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ABSTRACT: Developing recyclable, self-healable, and hi ] m =m
malleable thermosets i; one qf the keys to relieve env_iron g\ _~ ” g oin- gt i
pollution and meet our increasing demantifeenermaterials. 'l ' 8 &
Hindered urea bonds (HUBs) have been successfully incorparated . - Selfthealing

in preparing dynamic covalent networks with those desifabl Al =

In this work, we demonstrated that the incorporation of arom
moiety-containing diamine-based HUBs can greatly improve the

thermal and mechanical performance of the poly(urethane-trea)s I
(PUUSs) while still maintaining the desirable recycling, self-he”é(fﬁﬁ‘@",*g\““‘=“’/\z CN)/\W
and reprocessing properties. Studies on model compeunds

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 w
improved thermal and mechanical properties. The dynamic HURBardignieduced 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 integt
of the original material. Therefore, this unique and simple approach is expected to open up new avenues to design PUUs w
optimal performance for various applications.

KEYWORDS:poly(urethane-urea)s, hindered urea bonds, self-healing, recyclability, malleability

Recyclability

INTRODUCTION lation, DielSAlder chenlistry, alkoxyamine chemistry, or
Due to their excellent dimémsal stability, chemical boronic ester excharige." One type of CAN is based on

resistance, and thermal and mechanical performancgge dissociative exchange mechanism (i.e.SAldss

thermosets are used in a wide range of applications, includ;ﬁgﬁ“fer}z)rr:]ne(‘jlvgfgggfhgp?g;:% #ﬁgdtse rimobr;orkelr; ;sm(j)f
structural composites, adhesives, coatings, and electr ; NE eMpo .y .
cross-links leads to a sudden drop in viscosity; such materials

insulatiort. However, conventional thermosets cannot be N experience fast topolody rearrangements because of a
reshaped, reprocessed, or recycled due to their inability o per topology gem
ecrease in network integrity. For associative bond exchange

melt or ow at high temperaturéS.n contrast, thermo- mﬁchanisms covalent bonds are only destroyed when new
plastics become moldable at high temperatures and can ret M are formed, resulting irad cross-linking density with

to a solid state when cooled; such property enables facile

: . , : increasing temperatdfe However, most of the current
processing and recycling of thermoplastics when tieated. reversible systems involve the use of external stimuli (i.e.,

ﬁ]t?gg\tljieczerr?z:tir?ilcSéﬁ:ir%atlob%%rggl?netothaesez)lp:r?grer#gt?/vcl)sr I‘8ht, heat, electricity, or catalysts) to facilitate the association
uce dy X Y poly Iéznd dissociation reversion, which increases the complexity of
resulting in a dynamic polymer networReversible covalent recycling or large-scale productioh Additionally, they are

bonds can participate in reve.rS|bI.e brgakage and reformatmﬂited by the availability of commercial raw materials and the
under specc conditions or stimuli, which enables network

rearrangement and endows them with dynamic properties— i —

(such as recyclability, shape memory, or self-haling). Received: April 24, 2020 N
Polymers containing dynamic bonds are considered covaléffepted: July 17, 2020 \

adaptable networks (CANs), as proposed by Bowman andPlished:July 17, 2020

Kloxin?'® A variety of dynamic covalent bonds have been

explored to prepare reversible polymers, includingddisul

exchange, transesteation, imine exchange, transcarbamoy-

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami,0c07553
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number of procedures required for material fabri?:%\tion_benzyl isocyanate, and butyl isocyanate were purchased from TCI
Therefore, it is desirable to develop a new class of polyméygerica (Portland, OR, USA) and used as recélvieikethyl-2-

that have reprocessability, remoldability, recyclability, and s@jtrolidone, tetrahydrofuran (THFN,N-dimethylformamide,
healing performance in the absence of catalysts. chloroform (CHGJ, 99.8%), acetone, dichloromethane (DCM),

Our previous study demonstrated that urea bonds bearinqiggl acetate, and alcohol were purchased from Cambridge Isotope

. ; . oratories, Inc. and used as received. Deionized water was made in
bulky group on the nitrogen atom resulted in hindered Uregir 1ab

bonds (HUBs) that were dynamic and can reversibly dissociatesynhesis of N, -di-tert-butyl- p-Xylylenediamine (TBXA)1,

into an amine and isocyanate based on the associatiy@is(bromomethyl)benzene (10.83 g, 41 mmol) was dissolved in
exchange mechan|§ﬁ?§.EspeC|ally, the dynamic reversibility 150 mL of THF in a 500 mL three-neck, round-bottask under

of HUBs can be exibly tuned by adjusting the bulky mechanical agitation. Theertbutyl amine (30.0 g, 410 mmol) and
substituents. Ever since itst report, HUBs have been CsCO; (13.36 g, 41 mmol) were added into the solution. The
widely used in preparing dynamic covalent networks witsispension was stirred at room temperature for aboutSde_lys, and thin
various adaptive properties, and among them mdsfNvas layer chromatography was used to verify the completion of the
di-tertbutylethylenediamine (TBEA)-based poly(urethane[eaCt'on' Th_en, the reaction was quenched_wnh 200 mL of wate_r and
urea) (PUU-TBEA}.Z Despite of their reported excellent extracted with 900 mL of DCM. The organic layers were combined,

i . o hed twice with brine, and then dried over anhydrg8§)Na
self-healing abilities at room temperature and shape mem Nally, DCM was evaporated by a rotary evaporator to yield the

properties, their poor mechanical strength (breaking Stre_gﬁ—lite crystalline product in a 92% yi€ldheme 31The structural

0.93 g/lzfa) greatly '|ImItS thelr application for various mdustn haracterization of TBXA is showirigures SIS5

uses*** Another issue with such a system is their poor Synthesis of Compound 1c.Benzyl isocyanatég 133.2 mg, 1

thermal stability at high temperatures, which was oftemmol) and NN -ditertbutylethylenediaminellf 124.2 mg, 0.5

improved, however, at the cost of a reduced processabilitynol) were mixed in 10 mL of DCM. The mixture was stirred at

and chain mobility during dynamic heafing. room temperature for 30 min, and then solvent was removed.
To deal with the problem mentioned above, the aromati€ompoundlc was obtained as a white powder and used without

moiety-containing\,N -ditertbutylp-xylylenediamine  Puri cation Gcheme S2 and Figurg.S6

(TBXA) was innovatively synthesized, and the recyclable,Synthesis of Compound 2c.Benzyl isocyanatég 133.2 mg, 1

self-healable, and highly malleable TBXA-based PUUs wigi'©) andN-benzytertbutylamine Zb, 163.3 mg, 1 mmol) were

‘moroved thermal and mechanical performances were svnt ixed in DCM (10 mL), and the mixture was stirred at room
Improv ' p w y perature for 30 min. The solvent was evaporated, and compound

sized. Generally, PUUs are prepar_ed by changing soft and h@g as obtained as a white powder and used withoutaiori
segments along the molecular chains. Hard segments with higBheme S3 and Figurg.S7
glass-transition temperaturgy)(are prepared from the Synthesis of Compound 3c.Benzyl isocyanatég 133.2 mg, 1
reaction of an isocyanate and amine, which tend to selfimol) and3b (124.2 mg, 0.5 mmol) were mixed in 10 mL of DCM.
assemble into domains through physical cross-links, providiFige mixture was stirred at room temperature for 30 min, and then the
mechanical, thermal, and solvent-resistance to a material. Sefftent was evaporated. CompoBadvas obtained as a white
segments Wi loiTy are prepared oM k) Dok, B e oAy oo o s o OB
polyethers, or polyesters, which exhibit low-temperature :

exibility and self-healing abilities under mild conditions. | .36'4| mdg_, %mMmoI) anﬁl E%Em?( 344.6 mg, 2dmm$(()7l)2v¥]ere
this work, three fundamental principles were utilized to yie ssolved in DCM (5.0 mL). The mixture was stirred 4 33r 2 h,

It e " d then polZd 1b) was formed$cheme $5
the PUU networks: (i) utilization ofrxylylenediisocyanate Synthesis of Poly(3a/lb). Equal molar amounts af-

(XDI) and TBXA with aromatic rings to improve the thermalyyyienediisocyanates( 188.2 mg, 1 mmol) and TBE&b( 172.3
stability and mechanical robustness of the materials, (ig, 1 mmol) were dissolved in DCM (5.0 mL). The mixture was
incorporation of aromatic moiety-containing diamine TBXA tatirred at 37C for 2 h, and then pol34 1b) was formed$cheme
endow polymer networks with reprocessability, recyclabilityg.

and self-healing ability, and (iii) using poly(propylene glycol) Synthesis of Poly(3a/3b). Equal molar amounts oft
(PPG) with a moderate molecular weidyf £ 1000) as the  Xylylenediisocyanatgs( 188.2 mg, 1 mmol) and TBXBb( 248.4

soft segment to achieve sient mobility during healing. MJ, 1 mmol) were added into DCM (2.0 mL). The mixture was
Varying the chain extender contents to tuneTthand stirred at 37C for 2 h and was analyzed by GPC to verify whether
mechanical properties of PUUs leads to a greifitlity in poly(3a 3b) was synthesize@¢heme 36

) i . ynthesis of HUB-Based PUU&Ising PUU-a as an example, the
tuning the topological rearrangement to allow reprocessing thesis procedure was as follows: XDI (6.82 g, 36.3 mmol), TEA

self-healing over a wide temperature faugenorough study (g 40 g. 2.66 mmol), TEG (2.35 g, 12.1 mmol), PPG (3.02 g, 3.02
of the thermal and mechanical properties, recyclability, anghol), and CHGI(50 mL) were magnetically stirred in a 100 mL
self-healing ability of PUUs was conducted to determine th@uble-neck round-bottonask until a homogeneous mixture was
role of the aromatic-containing HUBs. It is especiallybtained. After incubation at®Dfor 2 h, a solution of TBXA (3 g,
important that the molecular design strategy is also applicaB&1 mmol) in CHGlwas added dropwise into thesk to prevent
for other thermoset systems (such as epoxy resin). excessive heating. Afterward, the dispersion was poured into a
polytetrauoroethylene mold. The curing process proceeded for 10 h
in a vacuum drying oven at 6C until the disappearance of
EXPERIMENTAL SECTION isocyanate absorption at 2238%cmonitored by FTIR. A series of
Materials. N-Benzytertbutylaminetertbutyl(ethyl)amine, PPG ~ PUU samples, designated as PUU-a, PUU-b, PUU-c, and PUU-d were
(M, = 1000), tetraethylene glycol (TB\G,= 194), triethanolamine  synthesized according to the molar ratio of the components in the
(TEA), 1,4-bis(bromomethyl)benzenestbutylamine, 1,4-phenyl- PUUs (Table S} PUU-e without dynamic HUBs was prepared as
enedimethanamine, cesium carbonateC(@Gs and anhydrous  control through a similar procedure but using 1,4-phenylenedime-
sodium sulfate (N80O,) were purchased from Sigma-Aldrich (St. thanamine as the diamine instead of TBXA. The TBEA-based PUU
Louis, MO, USA) and used as received unless otherwisedspeci named as PUU-f was also prepared to facilitate the comparison of
XDI (99%), TBEA (99%), hexamethylene diisocyanate (HDI, 99%Yhermal and mechanical propertiesh{e Sp>*
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Figure 1.Schematic representation of model compounds, (&) 3c, and (c) linear pol@g 1b), poly3d 1b), and poly8d 3b).

Characterization. Nuclear magnetic resonance (NMR) spectros-poly(@3a 3b) at 450°C were 215C and 22%, respectively,
copy, gel permeation chromatography (GPC), Fourier transforgyhijle those of pol@é 1b) were 112°C and 0, respectively.

infrared spectroscopy (FTIR), thermogravimetric analysis (TGA)rhe results further demonstrated that introducing aromatic
di erential scanning calorimetry (DSC), dynamic mechanical analysis

(DMA), tensile mechanical tests, scratch-healing experiments, tra Qlet_y-contalnlng diamine was beme to the thermal

mittance, streSselaxation experiment, swelling experiment, andtability of the HUB-based model compounds.

reprocessing and self-healing experiments were conducted, and theynamic Exchange Reactions of HUBs in Small

experimental details are summarized in the Supporting InformatioMolecules and Polymers.Considering the fact that dynamic
properties of the reversible cross-links play a crucial role in the

RESULTS AND DISCUSSION properties of polymer networks, the dynamic exchange of this

new HUB moiety in small molecules and linear polymers was

their unique self-healing and multiple shape memory prop rst |nvest|gate(_j. To evalgatg the dynamlg reversibility b'ased
Yn the new hindered diamine TBXA, its corresponding

ties, previously reported TBEA-based PUUs &éwm low : .
thermostability. The skeleton of cross-linked PUUs wagonomeric analdg-benzytertbutylamine 2b) was selected

degraded and some side reactions occurred at temperat lerir:ixe(rj] V;Ethninizytl isgcya;ldta)f(nl CD(r:I3Vgirviirggl;20n d
higher than 100C. To study their thermal degradation earnng a Olety. AS €xpe vas reversioie a

o demonstrated dynamic exchange with amine splbcias
athway, model compouhcwas synthesizeBigure a and . . .
gchemg 92 After bging incuba¥ed at 140? for 1 h, evidenced bjH NMR analysisHigure 2 andFigure Sy

compoundlc was degraded almost completely and structural
analyses of the degradation products showed the formation(a) (J)_ \k SO LR, V. Ok \j( + @\{N
b, ¥ & ay \df T K
4c 2b

Preliminary Studies and Project Design. Despite of

a stable urea compound andva-membered cyclic urea, as

evidenced bjH NMR and ESI-mass resulgures S9 and % “

S10. We postulated that the thermal degradation of TBEA K' = 0.263
based PUUs was partially driven by the formation of th

thermodynamically favorable-membered ring. We envision °J'

€4

that incorporation of rigid aromatic diamines instead of TBE, aib,
will block the formation of theve-membered cyclic structure 72h
and thus improve the thermal stability. Thus, TBXA wa se
synthesizedScheme $land chosen as a replacement of a5 20 35 30 25

TBEA for ease of synthesis. As a proof of concept, moc Chemical shift (ppm)

compoundcwas synthesized and incubated at@46r 1 h S W e . %
similar tolc (Figure b). Much to our delight, compourzts ~ (®) K YVQQ\ MO e - 2©¥NE ¥ *X“%QA“
and3cremained intact with little sign of degradafionutes R ab e s
S11 and S)2 ¢

07—

o
<
<t

As a further support, linear pai(Lb), poly@d 1b), and K"=0.108 ’
poly@a 3b) were synthesized-igure t), and TGA was ‘ o
conducted to compare their thermal stability. Generally, tt oo a@
thermal decomposition temperature at 5% weight loss (nam 72h u JL )u fl
asTs) and char yield are widely used to assess the thermr LA A = e
stabilit’” The TGA and DTG curves of pd(1b), 4: = " = = - S —

. 3.5
Chemical shift (ppm)

poly@d 1b), and polyBd 3b) are presented iRigure S13
with the data summarizedTiable S3TGA indicated that

poly(3a 3b) possessed the highest thermal decompositioRigyre 2.k (a) and K (b) measurements of monoHUB and
temperature and char yield compared to 2elff) and bisHUB based on the small-molecule model compound study of HUB
poly(@3a 3b), which were consistent with fileNMR results  exchange kinetidsi NMR spectra were collected after mixing at 37
of model compounds. For exampleTtheand char yield of  °C for 72 h until the reaction reached equilibrium.
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Figure 3.Dynamic properties of HUB-bearing small molecule or polymérsNIsIR spectra of model compourdtsand6c and their 1:1
mixture after incubation at 32 for 48 h. (b) GPC analyses of the dynamic depolymerization and repolymerizati@a@patyDCM.
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Figure 4.Schematic pathway for the synthesis of TBXA-based PUU networks.

The thermodynamic equilibrium const&g} of 2c was

BisHUB model compourdt was studied in the same way as

studied through intermediate trapping experiments anis monomeric anal@g. TheK,,andks, of bisHUB were 5.8

determined to be 3R 1¢° M°! at 37°C, independent of
the concentration. In principle, wh&granges from 20to
10/, the reaction is generally considered to be revétkigle.

x 10" M>2 (37 °C) and 0.12 ®* (Figure b andFigure S15
respectively. The results demonstrated the presence of
dynamic HUB exchange reactions in small molecules.

was determined by monitoring the dynamic exchange kineticsTo demonstrate the metathesis property of HUBs based on
of 2c with butyl isocyanate, which was calculated to be 0.0%flis new diamine TBXA, two bisHUBs, and 6¢, were

h>. The results indicated that the new HUB has eiesutly
large Keq ( 10°) and kg; to form polymers with a high
molecular weight. It is worth noting thatkevalue is lower
than that of the TBEA-based system (2'® but theK,
value is higher (720 10 MS! for the TBEA-based syst&%),
indicating a more stable structure.

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 spe@igesStheme

S12, illustrated by the decreased intensity ¢4.84 ppm)

and g (4.48 ppm) peaks and the growth of th@ &6 ppm)

and g (4.36 ppm) peaksF{gure a). Although the bond

Considering the fact that model dimer compounds are morxchange conditions in bulky polymers ageedit from those
similar to the actual structure of their polymer matrix, wef small molecules in solution, the model studyroed the
further studied theK,, and ks; of the BisHUB model feasibility of using HUB exchange reactions as a temperature-
compounds. Although the bulky substituents in the HUBdependent approach to obtaining a polymer network that is
make the urea bonds unstable, the HUBs still havelglarge reversible.
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Table 1. Thermal and Mechanical Characteristics of PUUs witlei®nt Stoichiometric Ratios

samples T, (°C) T (°C)  Ti006 (°C)  Tymae (°C)  Reopc” (%)  Youngs modulus (MPa)  breaking stress (MPa)  elongation at break (%)

PUU-a 50.3 225 236 237, 354 14.2 1B0H 9.04t 1.4 292.& 8
PUU-b 32.6 227 246 233, 353 12.5 27008 443 1.8 402.5 16
PUU-c 224 232 254 243, 352 10.9 1.506 231 1.7 529.5 8.5
PUU-d 8.5 234 253 243, 352 10.3 a288 0.86+ 1.8 110& 12
PUU-e 281 316 363 21.2

PUU-f 0.36 200 212 220, 325 1.30 a7 0.8t 1.2 641. % 9.4

T4 were obtained from the DMA resuthermal decomposition temperature at 5% weigHtTlosemal decomposition temperature at 10%
welght los*The maximum rate of the weight I6Besidue weight at 600.
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Figure 5.Thermal and mechanical properties of PUUs withediit 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) Typ#&tadistagsyes of PUUs with a stretching speed
of 20 mm/min. (e, fE and tan of PUUs obtained from DMA curves under a nitrogen atmosphere with a frequency of 1 Hz.

To further conrm the dynamic behavior of HUB in S2 from commercially available monomers. The successful
polymers, pol3@ 3b) was synthesized by mix@aand3bin polymerization of PUUs was explicitly demonstrated by the
a 1:1 molar ratio and thé, was 1.11x 10* g/mol, as disappearance of tB&ICO peak at 2264 ch(Figure S16
determined by GPCF{gure B, green curvé&cheme S)3 The peaks at 1650 and 1718%troorresponded to the
The addition of another equivalent 3§ led to the stretching vibrations of carbonyl O groups in urea and
degradation of the polymer, and the low-molecular-weightethané, respectively. Additidha no residual curing
(2.3x 10° g/mol) molecules were obtained after incubation atexothermic peak was observed in the DSC thermograms,
37 °C for 36 h fFigure B, blue curve). When 1 equiv3af further conrming the complete curing of the PUU networks
was readded to the solution, which restored the r8at3bf (Figure S1)7 Swelling experiments demonstrated good solvent
to 1:1, the resulting polymer after 4 h incubation of theresistance of the fully cured PUBsjire S13 which only
mixture at 37C showed a highevl, (1.08 x 10* g/mol, swelled and were insoluble in organic solvetsr¢ S19Q
Figure B, red curve), which overlaid perfectly with the originabven after heat treatment at°@0for 6 h Figure S20
poly3a 3b) GPC curve. The results demonstrate that HUBs Thermal and Mechanical Properties of HUB-Based
based on the new diamine TBXA exhibit rapid exchandg@UUs.Thermal stability is a valuable parameter in practical
reactions in both HUB-based small molecules and polymergpplications of PUUs. DSC, DMA, and TGA measurements

Synthesis and Characterization of HUB-Based PUUs. were employed to evaluate the thermal stability of HUB-based
After demonstrating the dynamic exchange features of the neWwUs, and the corresponding data are summarizagolénl
HUBs, we designed and synthesized sevenandikinds of  The PUU-e without dynamic HUB motifs and TBEA-based
catalyst-free PUU networksgure 4andTable S1 and Table PUU-f were also studied as control. As expected, the aromatic-
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containing TBXA-based PUUs exhibited improved thermaynamic nature of the HUB motifs, the TBXA-based PUUs
stability compared to PUU-f due to the introduction of theshowed excellent processability. Theoretically, this processing
rigid aromatic rings. DSC and DMA results indicated that thean be repeated as many times as desired, although this may
TBXA-based PUUs with drent stoichiometric ratios showed cause aging of the material. All TBXA-based PUU samples
higherT, than the TBEA-based PUUfaple landFigures showed excellent transparency properties with the optical
S21 and S22Due to the presence of soft and hard segmentansmittance of above 75%g(re S26 In addition to good
in the PUU networks, a higher soft segment fraction gave ttigermal properties, the ardimaontaining TBXA-based
PUUs sucient chain mobility; thus, th&, of PUUs PUUs exhibited remarkably higher Ysumgoduli and
decreased with increasing PPG content. For examflg, thebreaking stresses than the PUU-f and the reported
of PUU-a and PUU-d were 50.3 and°8.5respectively. PUUS***3 For example, the Yotmgnodulus and breaking
TGA results indicated that all the TBXA-based PUUs exhibgtress for PUU-a were 132.7 and 9.04 NHRauré ),
relatively good thermal stability, withThghigher than 220  respectively, while those for PUU-f were 0.51 and 0.8 MPa
°C (Table ), even higher than the poly(oximeurethane)s(Figure S27 respectively. In contrast, the cross-linked PUU-e
based on dynamic oxifoarbamate bondSThe char yield  without the HUB moiety is very diult to hot-press. The
of TBXA-based PUUs at 600 was all higher than 10% appearance of PUU-e is uneven, the wrinkles can be clearly
(Figure &), while that of TBEA-based PUU-f was only 1.3%observed, and the edges are even stickiRgyup(S23 As a
(Figure S23 As reported by Rekondo and co-workets result, the mechanical property of PUU-e was extremely poor
char yield of poly(urea-urethane)s based on dynamic amindle to the poor malleabilitiFigure S29
urea exchange is 0 at about 2405 These results further Especially, the aromatic-containing TBXA-based PUUs
demonstrated the better thermal stability of TBXA-baseshowed good mechanical property without simgyitheir
PUUs and were consistent with those of model compounds. ssetchability. As shownFiigure 8, the streSstrain curve of
the PPG content increased, there was nocsighdi erence PUU-a can be divided into three distinct regions, similar to a
in the Ty, of PUUs, but the char yield gradually decreasedubber-like elastomer. In thest region, a steep increase in
The results suggested that a higher soft segment content ledstess at a low strain was observegktieg the typical elastic
a lowerT, and char yield of PUUs. It is worth noting that deformation originating from covalent networks. Then, a yield
TBXA-based PUUs with dirent stoichiometric ratios point was observed at a strain of 16%, and a strain-softening
revealed a two-step degradation pro€égsré b), and an region was observed in the second region, representing the
obvious weight loss peak at 225was observed. This was occurrence of the disassociation of reversible HUBs and the
associated with the evaporation of TBXA as the dynampartial motion of polymer chains. After that, the strain was
HUBs can reversibly dissociate into isocyanates and amimesreased to 90%, the strain hardening resulting from the
during heating. At the same time, it can be clearly seen framnientation of polymer chai was observed along the
the DTG curve of TBXA that il noxWas exactly 22 stretching direction, and the maximum tensile strength was
(Figure Sp TGA results of the PUU-e without dynamic HUB generated at a strain of 292.8%. As the PPG content increased,
motifs provided additional evidence to support this conclusidfUUs showed a lower Yolsngnodulus and breaking stress,
as no weight loss peak at 225vas observed from the DTG while the elongation at break was enhanced. PUU-d exhibited
curve of PUU-e. Meanwhile, Thg,and char yield of PUU-e extreme stretchability with an elongation at break of 1101%.
were higher than those of the TBXA-based PUUs. Therefore, the mechanical properties of TBXA-based PUUs
Considering the fact that PUU materials are expected twan be easily tuned by adjusting the stoichiometry. In addition,
experience high temperatures over long periods when beingreasing the stretching speed from 10 to 400 mm/min
processed, the isothermal TGA curves of PUU-a and PUU-fiatreased the Yousgnodulus and breaking stress for PUU-a,
100, 150, and 18fC for 2 h were obtained. The results while the elongation at break decreaSexbl¢ Sh A
indicated that PUU-a was more stable than PUU-f whemaximum Yourg modulus of 315.4 MPa was reached at a
isothermally heated. For example, PUU-a showed a 4.0flgher stretching speed (400 mm/nkiigure S30 As the
weight loss after incubation at 180for 2 h igure & and stretching speed decreased, there was more time for the
Figure S24 while PUU-f showed a 10% weight ldsble reconguration, reorientation, and displacement of polymer
S4. In addition, the FTIR spectrum of PUU-a after heatchains, which increased the fracture toletance.
treatment at 15€C for 5 h was nearly identical to that of the  Dynamic Viscoelastic Properties of PUUsThe dynamic
original one Kigure S26 viscoelastic properties of PUUs were explored by DMA in the
Tensile tests were conducted to characterize the mechaniaisile mode, and the network rearrangement was evaluated by
properties of PUUs using a uniaxial tensile testing machirgress relaxation experiments. All PUU samples showed similar
Herein, the Yourgymodulus, breaking stress, and elongatiotemperature-dependent viscoelastic properties with high
at break obtained from the stB=dmin curves are used to storage modulu£( in the glassy state and I&vin the
evaluate the mechanical properties. According to the UNE-ENtbery state. As the PPG content increased, theEiratial
ISO 527 standard, a rectanguliar sample with an ective T, (determined from the peak value of the taeak) of the
gauge dimension of 30 mh) & 6 mm W) x 1 mm (T) is PUUs decreasedrifure 8), indicating an increase in the
needed to conduct the mechanical properties tests. Considelnain mobility of the molecular chains. For example, PUU-a
ing the fact that as-synthesized PUU samples are powder (sdadplayed the highegf of 50.3°C, while that for PUU-d was
as PUU-a) or behave as a soft rubber at room temperatusely 8.5°C (Figure 9. It is noteworthy that thE of the
(such as PUU-d), they cannot meet the uniaxial tensile teB{UUs continuously decreased as the temperature increased,
requirements. Therefore, the cross-linked PUUs watre especially around the glass transition, which was attributed to
processed into rectanguléms by means of compression the transition from a glassy state to a highly elastit State.
molding under a certain pressure (3 MPa), temperature (8&8bsence of the constant plateau modulus for HUB-based PUUs
°C), and time (60 min) before mechanical tests. Due to théurther indicated that the dynamic HUBs were based on the
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Figure 6.Dynamic viscoelastic properties and thermadapt behaviors of Bt)Usolmalized stress relaxation curves of PUU-a, PUU-b, and
PUU-c. (d) Plots of the linear regression of the logarithm of relaxation tumedciprocal of temperaturd@ 1fe, f) Visual demonstration of the
shape memory process of PUU-c.

dissociative exchange mechanism, whereas such materials cBime temperature dependence of the relaxation time can be
experience fast topology rearrangements because of a decréeseribed by the Arrhenius equation, and an activation energy
in network integrity” (Ep can be calculated from the slope. ThusEgHer the

The time- and temperature-dependent stress relaxatisiress relaxation is characteristic of the bond exchange process
behavior of the PUUs was also investigated by DMA. Aftém the polymer network$For example, tHe, of the dynamic
achieving a specitemperature, a 1% strain was used, and theUU-a was 59 kJ/maFigure @), which is lower than other
relaxation modulus was monitored as a function of time. Bgported PUU systerils*° These results provide further
convention, the relaxation timgwas determined at 37% (1/ evidence that a fast bond exchange reaction was embedded in a
e) of the normalized relaxation modulus, which ivgs= rigid polymer matrix even without the need of a cétalyst,
0.37%" As the temperature increased, the stress relaxatiteading to a lowering of the reaction barrier for exchange
process of the PUU networks accelerated due to the rapidactions. Such an exchange reaction iscl@n® the
dissociation of dynamic HUBs, and ultimately, all PUUsmalleability, recyclability, and self-healing of the HUB-based
underwent complete stress relaxation at high temperatureglUs.
(Figure @Sc, Figure S31 For example, the of PUU-a Although HUB-based PUUs behave like a normal thermoset,
ranged from 5 min at 7C to 14 s at 120C. To our they display thermoresponsive shape memory behavior. When
knowledge, no other cross-linked systems with a rigid polyntbe temperature is above tlig the mobility of PUU-c
structure and the absence of a catalyst have shown such raggigments is enhanced. The conformation of molecular
stress relaxation. It is believed that the rapid stress relaxatiosefments can be changed with external force, and the original
the PUUs was attributed to the rapid exchange reactions stiape is changed with the decrease in conformational entropy.
dynamic HUBs and the resulting network rearrangement. 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 repeate
cycles (3 MPa, 8, 60 min). (b) Degradation of PUU-a by excess TBXA and the reformed PUU-a by addition of KDdn(ttal) curves

of virgin and multiple recycled PUU-a samples. (e)33tredis curves of PUU-a through three generations of recycling. (f) Gel contents of virgin

and multiple recycled PUU-a samples in @HCI

temperature below tffg, the mobility of molecular segments PUU Im was obtained, indicating the excellent reprocess-
is greatly restrained, resulting in tketion of the temporary ability of PUUs Kigure @). The recycling process was
shape under external force. As showigime &, the PUU-c  repeated three times to ensure the reversibility, and then the
strip can bear knotting, bending, or twisting as the temporargcycled PUU samples were subjected to FTIR, DMA, and
shape without damage. In another example, a cross-shapatsile and solubility tests. The results indicated that the PUU-
PUU-c can transiently fold to a cubic shamgi(e €. When a can be reprocessed and recycled under mild conditions while
the temperature increased again abovg,tkige mobility of  still maintaining their chemical and mechanical properties due
molecular segments was regained and the temporary shapetoghe dynamic reversibility of HUBs. The FTIR spectra of the
revert back to the original shap&he shape xation and recycled PUUs were nearly identical to that of the original one,
recovery processes can be attributed to the elasticity properé@sl no obvious chemical degradation was obsérgade (
of the shape memoryezt** S33. DMA results showed only a small decreagg after
Reprocessability and Recyclability of PUUs.The multiple recycling of PUUBI@ure €,d), indicating a slightly
reprocessability and recyclability of the dynamic PUUs wedecrease in the cross-linking density.
explored via hot-pressing experiments using PUU-a, whichThe stres$strain curves of the recycled PUU-a were
displayed the best mechanical properties. This is a vergnsistent with those of the pristine oRgre @). The
demanding test as the transition from particle to cohkrent recycled PUU-a exhibited no obvious decrease in their
requires Perfect healing across thousands of interfaces betwmenhanical strength, and only a slight decrease in the breaking
particle$” The solid phase recycling method of PUU-a was astress was observedafle S Swelling experiments
follows: The PUU-a buldm was cut into small pieces and demonstrated that the multiple recycled PUU-a samples were
then hot-pressed under a pressure of 3 MPa°&t 80 60 insoluble in CHGI The gel contents of the recycled PUU-a
min to form a bulk material. A transparent and homogeneowsiown inFigure ¥ demonstrated that the chemically cross-
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Figure 8.Self-healing properties of PUU-c. (a) Photographs of self-healing process of PUU-c. (b) Typical$stsile stress of original
and healed PUU-c with drent healing temperatures. (c, d) Sstsmn curves and self-healingiency of original and healed PUU-c with
di erent healing times at 4D. (e) Optical microscopy images of the scratch on the PldlJ{f) Photographs of the healed PUU-c before and
after stretching.

linked network of the recycled PUU-a was well maintainedlfter incubating at 6@ for 4 h. The reformed PUU-a was
during the reprocessing cycles. Thus, due to the reversibigcuum-dried and could be remolded into a square-shaped
nature of the HUB maotifs, the catalyst-free PUUs exhibitesample by hot-pressing. The results showed that the structure,
excellent reprocessability and recyclability without chemicg), and mechanical properties of the resetidPUU-a were
changes or loss of mechanical properties. comparable to those before recyclifigufes S33 and S34

It is worth noting that the solid-phase recycling method wasnd Table 97 Therefore, this method provides unique
unable to restore the recovered products to raw materiabdvantages of broad processing windows arekilsle
which greatly limits the practical applications. Herein, weecycling strategy with attractive application potentials, such
veri ed that the dynamic PUU thermosets could beas the complete recovery of the resin matrix and expensive
conveniently switched between oligomers and polymers bgrbon bers from resin-based composites.
tuning the monomer ratio, which has been shown to Self-Healing Ability of PUUs.It is di cult for conven-
signi cantly enhance the matésiabcycling eciency’® As tional PUUs with irreversible covalent bonds to self-heal after
shown inFigure S19when a rectanguladm of PUU-a was damage, and the cracked thermosets are generally repaired
immersed in CHGlat room temperature, the specimen only using glue. In contrast, dynamic polymeric materials provide a
showed swelling. However, the sample completely dissolvedvaéw paradigm for damage repair. Uniaxial tensile tests were
CHCl; after adding 3 equiv of TBXA and incubating &60 conducted to quantify the mechanical recovery after treating
for 2 h (Figure B). It has been demonstrated that the dynamicunder dierent conditions. The healing ceency (%) is
HUBs that can reversibly generate isocyanates and aminegl@ned as the ratio of the stress of the healed and virgin
elevated temperatures play a key role in the dynamic propertieaterials. Generally, autonomous self-healing is accomplished
of PUUS!® Thus, PUU-a chains were broken into solublein polymers with a loWy, because a low&y gives the polymer
segments due to the dynamic exchange reactions of HUBBains better mobility to facilitate chainusion, bond
Afterward, the PUU-a network was reformed by the addition ekchange, and re-entanglement at broken stfrfaceslly,
XDI with the same equivalence of functional groups as TBXPUU-a with the highed, (50.3 °C) also possessed self-
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healing ability; however, a highgrestrained the mobility of ~ reactions of dynamic HUBs, and the scratch caredtévely

polymer chains. It takes a long time for the PUU-a to completeealed at a low temperature of@0 More importantly, the

self-healing, and only41% of its original breaking stress PUUs could be reprocessed multiple times without com-

recovered after incubation at°® for 60 h fFigure S3b promising their chemical or mechanical properties. We

Thus, PUU-c with relatively lowgrn(22.4°C) was chosento  envision that this work will provide an easy and scalable

examine the self-healing behavior of the TBXA-based PUUapproach for the preparation of PUUs with a combination of
Since polymer chains will restrain the mobility and decreasgcellent reprocessability, recyclability, and self-healing ability.

the reactivity of isocyanates and amines generated during the

dissociation of HUBs, it takes time for the HUBs to complete ASSOCIATED CONTENT
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process. The healing @ency increased dramatically along characterization details, structural formula of the model

with increasing healing temperatutr%eOr, which followed the compoundsHNMR spectra, FTIR, DSC, TGA, DMA
general law of other self-healing materigts. example, the 2 S e e .’ : ’
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