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Fig. 1 Comparison of thermosetting rubber, thermoplastic
rubber and dynamic covalent crosslinked rubber.
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Fig. 2 Depiction of dissociative and associative bond exchange pathways for dynamic covalent networks.
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Table 1 Comparison of dynamic covalent bonding properties.
Dynamic Dynamic Dynamic Activation Activation  Activation S
bond tvpes covalent mechanisms condition temperature energy Limitation Ref.
P bonds (°C) (kJ/mol)
Reversible Diels-Alder Dissociative ~ Thermal, no 60-150 30-60 Double bond side [20-31]
cyclization catalytic reaction
reaction Photoinduced Dissociative Specific - - UV-induced main [32-36]
ring wavelength chain degradation
elimination light
Covalent Hindrance  Dissociative Thermal, 100-200 30-1501 Poor high [39,40]
bond of the C—C bond no catalytic temperature
same element stability and creep
resistance
Selenium Dissociative  Thermal, light 80-140 170-190 Poor high [41-47]
bond temperature
stability and creep
resistance
Olefin Associative Thermal, About 150 110 Catalyst affects [52-56]
metathesis carbene material stability
catalytic
Disulfide Associative Thermal, 30-60 20-250 High temperature [57-61,
bond no catalytic oxidation or C—S 63-69]
Dissociative ~ Thermal, ~ About 80 - side reaction [66,70]
special structure
C—N bond Hindered Dissociative Thermal, 60-130 30-130 —NCO side [71-77]
rearrangement  urea bond no catalytic reaction
1,2,3- Dissociative Thermal, 130-200 140-160 Main chain [78-80]
Triazole salt no catalytic degradation caused
by harsh conditions
Amide Dissociative Thermal, 100-200 110-200 Main chain [82-85]
linkage metal/acid/base degradation caused
catalytic by harsh conditions
Imine bond  Associative Thermal, 60-16 20-80 Poor stability in [86-91]
no catalytic humid environment
Dissociative  Thermal, H,O  About 30 - [87]
X—0 bond Ester Associative Thermal, 150-200 80-130 Catalyst affects [92-96]
exchange exchange metal/acid/base material stability
catalytic
Siloxane Associative Thermal, 160-250 40-120 Catalyst affects [96-101]
exchange acid/base material stability
catalytic
Carbamate  Dissociative Thermal, 75-200 20-130 —NCO side [102-119]
no catalytic reaction
Associative Thermal, —OH  100-170 100-190 [102, 120]
Boronic acid ~ Associative Thermal, 30-200 10-150 Poor stability in [121-126]
esters no catalytic humid environment
Dissociative  Thermal, H,O About 30 - [125-128]
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Fig. 3 Dynamic reaction mechanisms of the Diels-Alder
reaction and photoluminescent ring elimination reaction.
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Fig. 4 Dynamic reaction mechanisms of the hindrance C—C bond, Selenium bond, olefin metathesis reaction and disulfide

bonds.

SN SESE IR RE T ARG E M 2 1R i & %
R, N TEEARRERSMREAZEN, 410
A e iES I L7417y <X DAL RS DA DN
IR R 1) Se—Se #IEPE, AN LEFEAL T 1k
FEEREARERE, TR T AR SR N R EE I T
PERTIERS, IS5 7 APRHE A A AR o ) s AR
JE PR AL RESS .
1.2.2 g B E oo = L p

W5 08 52 Ff R R AE 4 J8 R A AL R S
B U (C=C) i E A I N, A 5T 44 5
TS RPL, X — RS T BA W E e
R BRBRERE I BN A ZS He,  HAT BRI S AN S K=
XS SR e g B R, REMAFISYE
C=CRERMBN, EREHEEETHIA
Feg VY eI b fal A, 4% b a4 2 A w30 3R
BB, BIATAEROHT I C=C M4 )RR 5, L
I B A 52591 | i OB 43 R R A A0 AR
i, RIUEEAEFIR RIS Aot a8 e B
FEAE BRI, TEALBEZY N 110 kJ/mol, A Hk
T L) 150 °CI3%0), 8% C=C AT
PRI M e 52 o0 1 7 QAT Bh A SN I 45 1
Y.
1.2.3  PFhAC R T7  [R o 2 A 4

TR AL 4 IR N B R AR IR AL B A B

—, EARFEEMET, S—SHEALHE I e Y
R R D Ul 1y I WO o e g 1 o
C—CHE, IR RY, B E I,
TERLJVEF R WL SRR RE R ME R, SEIA
BIERE IG5, FL b B B IR A ) s e 4%
fF, Wi RN PR RS B S AW AS e, mT R
SEMER N AR, RAAEM R IR H i
W, WHTRAN. BRI, NR. TEBRK
(SBR)FEANAS H A 285 Hhi1s7-621, 36k T AN [R5 A ) —
Fdt, HAHNEEZERBR, — BT,
75 A R A R MR A RE A, HLBE R IR A
(AN ) S B il 2 B A BT 22 5, K2 B BRI
TEP A R AR B (F IR -60 °C), KT g R AR
B, AT EE A G| K B A A (60 °C LA
b3, e A e U 4 S AR ) VA AT
DI BLPARTE AL RE, RS S S ARE, —
i B (1) 95 Ak B 3 ] T ik 20~250 kJ/mol(64-691, K £
G R R BN AS LA X 48 A I T A Y 4
AEHREE PEIEARAAR, FF A G 5 T Bh A LA I 285 11)
Ry AR, AE — SRR R A R ) AR R o
AR T RE R I AR 2 R B R S R
it FEUOL, X T 2,2,6,6- DY H R R 0E -1- i I i
(TEMPS), i Jiie 25 ¥4 e 184 5 5 b BE (0 A2 e 1
7580 °CLA L, B e B ik 2 B ey — B 8 A 25 19



123 LA FA%E

B T ST REgE R Yl

2223

i H AN ER, FFA SR )AL N 2% R
RUOT0 U TR AR T RN, {H
TEMAA T FE P 5 R A ZFhEI R B, JEFHRAE
WA, FE RN TR, AR RES
oA, MREREYEE E A A
5y 55 R I SR R E I C— S K AR B, X
SO TR Re =2k — @ i sem, Rk, shds
TR SE bR IS AR —E R, X TR
BfE—ERER.
1.3 C—NEEH

C—NEHEHAR A ML E MR 2, kM
PEFIRR E 1 22 K, R B C—NBIES R B
A2 MR . 1,2,3- =R ER AT BRI BE i 22 e, M
SAS WG BEAF AR 5 40 2 Pl e LEE () 5).
13,1 fREMC—N#gHEH

MR IEAFAE S AL, AN B & AT
TR P S B AR T DU A R S RO, 52 PHLIR
BrSAMRESORE Tk, &F KA AR
(100 JUR Bk B R A 0 AR SR A T B A A AR
TR NS B R R B 5 a4 5y, RO HUAR L 4
KL BH AR, Al 25 3 72 0 75 8 4k 70 R AT &
AET7 KR A7 SFL 2 ] %) A [ R 52 BELIR 5552 LB
JIRHE TE A R R B R AN, 52 BH DR A 25 ()3
1k f 3 FE 9 30~130 kJ/mol, ZhAS 87 1 B A

60~130 °CI737476.771, =7 [ fisi g fift 25 V& AL BB 20 A
60~120 kJ/mol, fi# &5 I B 5 Fl 9 130~150 °C79l,
W AT PU, BIRERS(PUU)SE SIS L0 & 1)
] £ . 52 FH DR BEE PRI 1L V1A% O 78 TP A A BH RS
RIS AR E SRR e P, I KA B AR AE S
ARSI B IRE, BTG IE R RS
AT, SECECERMNATEAT, MM )
GETERE. BLAL, TEBNASRPLIFEF, MEE AR
FEREE N R, S5 R AEE IR KA
ANAT RN, SR RE 2 IR U PR RE
1,2,3- = W2 b 2B AL R 3 5 B0 m Bk
RNERI, B tRE, A5 1,2,3-
SR N-BERALTE R 1,2,3- S0 3, V- g
FEINFGEAT T BRI A 55 SIS AT 108801 (1,2,
3- ) X 2% 7E 20 b T RE R I S5 4 A B
A AN P 2% 25 LI 754 Arrhenius 75 1% 1 A8 4T
N, AR AL ZE BRI AR e AR T A, 1,2,3- =R
F N 2 B 110 RT3 Wy S R i 45 A A L ) A
BRG] . 1,2,3- =1 55 R B8 S NG AL RE S
B, 218 140~160 kl/mol, 75 B8 B & iR
(130~200 °C) F A RE LI s A BEI R 5179, X
EMRE AR AFE R (iR B VG IR T, sE

C—N bond rearrangement
Dissociative exchange
(a) Hindered urea bond

NH
Rl/z+ P R
H

(b) 1,2,3-Triazole salt

Associative exchange

(c) Amide linkage

(d) Imine bond

RI\N)LN /R2 R; or R, = Large volume substituents

., N . N
N NN
%N+LJ¢=: Wuf
~/ X

(6]
Rl/\ﬂ)‘\r/ﬂ\"/N\/RZ = K )N\Fé T OHNSTNR,
0 o

Dissociative exchange or Associative exchange

IS 5 0 T REAR E 1

H

O

R R R R
k/\N/ 2+ HZN/ 3o Rl/\N/ 3+ HZN/ 2 /

Fig. 5 Dynamic reaction mechanisms of hindered urea bond, 1,2,3-triazole salt, amide linkage, and imine bond.



2224 =]

n T

R 2025 4F

T e E TR S P 1 2 s v P AR AR i Y
ER, TN Te . RS R, Ext
T T A 5 P 2 B ) B A PEER S0 il 46 = PR e
(] [ SO R A 43 BB Y. 5 R
DL, TR fics T LA it 5 1 P sk e ot ) B
AR B, T B R R e, B
Yo BN RS R SRR, smRiREk
AL SRR R EA 782851, FEAN[R) 2546 1Y) E AL
EFHR, A BEVE R AT K 110~200 kJ/mol®s], &
A5 SRR EE 29 100~200 °C. ik e 38 #ie s v ] i 7E
BBt BAEBNEREDHAA T X T
FEAA, T A AR i PRV A 2% A 2 0 AR
I EFE IR, R EATE
132 PAAC #0720 C—N B LA

V. fi B p i i R B S A B, AR R
Ui B (R4 i 2 3t B80T, i it e P 3 O Ji A R
PRSIV B 2 TR A AT R 2 R AR o R S, R
RAE WM AL BT (1B 25 PO, WF fri 5 28 4t
()35 1k g Y8 BBl 29 9 20~80 kJ/mol, 22 # I 1
60~160 °C, P& BRI & 1) % o] DA X — 38 #t
SN R A, %o s N il FE 77 A R (889091 ¢y F-
UL (T A PR IR A HUR B R e, Hahds
AT 2 R AT IR, DR AT e B
)72 B T 22 Pk B R 2R it 4 J5E (PDMS)
PU SR (#1145 . 2445 /KA A7 AE LA BRBRA 53 o

B, IV fhe B o e 7K AR A S e AT ) R s B
R S N R AR B, I R 1 50 A N i 25 Y
WLEL A 32 087, 0 fiicse 1 7K A s vt A4 R P
i, 7ERRWEZAME P =EEBI AT R4, Kk, 7RI
AN WL S, BRI SRR R RE
RS L D frac g it PR B RBUR R R A L B
BRI REFR IS 2 (0], 3 O R R 1K pH B
KGR, HAeFANVIHE MR AT N,
BHEI TR 34 T 2 T 6.
14 X—O#X#H

HET X—O A H s &N R P(X = C
B. Si)@&MNH R MaAsh AL I, 1%
IR AR A A R ST, MR T 4 A
AN M IEEA, 7T Lo e A i S v
REELE A SR A P REEAMWIRE, 4,
ARG MWIEREE(E4F & 2 & mT BARA
iR S A L R AT S S (B 6).
141 ZHEMX—O0#TH#H

P AZ 40 [ A2 245 B B A AT IR 285 B LAY 11
Ay —, ATLURATERREE MR (7], HmT
PLRAETE 2 ANS L 2 18] . WS A4 S5 B — i ER il
51K, IRFETEEZ1150~200 °C, EHALAEZ] N 80~
130 kJ/mol, SRR . SRbH ok 4 & b S AL e g
A5 B A TG 22 He S I vt 4K B AN T B A1 B o L
JEO200 FEIT AR WA, I g A BT R A

/Associative exchange

(a) Ester exchange
(¢}

(b) Siloxane exchange
OR

OR

(a) Carbamate
(0]

(b) Boronic acid esters

O

X—O0 bond exchange

%H)J\OJ& T HO T T

RO_SI_ORI + Rz*OH —

Dissociative exchange or associative exchange

%E)J\oﬂ‘f FHO M T HO, 4 %g)]\o/%

OR
RO—Si—OR, + R—OH

OR

(0)

O/

Fig. 6 Dynamic reaction mechanisms of ester exchange, siloxane exchange, carbamate and boronic acid esters.



12 34 LIRS SN TBOE ] & R IR 2225

AN 5 A 55RO T8 5 2 P PR A A A R Tt R
AL R AR R AR R T+ 05
W, HERAS e I B #vEe e YRR, BRI T
Rl RWHIRES . B2 EEE Ak & rh1osss),

Si—O 4 42 1) B PDMS fJFEA FLG, @,
Si—O B HA M= B RE(Z) 535 kJ/mol), T’T T
PDMS L 5 U FAFS e 1, SR, 4 ey e i
LA UNSRERIT, GRROS), SJRE A B
FONEL 3 P R AL 0001008 S R AEFE I, Si—O 4
HREWSAE — IR NS N, A4 I M3
1L REZ) 40~120 kJ/mol, =B FE A 160~250 °C,
H A i 7 A X 2 R A B FE AR, X PP
S SEAEE EH T AR RS T RS
FEAf X 25 B 1 45
142 PFAS 07 N1 X — O BAs #e

R ) P IRBR R XA T 2K
AR R AL OB, FRAERF T 2 2R AR B
SRR FREE | W], X RN T
Pl T SR BN ) R, AR R
Bl PR AR R AN, X — SN A I B
T sh 23 S B 25 B 8t . 3 T3 &
FEFR TR B, U AL I L T b BB R
2154 100~150 kJ/mol, ASF|FfiFt 25 ) B (1) & A=
A T EA PR FIME A A e b 470102105, g% T
O R R 25 K T R I i ARTee-121 gy
ARU-1SI o KL FH R IR B, A S B U R N2 5
KA AR A R TR AR SR 4 9 100~
120 °C, fift &5 I35 AL AE 212 90~130 kJ/moll107:110],
My R A PIE N R SR BRI w2 %
RS E R IR R B, 0 T S EURR TS
(AR 091, AT DL T 3 25 34 28 BRI 4% 14
ARG, M ARG H R IR T AR B AR
PS5 PR A S R I, E e Sy b R T
RS, RESRNE 5 R, R — D
%, A B IR 410N 75~200 °C, 51k AETE Bl 20~
75 kJ/moll13~-11S.18] FE — L B e, MR EE L %
B R, B F AL R ET DA IR
FR-TH BRI AT, R B B e M
HIREE, TR — AN DU T R ) 4A, B S5 TH
2, T8 RO G AZ I A, A N IR 100~
170 °C, MG AEZI N 100~190 kI/mol, FF4&
a5 R BN A AN B 1) S R ATL R 02,120],

9 2 i A2 b BT IR S L AT AR ) 5 B 4

B B 5 AT B AS SEAN BE, EEAR BER
5T, RGeS R I A F IS SHIEL. Y
PR P AAEAE K, TR BE (1) 3 25 S B2 LA 4
GBI, A RN AT LR Sk R
HH i B P Rk 2 T R IR A e S B B S A Y
TR R S AT B o AR IO, FEIX 2 Pt A2,
SR A AN O R R SES, AEAE
BMES, BEDMNL AT A RFFEA
ARU21-126] - 235 L R R 196 A8 H88e S  vik ME (R AR L 2
SR, TEREREE . AR KA AT
E 3PP O VARSES A DD O =R S
75 TGN ER G ) 35 L RE £ 23.6 kJ/mol,  FL G
RIS U M 15.9 kI/mol, A~ [F] &4 F B R IR 5 45 3%
M AL 1 X 265 35 AL g 22 S 7] B S 21 10 kJ/mol £
150 kJ/moll121~123.1261 5} -~ — 86 3% A¥ i 51K 1) 44
R, RSO A] H R E] 120 °C,  WRFE
b RE A AR 2 W (N — B e A7 48 A2 5 1 I IR
P DR 24, A2 i S i FEE U 5 38 31) 150~200 °C. 4f
A BT R 16 22 ¥ CU B i D . H T SBR. PDMS 45
SRR R 5 IE IR BRSNS
MM G EEE R 2R 750, SAK
ECE T ERIATAER, TRRERS K EKE, &
BrE RN SRR, MR RS, ERTA R
BRI R T B 251281, D) S AL B S B A R
AT SR N TEES N Ty R, Nt RS
FE R, C) 2 N T 233 A oK it
e FIEBEME. AT AER AR RS

2 HBHMTEREA GRS

S A AR B S S A S H
It T S GRAARIA s mil T R &
EAPESERL AT T EER RN — 2% AE R A
R B4R . A AT I SRS AE R T AR T
W B AL A, miR T AR AL
B, SRR T BT R R S AR B AT SEE)
Fe i A AT AR IN T, R BRI B G
R AR AR A2 TR PR i PS8 528 v 1 77 il 8 iR
FE, BIWT PASEHLS 1% SR (AR B 24 A3 A
BELE REU20-132), i A4 36 3 25 S A 22 IR Y A A%
AR ZR, 0Tl T Bol sh & 3L i 5l
NG R T, KRS AN [F RS & AR A
A 22 G R (I BRI . e AR
SRR, SR AR I A R HE 2



2226

ar

n T

¥ i 20254

A R 2 RSB, AT 8 A SR R i R
FHEVIANE S o FARMEREAT 202, A HR AN A
SERIRRIR 5 T BN N AR S(FR 2).
2.1 AEFRER

RS, X SBR. T 5k
(BR). FIRMEKAR). T HERKNBR). & T4
Z(CR)IX — K EHEBE MBS & C=C XU
PRI AR 5, 3K 8 XUBEE B A A G A0 5 R it A
Fl, AT DB TN S BRI 75 R0 27 o PR
SN B

FEARFIRG I A, BRI e /N B AN R B
SBR. BRAHIIR, Hj=&Eig K, NMHE ™, £
b A 26 R R A 31T, B T RE
S e N TR R | Eo e B L i S ek 2ty
Gy T ESE R EE . AT B A R R
AR N T R S5 35 2 AR AN AN A e
A RRSER R E 2 H AR SR, X AR Ay
THHLLC—C. C=CHIC—HEMK, =5
THBERMN R, RESE SIS,
BRI, 0T AR E R AR [ B A R S 15
TR, BRI — 2 AU R AR AT B fedk

P, SIS SRR N T 7R AL A BT AR
MRS TR R RO, R LI e v
WEAMN . DoRMEF A . RE . K
SE039-1441 BRAH Ab o 1 8 1 A I AL E N
AT, ¥ C=CH b NI E IR BRI
(MAH) 7E 75 3 500 RlCIR 245 7 o] DL U8 R A
WL, BEESIRAWERTR, it B R e N S
B, BREFIE ATt — 0K, BRI 38R 3610
ST AL, B S ST RS
i S S A e e A BG4 ¥ b, AT DASEER
eG4 S IR e A v . B e e fe,
ZJ: SBR[145~148]\ BR[MQ’ISO]\ IR[151~153] E(] z %[{j ij] ‘j§
LN AT IR 2R 35 0T LAAT 20 Sl 45153, Guo S5
i 22 A R 4 K SBR BEAT B A IR 22 BE
W w51 22 Bk SBR UKL 5 (K A2 Bk SBR JE A3 R,  F
FAASYE Y0 E D353 A IS T 53 A o 8% () st st
2, SEILT BN AC B SBR M B A& IE SN T
(B 7(a)): Bai 0550 2% 1 LAY i 58 A1 — i By
ACHR R O E BN AL AR T g, did
PP RIVER, SEBL T MEHEER R #UE
[ R B E B R e, OV IT R ERRE . Thig

Table 2 Summary of dynamic covalent crosslinking general synthetic rubber.

tural Modificati . L
Rubber Struc e odification Dynamic bonds Applications Challenges Ref.
characteristics method
SBR  Unsaturated Epoxidation, Ester exchange, imine Durability of dynamic [145-
nonpolar  maleic anhydride bonds, disulfide bonds in high- 153]
grafting bonds, Diels-Alder Green tires. self- performance tire
BR End-group Boronic esters, imine  repairing seals, applicat'i()-n's,
functionalization, bonds, disulfide casily customizable ~compatibility of '
mercaptoene bonds, Diels-Alder  shoe soles, hoses that onpolar sub.stratc.es with
clicks can be “welded” polar dynamic units,
i trol of
IR Epoxidation, end- Imine bonds, ester together Precise £ontrot o
o . synthesis cost, and scale-
group aldolization exchange, disulfide .
up production
bonds
NBR  Unsaturated Double bond Alkoxyamine Microdamage [160-
polarity  modification dynamic exchange Effect of solvent- 164]
fluorescent materials resistant reﬁ'actory
CR Allyl chloride Disulfide bond Self-healing in harsh modification, polarity
reaction environments, and reactivity on
temperature- dynamic bond selection
controlled ungluing
EPR Saturated  Epoxidation, Ester exchange, Complex shape Low unsaturation, [165-
maleic anhydride dynamic imines, processing, flexible  difficult to modify, low 169,173,

grafting borate esters welding and damage efficiency of dynamic 174]
self-repairing bond introduction
IIR Halogenation, 4-(Alkylamino) Self-healing liner,
Isoprene unit pyridine-Br fully sealed plug

modification
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Fig. 7 (a) The continuous processability, performance comparison before and after recovery and phase structure of SBR
with multiphase network design (Reprinted with permission from Ref. [154]; Copyright (2022) American Chemical Society).

(b) Design scheme of multiple dynamic covalent cross-linked polybutadiene rubber and performance comparison before and
after recycling (Reprinted with permission from Ref. [155]; Copyright (2022) American Chemical Society).
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Fig. 8 (a) The design scheme of dynamic alkoxyamine bond cross-linked recyclable NBR and its properties before and after

recycling (Reprinted with permission from Ref. [163]; Copyright (2024) American Chemical Society). (b) The design scheme,

shape memory performance and performance comparison before and after recovery of f-hydroxy ester dynamic covalent
cross-linked EPDM (Reprinted with permission from Ref. [165]; Copyright (2019) American Chemical Society).
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Review

Dynamic Covalent Crosslinked General Synthetic Rubber

Xin-yue Hao, Jie Wang, Bing Yu", Ming Tian", Peng-fei Cao”
(State Key Laboratory of Organic-Inorganic Composites, School of Materials Science and Engineering,
Beijing University of Chemical Technology, Beijing 100029)

Abstract Dynamically crosslinked synthetic rubber represents an emerging class of green, high-performance
materials. These materials effectively resolve the trade-off between the superior properties of traditional thermosets
and the facile processing and recyclability characteristic of thermoplastics. This review first systematically
elucidates the core chemical mechanisms of dynamic covalent networks (DCNs) and categorizes the various
dynamic bonds involved. A central focus is the in-depth analysis of the fundamental differences and interconversion
between dissociative and associative exchange mechanisms. Subsequently, the discussion highlights tailored design
strategies for dynamic crosslinking and their applications across synthetic rubbers with diverse chemical backbones.
Finally, the challenges and prospective solutions for the continuous industrial processing of these materials are
analyzed. Ultimately, this review seeks to establish a cohesive framework connecting fundamental chemistry with
material design and processing applications. The goal is to provide a theoretical reference and valuable insights for
developing the next generation of high-performance, multifunctional, and sustainable dynamic synthetic rubbers.
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