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ABSTRACT: Developing recyclable, self-healable, and highly ; LU
malleable thermosets is one of the keys to relieve environmental [—"m_ _ g\ - W o voums_ 3~ o' =l B
pollution and meet our increasing demand for “greener” materials. '] | i
Hindered urea bonds (HUBs) have been successfully incorporated
in preparing dynamic covalent networks with those desirable
properties. However, one key drawback is the low thermal stability [ ]
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and poor mechanical performance of previously reported systems. |4 \_ N N Y 5)/ = ;
In this work, we demonstrated that the incorporation of aromatic .  Malleabity
moiety-containing diamine-based HUBs can greatly improve the % ™= o |
thermal and mechanical performance of the poly(urethane-urea)s I >
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(PUUs) while still maintaining the desirable recycling, self-healing,
and reprocessing properties. Studies on model compounds
revealed the origin of the thermal stability and demonstrated the
dynamic property. The aromatic-containing diamine-based HUBs were then used to prepare a series of catalyst-free PUUs with
improved thermal and mechanical properties. The dynamic HUBs significantly reduced the relaxation timescale and allowed the
PUU networks to be recycled multiple times. The healed and recycled PUUs regained most of the mechanical strength and integrity
of the original material. Therefore, this unique and simple approach is expected to open up new avenues to design PUUs with
optimal performance for various applications.

KEYWORDS: poly(urethane-urea)s, hindered urea bonds, self-healing, recyclability, malleability
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H INTRODUCTION lation, Diels—Alder chemistry, alkoxyamine chemistry, or
boronic ester exchange.''~'* One type of CANs is based on
the dissociative exchange mechanism (i.e., Diels—Alder
reactions) in which the chemical bonds are first broken and
then reformed at another location."”” The temporary loss of
cross-links leads to a sudden drop in viscosity; such materials
can experience fast topology rearrangements because of a
decrease in network integrity. For associative bond exchange
mechanisms, covalent bonds are only destroyed when new
ones are formed, resulting in a fixed cross-linking density with
increasing temperature.16 However, most of the current
reversible systems involve the use of external stimuli (i.e.,
light, heat, electricity, or catalysts) to facilitate the association
and dissociation reversion, which increases the complexity of
recycling or large-scale production.'”'® Additionally, they are
limited by the availability of commercial raw materials and the

Due to their excellent dimensional stability, chemical
resistance, and thermal and mechanical performances,
thermosets are used in a wide range of applications, including
structural composites, adhesives, coatings, and electrical
insulation." However, conventional thermosets cannot be
reshaped, reprocessed, or recycled due to their inability to
melt or flow at high temperatures.”’ In contrast, thermo-
plastics become moldable at high temperatures and can return
to a solid state when cooled; such property enables facile
processing and recycling of thermoplastics when heated.”” An
effective chemical strategy to combine these properties is to
introduce dynamic chemical bonds into a polymer network,
resulting in a dynamic polymer network.”” Reversible covalent
bonds can participate in reversible breakage and reformation
under specific conditions or stimuli, which enables network
rearrangement and endows them with dynamic properties
(such as recyclability, shape memory, or self-healing).”
Polymers containing dynamic bonds are considered covalent
adaptable networks (CANs), as proposed by Bowman and
Kloxin.”'? A variety of dynamic covalent bonds have been
explored to prepare reversible polymers, including disulfide
exchange, transesterification, imine exchange, transcarbamoy-
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number of procedures required for material fabrication."
Therefore, it is desirable to develop a new class of polymers
that have reprocessability, remoldability, recyclability, and self-
healing performance in the absence of catalysts.

Our previous study demonstrated that urea bonds bearing a
bulky group on the nitrogen atom resulted in hindered urea
bonds (HUBs) that were dynamic and can reversibly dissociate
into an amine and isocyanate based on the associative
exchange mechanisms.””*" Especially, the dynamic reversibility
of HUBs can be flexibly tuned by adjusting the bulky
substituents. Ever since its first report, HUBs have been
widely used in preparing dynamic covalent networks with
various adaptive properties, and among them most was N,N'-
di-tert-butylethylenediamine (TBEA)-based poly(urethane-
urea) (PUU-TBEA).”” Despite of their reported excellent
self-healing abilities at room temperature and shape memory
properties, their poor mechanical strength (breaking stress:
0.93 MPa) greatly limits their application for various industrial
uses.”””* Another issue with such a system is their poor
thermal stability at high temperatures, which was often
improved, however, at the cost of a reduced processability
and chain mobility during dynamic healing.”®

To deal with the problem mentioned above, the aromatic
moiety-containing N,N’-di-tert-butyl-p-xylylenediamine
(TBXA) was innovatively synthesized, and the recyclable,
self-healable, and highly malleable TBXA-based PUUs with
improved thermal and mechanical performances were synthe-
sized. Generally, PUUs are prepared by changing soft and hard
segments along the molecular chains. Hard segments with high
glass-transition temperature ( Tg) are prepared from the
reaction of an isocyanate and amine, which tend to self-
assemble into domains through physical cross-links, providing
mechanical, thermal, and solvent-resistance to a material. Soft
segments with low T, are prepared from alkyl blocks,
polyethers, or polyesters, which exhibit low-temperature
flexibility and self-healing abilities under mild conditions. In
this work, three fundamental principles were utilized to yield
the PUU networks: (i) utilization of m-xylylenediisocyanate
(XDI) and TBXA with aromatic rings to improve the thermal
stability and mechanical robustness of the materials, (ii)
incorporation of aromatic moiety-containing diamine TBXA to
endow polymer networks with reprocessability, recyclability,
and self-healing ability, and (jii) using poly(propylene glycol)
(PPG) with a moderate molecular weight (M, = 1000) as the
soft segment to achieve sufficient mobility during healing.
Varying the chain extender contents to tune the T, and
mechanical properties of PUUs leads to a great flexibility in
tuning the topological rearrangement to allow reprocessing and
self-healing over a wide temperature range.”® A thorough study
of the thermal and mechanical properties, recyclability, and
self-healing ability of PUUs was conducted to determine the
role of the aromatic-containing HUBs. It is especially
important that the molecular design strategy is also applicable
for other thermoset systems (such as epoxy resin).

B EXPERIMENTAL SECTION

Materials. N-Benzyl-tert-butylamine, tert-butyl(ethyl)amine, PPG
(M, = 1000), tetraethylene glycol (TEG, M, = 194), triethanolamine
(TEA), 1,4-bis(bromomethyl)benzene, tert-butylamine, 1,4-phenyl-
enedimethanamine, cesium carbonate (Cs,CO;), and anhydrous
sodium sulfate (Na,SO,) were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used as received unless otherwise specified.
XDI (99%), TBEA (99%), hexamethylene diisocyanate (HDI, 99%),

benzyl isocyanate, and butyl isocyanate were purchased from TCI
America (Portland, OR, USA) and used as received. N-Methyl-2-
pyrrolidone, tetrahydrofuran (THF), N,N-dimethylformamide,
chloroform (CHCl;, 99.8%), acetone, dichloromethane (DCM),
ethyl acetate, and alcohol were purchased from Cambridge Isotope
Laboratories, Inc. and used as received. Deionized water was made in
our lab.

Synthesis of N,N’-di-tert-butyl-p-Xylylenediamine (TBXA). 1,
4-Bis(bromomethyl)benzene (10.83 g, 41 mmol) was dissolved in
150 mL of THF in a 500 mL three-neck, round-bottom flask under
mechanical agitation. Then, fert-butyl amine (30.0 g, 410 mmol) and
Cs,CO; (13.36 g, 41 mmol) were added into the solution. The
suspension was stirred at room temperature for about 3 days, and thin
layer chromatography was used to verify the completion of the
reaction. Then, the reaction was quenched with 200 mL of water and
extracted with 900 mL of DCM. The organic layers were combined,
washed twice with brine, and then dried over anhydrous Na,SO,.
Finally, DCM was evaporated by a rotary evaporator to yield the
white crystalline product in a 92% yield (Scheme S1). The structural
characterization of TBXA is shown in Figures S1—SS.

Synthesis of Compound 1c. Benzyl isocyanate (1a, 133.2 mg, 1
mmol) and N,N’-di-tert-butylethylenediamine (1b, 124.2 mg, 0.5
mmol) were mixed in 10 mL of DCM. The mixture was stirred at
room temperature for 30 min, and then solvent was removed.
Compound 1c was obtained as a white powder and used without
purification (Scheme S2 and Figure S6).

Synthesis of Compound 2c. Benzyl isocyanate (1a, 133.2 mg, 1
mmol) and N-benzyl-tert-butylamine (2b, 163.3 mg, 1 mmol) were
mixed in DCM (10 mL), and the mixture was stirred at room
temperature for 30 min. The solvent was evaporated, and compound
2c¢ was obtained as a white powder and used without purification
(Scheme S3 and Figure S7).

Synthesis of Compound 3c. Benzyl isocyanate (1a, 133.2 mg, 1
mmol) and 3b (124.2 mg, 0.5 mmol) were mixed in 10 mL of DCM.
The mixture was stirred at room temperature for 30 min, and then the
solvent was evaporated. Compound 3c was obtained as a white
powder and used without purification (Scheme S4 and Figure S8).

Synthesis of Poly(2a/1b). Equal molar amounts of HDI (2a,
3364 mg, 2 mmol) and TBEA (1b, 344.6 mg, 2 mmol) were
dissolved in DCM (5.0 mL). The mixture was stirred at 37 °C for 2 h,
and then poly(2a/1b) was formed (Scheme SS).

Synthesis of Poly(3a/1b). Equal molar amounts of m-
xylylenediisocyanate (3a, 188.2 mg, 1 mmol) and TBEA (1b, 172.3
mg, 1 mmol) were dissolved in DCM (5.0 mL). The mixture was
stirred at 37 °C for 2 h, and then poly(3a/1b) was formed (Scheme
S6).

Synthesis of Poly(3a/3b). Equal molar amounts of m-
xylylenediisocyanate (3a, 188.2 mg, 1 mmol) and TBXA (3b, 248.4
mg, 1 mmol) were added into DCM (2.0 mL). The mixture was
stirred at 37 °C for 2 h and was analyzed by GPC to verify whether
poly(3a/3b) was synthesized (Scheme S6).

Synthesis of HUB-Based PUUs. Using PUU-a as an example, the
synthesis procedure was as follows: XDI (6.82 g, 36.3 mmol), TEA
(0.40 g, 2.66 mmol), TEG (2.35 g 12.1 mmol), PPG (3.02 g, 3.02
mmol), and CHCl; (50 mL) were magnetically stirred in a 100 mL
double-neck round-bottom flask until a homogeneous mixture was
obtained. After incubation at 60 °C for 2 h, a solution of TBXA (3 g,
12.1 mmol) in CHCI; was added dropwise into the flask to prevent
excessive heating. Afterward, the dispersion was poured into a
polytetrafluoroethylene mold. The curing process proceeded for 10 h
in a vacuum drying oven at 60 °C until the disappearance of
isocyanate absorption at 2238 cm™' monitored by FTIR. A series of
PUU samples, designated as PUU-a, PUU-b, PUU-c, and PUU-d were
synthesized according to the molar ratio of the components in the
PUUs (Table S1). PUU-e without dynamic HUBs was prepared as
control through a similar procedure but using 1,4-phenylenedime-
thanamine as the diamine instead of TBXA. The TBEA-based PUU
named as PUU-f was also prepared to facilitate the comparison of
thermal and mechanical properties (Table 52).**

https://dx.doi.org/10.1021/acsami.0c07553
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Figure 1. Schematic representation of model compounds (a) 1¢, (b) 3¢, and (c) linear poly(2a/1b), poly(3a/1b), and poly(3a/3b).

Characterization. Nuclear magnetic resonance (NMR) spectros-
copy, gel permeation chromatography (GPC), Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), tensile mechanical tests, scratch-healing experiments, trans-
mittance, stress—relaxation experiment, swelling experiment, and
reprocessing and self-healing experiments were conducted, and the
experimental details are summarized in the Supporting Information.

B RESULTS AND DISCUSSION

Preliminary Studies and Project Design. Despite of
their unique self-healing and multiple shape memory proper-
ties, previously reported TBEA-based PUUs suffer from low
thermostability. The skeleton of cross-linked PUUs was
degraded and some side reactions occurred at temperatures
higher than 100 °C. To study their thermal degradation
pathway, model compound 1c was synthesized (Figure 1a and
Scheme S2). After being incubated at 140 °C for 1 h,
compound 1c was degraded almost completely and structural
analyses of the degradation products showed the formation of
a stable urea compound and a five-membered cyclic urea, as
evidenced by 'H NMR and ESI-mass results (Figures S9 and
S10). We postulated that the thermal degradation of TBEA-
based PUUs was partially driven by the formation of the
thermodynamically favorable five-membered ring. We envision
that incorporation of rigid aromatic diamines instead of TBEA
will block the formation of the five-membered cyclic structure
and thus improve the thermal stability. Thus, TBXA was
synthesized (Scheme S1) and chosen as a replacement of
TBEA for ease of synthesis. As a proof of concept, model
compound 3¢ was synthesized and incubated at 140 °C for 1 h
similar to 1c (Figure 1b). Much to our delight, compounds 2c¢
and 3¢ remained intact with little sign of degradation (Figures
S11 and S12).

As a further support, linear poly(2a/1b), poly(3a/1b), and
poly(3a/3b) were synthesized (Figure 1c), and TGA was
conducted to compare their thermal stability. Generally, the
thermal decomposition temperature at 5% weight loss (named
as Tsy) and char yield are widely used to assess the thermal
stability.”” The TGA and DTG curves of poly(2a/1b),
poly(3a/1b), and poly(3a/3b) are presented in Figure S13
with the data summarized in Table S3. TGA indicated that
poly(3a/3b) possessed the highest thermal decomposition
temperature and char yield compared to poly(2a/1b) and
poly(3a/3b), which were consistent with the '"H NMR results
of model compounds. For example, the Ty and char yield of

35405

poly(3a/3b) at 450 °C were 215 °C and 22%, respectively,
while those of poly(3a/1b) were 112 °C and 0, respectively.
The results further demonstrated that introducing aromatic
moiety-containing diamine was beneficial to the thermal
stability of the HUB-based model compounds.

Dynamic Exchange Reactions of HUBs in Small
Molecules and Polymers. Considering the fact that dynamic
properties of the reversible cross-links play a crucial role in the
properties of polymer networks, the dynamic exchange of this
new HUB moiety in small molecules and linear polymers was
first investigated. To evaluate the dynamic reversibility based
on the new hindered diamine TBXA, its corresponding
monomeric analog N-benzyl-tert-butylamine (2b) was selected
and mixed with benzyl isocyanate (1a) in CDCl; giving 2c
bearing an HUB moiety. As expected, 2c was reversible and
demonstrated dynamic exchange with amine species 4b, as
evidenced by 'H NMR analysis (Figure 2a and Figure S14).
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Figure 2. K’ (a) and K" (b) measurements of monoHUB and
bisHUB based on the small-molecule model compound study of HUB
exchange kinetics. "H NMR spectra were collected after mixing at 37
°C for 72 h until the reaction reached equilibrium.
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The thermodynamic equilibrium constant K., of 2c was
studied through intermediate trapping experiments and
determined to be 3.0 X 10° M™! at 37 °C, independent of
the concentration. In principle, when K., ranges from 1077 to
107, the reaction is generally considered to be reversible.” k_,
was determined by monitoring the dynamic exchange kinetics
of 2¢ with butyl isocyanate, which was calculated to be 0.077
h™'. The results indicated that the new HUB has a sufficiently
large K., (~10°) and k_; to form polymers with a high
molecular weight. It is worth noting that the k_, value is lower
than that of the TBEA-based system (1.2 h™'), but the K,
value is higher (7.9 X 10° M™" for the TBEA-based system),”
indicating a more stable structure.

Considering the fact that model dimer compounds are more
similar to the actual structure of their polymer matrix, we
further studied the K., and k_; of the BisHUB model
compounds. Although the bulky substituents in the HUBs
make the urea bonds unstable, the HUBs still have a large K.

BisHUB model compound 3¢ was studied in the same way as
its monomeric analog 2¢c. The K, and k_, of bisHUB were 5.8
x 10" M~ (37 °C) and 0.12 h™" (Figure 2b and Figure S15),
respectively. The results demonstrated the presence of
dynamic HUB exchange reactions in small molecules.

To demonstrate the metathesis property of HUBs based on
this new diamine TBXA, two bisHUBs, 3c and 6¢c, were
synthesized by mixing the corresponding isocyanate and TBXA
in a 2:1 molar ratio. The mixing of the two parental bisHUBs
resulted in the formation of a new HUB species (7c, Scheme
S12), illustrated by the decreased intensity of a; (4.34 ppm)
and a; (4.48 ppm) peaks and the growth of the a, (4.46 ppm)
and a4 (4.36 ppm) peaks (Figure 3a). Although the bond
exchange conditions in bulky polymers are different from those
of small molecules in solution, the model study confirmed the
teasibility of using HUB exchange reactions as a temperature-
dependent approach to obtaining a polymer network that is
reversible.
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Table 1. Thermal and Mechanical Characteristics of PUUs with Different Stoichiometric Ratios

samples Tga (°C) Ts%b (°C)  Tiw" (°C) Td,maxd (°C)  Reooec” (%)
PUU-a 50.3 225 236 237, 354 14.2
PUU-b 32.6 227 246 233, 353 12.5
PUU-c 22.4 232 254 243, 352 10.9
PUU-d 8.5 234 253 243, 352 10.3
PUU-e 281 316 363 212
PUU-f 0.36 200 212 220, 325 1.30

Young’s modulus (MPa)  breaking stress (MPa)  elongation at break (%)

132.7 £ 0.5 9.04 + 14 292.8 + 8
7.77 £ 0.8 443 £ 1.8 402.5 + 16
1.52 £ 0.6 231+ 1.7 529.5 £ 8.5
0.28 +£ 0.8 0.86 + 1.8 1101 + 12
0.51 + 0.7 08 £ 12 641.7 + 94

“T, were obtained from the DMA results. bThermal decomposition temperature at 5% weight loss. “Thermal decomposition temperature at 10%
weight loss. “The maximum rate of the weight loss. “Residue weight at 600 °C.
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Figure S. Thermal and mechanical properties of PUUs with different stoichiometric ratios. (a, b) TGA and DTG curves of PUUs under a nitrogen
atmosphere. (c) Isothermal TGA curves of PUU-a under a nitrogen atmosphere. (d) Typical stress—strain curves of PUUs with a stretching speed
of 20 mm/min. (e, f) E' and tan § of PUUs obtained from DMA curves under a nitrogen atmosphere with a frequency of 1 Hz.

To further confirm the dynamic behavior of HUB in
polymers, poly(3a/3b) was synthesized by mixing 3a and 3b in
a 1:1 molar ratio and the M, was 1.11 X 10* g/mol, as
determined by GPC (Figure 3b, green curve, Scheme S13).
The addition of another equivalent of 3b led to the
degradation of the polymer, and the low-molecular-weight
(2.3 X 10° g/mol) molecules were obtained after incubation at
37 °C for 36 h (Figure 3b, blue curve). When 1 equiv of 3a
was readded to the solution, which restored the ratio of 3a/3b
to 1:1, the resulting polymer after 4 h incubation of the
mixture at 37 °C showed a higher M, (1.08 X 10* g/mol,
Figure 3b, red curve), which overlaid perfectly with the original
poly(3a/3b) GPC curve. The results demonstrate that HUBs
based on the new diamine TBXA exhibit rapid exchange
reactions in both HUB-based small molecules and polymers.

Synthesis and Characterization of HUB-Based PUUs.
After demonstrating the dynamic exchange features of the new
HUBs, we designed and synthesized several different kinds of
catalyst-free PUU networks (Figure 4 and Table S1 and Table
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S2) from commercially available monomers. The successful
polymerization of PUUs was explicitly demonstrated by the
disappearance of the —NCO peak at 2264 cm™" (Figure S16).
The peaks at 1650 and 1718 cm™' corresponded to the
stretching vibrations of carbonyl C=0O groups in urea and
urethane,” respectively. Additionally, no residual curing
exothermic peak was observed in the DSC thermograms,
further confirming the complete curing of the PUU networks
(Figure S17). Swelling experiments demonstrated good solvent
resistance of the fully cured PUUs (Figure S18), which only
swelled and were insoluble in organic solvents (Figure S19),
even after heat treatment at 60 °C for 6 h (Figure S20).
Thermal and Mechanical Properties of HUB-Based
PUUs. Thermal stability is a valuable parameter in practical
applications of PUUs. DSC, DMA, and TGA measurements
were employed to evaluate the thermal stability of HUB-based
PUUs, and the corresponding data are summarized in Table 1.
The PUU-e without dynamic HUB motifs and TBEA-based
PUU-f were also studied as control. As expected, the aromatic-
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containing TBXA-based PUUs exhibited improved thermal
stability compared to PUU-f due to the introduction of the
rigid aromatic rings. DSC and DMA results indicated that the
TBXA-based PUUs with different stoichiometric ratios showed
higher T, than the TBEA-based PUU-f (Table 1 and Figures
S21 and S$22). Due to the presence of soft and hard segments
in the PUU networks, a higher soft segment fraction gave the
PUUs sufficient chain mobility; thus, the T, of PUUs
decreased with increasing PPG content. For example, the T,
of PUU-a and PUU-d were 50.3 and 8.5 °C, respectively.

TGA results indicated that all the TBXA-based PUUs exhibit
relatively good thermal stability, with the Ty, higher than 220
°C (Table 1), even higher than the poly(oximeurethane)s
based on dynamic oxime—carbamate bonds.”® The char yield
of TBXA-based PUUs at 600 °C was all higher than 10%
(Figure Sa), while that of TBEA-based PUU-f was only 1.3%
(Figure S23). As reported by Rekondo and co-workers,”' the
char yield of poly(urea-urethane)s based on dynamic amine/
urea exchange is 0 at about 405 °C. These results further
demonstrated the better thermal stability of TBXA-based
PUUs and were consistent with those of model compounds. As
the PPG content increased, there was no significant difference
in the Ty, of PUUs, but the char yield gradually decreased.
The results suggested that a higher soft segment content led to
a lower T, and char yield of PUUs. It is worth noting that
TBXA-based PUUs with different stoichiometric ratios
revealed a two-step degradation process (Figure Sb), and an
obvious weight loss peak at 225 °C was observed. This was
associated with the evaporation of TBXA as the dynamic
HUBs can reversibly dissociate into isocyanates and amines
during heating. At the same time, it can be clearly seen from
the DTG curve of TBXA that its Ty, was exactly 223 °C
(Figure SS). TGA results of the PUU-e without dynamic HUB
motifs provided additional evidence to support this conclusion
as no weight loss peak at 225 °C was observed from the DTG
curve of PUU-e. Meanwhile, the Ty, and char yield of PUU-e
were higher than those of the TBXA-based PUUs.

Considering the fact that PUU materials are expected to
experience high temperatures over long periods when being
processed, the isothermal TGA curves of PUU-a and PUU-f at
100, 150, and 180 °C for 2 h were obtained. The results
indicated that PUU-a was more stable than PUU-f when
isothermally heated. For example, PUU-a showed a 4.0%
weight loss after incubation at 150 °C for 2 h (Figure Sc and
Figure $24), while PUU-f showed a 10% weight loss (Table
S4). In addition, the FTIR spectrum of PUU-a after heat
treatment at 150 °C for S h was nearly identical to that of the
original one (Figure S25).

Tensile tests were conducted to characterize the mechanical
properties of PUUs using a uniaxial tensile testing machine.
Herein, the Young’s modulus, breaking stress, and elongation
at break obtained from the stress—strain curves are used to
evaluate the mechanical properties. According to the UNE-EN-
ISO 527 standard, a rectangular film sample with an effective
gauge dimension of 30 mm (L) X 6 mm (W) X 1 mm (T) is
needed to conduct the mechanical properties tests. Consider-
ing the fact that as-synthesized PUU samples are powder (such
as PUU-a) or behave as a soft rubber at room temperature
(such as PUU-d), they cannot meet the uniaxial tensile test
requirements. Therefore, the cross-linked PUUs were first
processed into rectangular films by means of compression
molding under a certain pressure (3 MPa), temperature (80
°C), and time (60 min) before mechanical tests. Due to the

dynamic nature of the HUB motifs, the TBXA-based PUUs
showed excellent processability. Theoretically, this processing
can be repeated as many times as desired, although this may
cause aging of the material. All TBXA-based PUU samples
showed excellent transparency properties with the optical
transmittance of above 75% (Figure $26). In addition to good
thermal properties, the aromatic-containing TBXA-based
PUUs exhibited remarkably higher Young’s moduli and
breaking stresses than the PUU-f and the reported
PUUs.””* For example, the Young’s modulus and breaking
stress for PUU-a were 132.7 and 9.04 MPa (Figure 5d),
respectively, while those for PUU-f were 0.51 and 0.8 MPa
(Figure S27), respectively. In contrast, the cross-linked PUU-e
without the HUB moiety is very difficult to hot-press. The
appearance of PUU-e is uneven, the wrinkles can be clearly
observed, and the edges are even sticking up (Figure S28). As a
result, the mechanical property of PUU-e was extremely poor
due to the poor malleability (Figure S29).

Especially, the aromatic-containing TBXA-based PUUs
showed good mechanical property without sacrificing their
stretchability. As shown in Figure 5d, the stress—strain curve of
PUU-a can be divided into three distinct regions, similar to a
rubber-like elastomer. In the first region, a steep increase in
stress at a low strain was observed, reflecting the typical elastic
deformation originating from covalent networks. Then, a yield
point was observed at a strain of 16%, and a strain-softening
region was observed in the second region, representing the
occurrence of the disassociation of reversible HUBs and the
partial motion of polymer chains. After that, the strain was
increased to 90%, the strain hardening resulting from the
orientation of polymer chains was observed along the
stretching direction, and the maximum tensile strength was
generated at a strain of 292.8%. As the PPG content increased,
PUUs showed a lower Young’s modulus and breaking stress,
while the elongation at break was enhanced. PUU-d exhibited
extreme stretchability with an elongation at break of 1101%.
Therefore, the mechanical properties of TBXA-based PUUs
can be easily tuned by adjusting the stoichiometry. In addition,
increasing the stretching speed from 10 to 400 mm/min
increased the Young’s modulus and breaking stress for PUU-a,
while the elongation at break decreased (Table SS). A
maximum Young’s modulus of 315.4 MPa was reached at a
higher stretching speed (400 mm/min, Figure S30). As the
stretching speed decreased, there was more time for the
reconfiguration, reorientation, and displacement of polymer
chains, which increased the fracture tolerance.**

Dynamic Viscoelastic Properties of PUUs. The dynamic
viscoelastic properties of PUUs were explored by DMA in the
tensile mode, and the network rearrangement was evaluated by
stress relaxation experiments. All PUU samples showed similar
temperature-dependent viscoelastic properties with high
storage modulus (E’) in the glassy state and low E’ in the
rubbery state. As the PPG content increased, the initial E" and
T, (determined from the peak value of the tan § peak) of the
PUUs decreased (Figure Se), indicating an increase in the
chain mobility of the molecular chains. For example, PUU-a
displayed the highest T, of 50.3 °C, while that for PUU-d was
only 8.5 °C (Figure Sf). It is noteworthy that the E’ of the
PUUs continuously decreased as the temperature increased,
especially around the glass transition, which was attributed to
the transition from a glassy state to a highly elastic state.”> The
absence of the constant plateau modulus for HUB-based PUUs
further indicated that the dynamic HUBs were based on the
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dissociative exchange mechanism, whereas such materials can
experience fast topoloégy rearrangements because of a decrease
in network integrity.’

The time- and temperature-dependent stress relaxation
behavior of the PUUs was also investigated by DMA. After
achieving a specific temperature, a 1% strain was used, and the
relaxation modulus was monitored as a function of time. By
convention, the relaxation time (7) was determined at 37% (1/
e) of the normalized relaxation modulus, which was 6/6, =
0.37.”7 As the temperature increased, the stress relaxation
process of the PUU networks accelerated due to the rapid
dissociation of dynamic HUBs, and ultimately, all PUUs
underwent complete stress relaxation at high temperatures
(Figure 6a—c, Figure S31). For example, the 7 of PUU-a
ranged from 5 min at 70 °C to 14 s at 120 °C. To our
knowledge, no other cross-linked systems with a rigid polymer
structure and the absence of a catalyst have shown such rapid
stress relaxation. It is believed that the rapid stress relaxation of
the PUUs was attributed to the rapid exchange reactions of
dynamic HUBs and the resulting network rearrangement.
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The temperature dependence of the relaxation time can be
described by the Arrhenius equation, and an activation energy
(E,) can be calculated from the slope. Thus, the E, for the
stress relaxation is characteristic of the bond exchange process
in the polymer networks.*® For example, the E, of the dynamic
PUU-a was 59 kJ/mol (Figure 6d), which is lower than other
reported PUU systems.’””** These results provide further
evidence that a fast bond exchange reaction was embedded in a
rigid polymer matrix even without the need of a catalyst,*’
leading to a lowering of the reaction barrier for exchange
reactions. Such an exchange reaction is beneficial to the
malleability, recyclability, and self-healing of the HUB-based
PUUs.

Although HUB-based PUUs behave like a normal thermoset,
they display thermoresponsive shape memory behavior. When
the temperature is above the T, the mobility of PUU-c
segments is enhanced. The conformation of molecular
segments can be changed with external force, and the original
shape is changed with the decrease in conformational entropy.
When the deformed network is quickly cooled to a
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Figure 7. Recycling of PUU-a. (a) Photographs of PUU-a bulk material and after being reprocessed by compression molding for three repeated
cycles (3 MPa, 80 °C, 60 min). (b) Degradation of PUU-a by excess TBXA and the reformed PUU-a by addition of XDLI. (¢, d) E’ and tan § curves
of virgin and multiple recycled PUU-a samples. (e) Stress—strain curves of PUU-a through three generations of recycling. (f) Gel contents of virgin

and multiple recycled PUU-a samples in CHCl,.

temperature below the T, the mobility of molecular segments
is greatly restrained, resulting in the fixation of the temporary
shape under external force. As shown in Figure 6e, the PUU-c
strip can bear knotting, bending, or twisting as the temporary
shape without damage. In another example, a cross-shaped
PUU-c can transiently fold to a cubic shape (Figure 6f). When
the temperature increased again above the T, the mobility of
molecular segments was regained and the temporary shape can
revert back to the original shape.*” The shape fixation and
recovery processes can be attributed to the elasticity properties
of the shape memory effect.*

Reprocessability and Recyclability of PUUs. The
reprocessability and recyclability of the dynamic PUUs were
explored via hot-pressing experiments using PUU-a, which
displayed the best mechanical properties. This is a very
demanding test as the transition from particle to coherent film
requires perfect healing across thousands of interfaces between
particles.** The solid phase recycling method of PUU-a was as
follows: The PUU-a bulk film was cut into small pieces and
then hot-pressed under a pressure of 3 MPa at 80 °C for 60
min to form a bulk material. A transparent and homogeneous
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PUU film was obtained, indicating the excellent reprocess-
ability of PUUs (Figure 7a). The recycling process was
repeated three times to ensure the reversibility, and then the
recycled PUU samples were subjected to FTIR, DMA, and
tensile and solubility tests. The results indicated that the PUU-
a can be reprocessed and recycled under mild conditions while
still maintaining their chemical and mechanical properties due
to the dynamic reversibility of HUBs. The FTIR spectra of the
recycled PUUs were nearly identical to that of the original one,
and no obvious chemical degradation was observed (Figure
§32). DMA results showed only a small decrease in T, after
multiple recycling of PUUs (Figure 7c,d), indicating a slightly
decrease in the cross-linking density.

The stress—strain curves of the recycled PUU-a were
consistent with those of the pristine one (Figure 7e). The
recycled PUU-a exhibited no obvious decrease in their
mechanical strength, and only a slight decrease in the breaking
stress was observed (Table S6). Swelling experiments
demonstrated that the multiple recycled PUU-a samples were
insoluble in CHCl;. The gel contents of the recycled PUU-a
shown in Figure 7f demonstrated that the chemically cross-
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linked network of the recycled PUU-a was well maintained after incubating at 60 °C for 4 h. The reformed PUU-a was

during the reprocessing cycles. Thus, due to the reversible vacuum-dried and could be remolded into a square-shaped
nature of the HUB motifs, the catalyst-free PUUs exhibited sample by hot-pressing. The results showed that the structure,
excellent reprocessability and recyclability without chemical T, and mechanical properties of the resolidified PUU-a were
changes or loss of mechanical properties. comparable to those before recycling (Figures S33 and S34
It is worth noting that the solid-phase recycling method was and Table S7). Therefore, this method provides unique
unable to restore the recovered products to raw materials, advantages of broad processing windows and a flexible
which greatly limits the practical applications. Herein, we recycling strategy with attractive application potentials, such
verified that the dynamic PUU thermosets could be as the complete recovery of the resin matrix and expensive
conveniently switched between oligomers and polymers by carbon fibers from resin-based composites.
tuning the monomer ratio, which has been shown to Self-Healing Ability of PUUs. It is difficult for conven-
significantly enhance the material’s recycling efficiency.” As tional PUUs with irreversible covalent bonds to self-heal after
shown in Figure S19, when a rectangular film of PUU-a was damage, and the cracked thermosets are generally repaired
immersed in CHCI; at room temperature, the specimen only using glue. In contrast, dynamic polymeric materials provide a
showed swelling. However, the sample completely dissolved in new paradigm for damage repair. Uniaxial tensile tests were

CHCI, after adding 3 equiv of TBXA and incubating at 60 °C conducted to quantify the mechanical recovery after treating
for 2 h (Figure 7b). It has been demonstrated that the dynamic under different conditions. The healing efficiency (%) is

HUBs that can reversibly generate isocyanates and amines at defined as the ratio of the stress of the healed and virgin
elevated temperatures play a key role in the dynamic properties materials. Generally, autonomous self-healing is accomplished
of PUUs.* Thus, PUU-a chains were broken into soluble in polymers with a low T, because a lower T, gives the polymer
segments due to the dynamic exchange reactions of HUBs. chains better mobility to facilitate chain diffusion, bond
Afterward, the PUU-a network was reformed by the addition of exchange, and re-entanglement at broken surfaces.”’” Actually,

XDI with the same equivalence of functional groups as TBXA PUU-a with the highest T, (50.3 °C) also possessed self-
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healing ability; however, a higher T, restrained the mobility of
polymer chains. It takes a long time for the PUU-a to complete
self-healing, and only ~41% of its original breaking stress
recovered after incubation at 80 °C for 60 h (Figure S35).
Thus, PUU-c with relatively lower T, (22.4 °C) was chosen to
examine the self-healing behavior of the TBXA-based PUUs.

Since polymer chains will restrain the mobility and decrease
the reactivity of isocyanates and amines generated during the
dissociation of HUBEs, it takes time for the HUBs to complete
reformation after heat treatment. The PUU-c film was cut into
two separate pieces using a razor blade, and then the two
pieces were brought into contact for 30 s (Figure 8a). The
material was placed in an oven and treated at different
temperatures without external force to initiate the healing
process. The healing efficiency increased dramatically along
with increasing healing temperature, which followed the
general law of other self-healing materials.”’ For example, the
scratches were healed within 30 min at 80 °C (Figure 8b and
Table S8). In contrast, the high stability and irreversible nature
of the three-dimensional cross-linked PUU-e without HUB
moiety featured no scratch-healing ability.

To better understand the effect of the healing time on the
healing efliciency, the temperature of 40 °C for a defined time
was chosen. The TBXA-based PUU materials can also be self-
healed at room temperature, but they also need a long time (25
°C, 48 h). After incubation at 40 °C for 12 h, the complete
recovery of the mechanical properties for PUU-c was observed
(Figure 8c and Table S9), and the healed sample could be
folded and was able to sustain a weight of 200 g without
rupture. The PUU-c reached a self-healing efficiency of up to
97.4% (Figure 8d). Optical microscopy was utilized to visually
inspect the healing process. The scratch disappeared
completely after healing treatment at 40 °C for 12 h (Figure
8e), and the healed sample can be stretched up to 505% of
their original length without fracture (Figure 8f). The
comparison of the mechanical performance and healing
efficiency between TBXA-based PUUs and other materials is
shown in Table S10. The results indicated that the highly-
reversible HUBs endowed the TBXA-based PUU networks
with efficient self-healing performance and acceptable
mechanical properties after healing. The results also illustrated
the necessity of heating thermosets above the T, as the broken
parts possessed better mobility, allowing the cracks to be
healed through the diffusion and rearrangement of cracked
fragments.

B CONCLUSIONS

A new class of recyclable, self-healable, and highly malleable
PUUs based on dynamic hindered urea bonds with improved
thermal and mechanical performances were developed and
systematically studied. Incorporation of the aromatic moiety-
containing bulky diamine TBXA instead of TBEA can
effectively block the degradation pathway of forming the five-
member cyclic byproduct, thus enhancing the thermal and
mechanical properties. The dynamic properties of TBXA-based
HUBs were first confirmed in molecular model compounds
and linear polymers. Then, TBXA was incorporated in a series
of PUU networks, which demonstrated significantly improved
thermal stability and mechanical strength compared to its
TBEA-based counterparts. Apart from these, the dynamic
viscoelastic and self-healing properties of these PUUs were
systematically assessed. The rapid stress relaxation of the
TBXA-based PUUs was obtained due to the rapid exchange

reactions of dynamic HUBs, and the scratch can be effectively
healed at a low temperature of 40 °C. More importantly, the
PUUs could be reprocessed multiple times without com-
promising their chemical or mechanical properties. We
envision that this work will provide an easy and scalable
approach for the preparation of PUUs with a combination of
excellent reprocessability, recyclability, and self-healing ability.
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