 1 h or 150 °C for 10 min (Figures 5A
and S7A). To further demonstrate the recyclability of PASC, the
compressed sheet was subsequently cut into small pieces and
reprocessed multiple times (Figure 5B). After these cycles,
PASC maintains its superior optical transparency, no yellowing
is observed, and thermal stability (Figures 5B and S7B,C). In
terms of mechanical properties, the modulus and yield strength
nearly unchanged, while the toughness of PASC steadily
decreases with the increment of reprocessing cycles (Figure
5C). The toughness degradation can be attributed to the side
reaction of the regenerated isocyanates at high temperature as
small peaks of the byproducts in the ATR−FTIR spectra at
1750−1850 cm−1 gradually appear after recycled for few times
(Figure S7D). However, even the fourth-generation sample still
exhibits good mechanical performance, with Young’s modulus
of E ∼ 1.67 ± 0.04 GPa, yield strength of σy ∼ 56.4 ± 0.4 MPa,
tensile strength of σb ∼ 42.8 ± 1.4 MPa, strain at break of εb
∼118 ± 28%, and toughness of UT ∼ 53.2 ± 10.1 MJ·m−3
(Figure 5C and Table S2).
Finally, in order to investigate the self-healing capability of the
cross-linked PASC, a dog-bone-shaped PASC-HM-0.07 specimen was cut in the middle along the traverse direction to form a
>90% crack (Figure 5D) and then was healed without
compression at 140 °C for 1 h. Because of the synergistic
dynamic eﬀect of the ASC moieties, most of their strength was
recovered without additional external interference. However,
the elongation and toughness of the healed samples were low
compared to the original samples (Figure 5E). Up to now, it is
generally hard to achieve a good healing performance for such
high-performance (high modulus and high toughness) materials
with relatively high Tg, especially for the recovery of elongation
or toughness. To overcome this problem, one might introduce
external forces, as in compression molding, to assist the
healing.39 While compression molding yielded good results,
the usefulness of such an approach is limited, as compression
molding is not easy to use in practical service parts. As a milder
alternative, we chose a solvent-assisted healing approach. For
this purpose, two colored PASC-HM-0.07 dog-bone-shaped
sample specimens were bisected; then, a small amount of DMF
was smeared at the fractured surfaces, after which these two
surfaces were brought into gentle contact and equilibrated at 120
°C for 1 h. This simple treatment nearly completely healed the
material. For example, the healed sample (mass: 0.08 g) was able
to withstand a weight of 3 kg (≈3.7 × 104 times the weight of the
sample; Figure 5F). To further demonstrate these solventassisted healing properties of the cross-linked PASC, the >90%

■

CONCLUSIONS
In summary, the dynamic reversibility and eﬀective multiple Hbonding structures of ASC moieties were disclosed by a
combination of experiments and quantum chemical studies.
The ASC moieties not only can be used as reversible building
blocks to construct optically transparent cross-linked PASC
materials with superior mechanical performance and excellent
dynamic properties but also exhibit a novel dynamic chemistry
mechanism, that is, coupling the dynamics of H-bonds and
DCBs with synergistic eﬀects. This study not only presents the
potential of the newly disclosed dynamic ASC moieties for
building high mechanical performance PASCs with excellent
dynamic properties but also introduces a highly valuable 2-in-1
concept to design novel functional moieties. What is more, this
coupling strategy is not limited to the functional groups of DCBs
and supramolecular interactions but also can be extended to
other functional groups, such as liquid crystal unit, photomechanical/photochromic component, ﬂuorophore, mechanophore, and so forth.
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