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Scheme 1 Schematic illustration of (a) the structure of loose connective tissue (LCT) in human body, (b) the branched

structure of recticular fibers and the self-healing behavior of branched molecular brush-based film.
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Fig. 1 Synthetic routes to (a) macroinitiator P(MA-Br) and molecular brushes, (b) PMA-g-PEA, and (c) PMA-g-PBA.
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Fig. 2 'H-NMR spectra of (a) PMAg-g-PEA; and (b) PMAgy-g-PBA; in CDCl,.
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Fig. 3 Self-healing images of polymer films: (a;—a;) PMAg,-g-PEA;, (b,—b,) PMAg,-g-PEA |, (c,—c;) PMAg-g-PBA;,
(d,—d,;) PMAg-g-PBA; (e) 3D images of the self-healing behaviors of the PMAg-g-PBA; film.
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Fig. 4 Self-healing images of the PMAy-g-PEA; film under (a,—a,) neutral, (b,~b,) acidic, and (c,—c,) alkaline conditions.

2.3 RIRBEESYEERHAZEIN S F R
BRI B AR R (T 2 R A YRR 1

i NI A R E B, FUR A I E S

HT(TGA)FI Z - F i & #HUE (DS R & 1) 7

SR FE AN T REAT 105 (AT SCRRE B B S4). K
531 EURFIP(MA-Br) ) T,=32.1 °C, & T %,
RIEA R HERRE D) IR 751 AR
HERRE S TR T ERE, —EREL



8 [T N R 4

T RIRBESVEZR TR AEIRE. MEEER
GERN10MRPR RSV T, 8 N FRAEE NS
B IS P IR 586 40 1) T, T, BB AN A 5 1 389
TR, R T B B MIRE K & T Lot B
B FET K15l &5, RPRE AT L
EER T EBE, KU T ERRNER
P AN SR UM IR T TR 00 R) A ELAE PR RSEAS B
BEEAT RS T Y AR .

N T AR R PR R A VR BE 5 AL
K, BINR T A Y PMAg-g-PEA fIl PMAg,-g-
PBA; 1) 775 ML RE (& 5). b S A A8 26 ) LA B
HHRIPIR ZR B ) T IR E 22 3 o6 AR 1 S5 B AT AR e B
AEHETN, IX A MR AT R, PR AR I
LG S5 R ] B2 4y - BEAE B ) 77 1) R AR HL ]
T XHHEEE SSTTLLE H, PMAg-g-PEA;S
Al PMAg-g-PBAs ¥ H A B m g, H
PMAg)-g-PBA; ¥ Il 7] LA H7{H 42 909.9%, J& Kl AT
RE/Z PMAg)-g-PBA 1 T N 5 55 2, 3L 5 B
SEAFRIZRIE, AT AEAT IR 2R A P iR AR 1)
PIPESE N . o B 5 A 7 SRS B S6 i LLE
s IR ZR B A T L N R N7 AR A 2 mT B

0.8

@

IS
o
c
5
o
=]
&
(6]
[¢]
a

N
~
T

Healed «

Stress (MPa)

o
o

0 100 200 300 400 500

Strain (%)
0.5
(b)
0.4+

Undamaged <+

o
w

Healed «

Stress (MPa)

0 200 400 600 800 1000
Strain (%)

Fig. 5 Stress-strain curves of (a) PMAg,-g-PEA; and (b)
PMAg,-g-PBA; films.

HHITHI93% LA, RILH TR EBE K.

il 2% B U RAR A VD %A Sk, (|
EAMEERR MERA—2 5 K E N4 mm
(K] 5 & 0 ¥ i (PMAge-g-PEA,, &1 6(a)) iz 1
200% % 12 mm (& 6(b)) JG il 240 11, AW
JES 0 B T LA R B &2 5.5 mm (] 6(c)), FaE
1 min J5 REVE K E 722K E # 4 mm (B
6(d)). KA TEAZ IR i n] DAAE AR T J5 Pk 2 28 S5 46
AR, X —IRRHIERIRE AV EE R B« B
B SR B YRS RN 4 SE R IR, X e
FRRIPR R A PR 4 T — 58 B

Strain=200%3

Release

4 After 1 min

Fig. 6 Length recovery process of polymer film: (a) original
state (4 mm), (b) after stretching the sample to 200% strain
(12 mm), (c) after the external force is released (5.5 mm),
and (d) after 1 min, the length completely restored (4 mm).

BT R B 54, TR SR A B IR
AT “ ELBH” G5 AT FRAEGEL 228 G S b SR 15
GELM . 7E pH R 48 1 T 55 v R R A 4 v
PMAqgo-g-PEA 1o, 38 3 ¥ 01 J5 0l 24 8 k5 VA L 56
UEEIRAE 7 205640 R I g ol DA INER &
VYRR pHARAAE AR R . Wil 7 Fos, Z=iR
T ¥ 0 R 1 (pH=1) AU BB VA T (pH=11) I 56 R 41
(ISR A9 I i pH R 40) 1 B € 2 5l AR R 21 6
FRER (A, IR R AV pH AR5 R K
AN, H10REEENREAESRE . X —45R
K, BT RRE SRR« B8 45
¥, TRT T RIR S G A R P A 25 1 T
(I Eha e .
24 RIRBEEWHEERBES1TANITENIE

NT R RR RSB A AR, @



=
RS
3
Bl
o

R

BT IKEN MM BEZE SE RR RS9 2 Ak 9

@

pH=1
_—

pH test paper

Polymer
film

pH test paper

(b)

pH=11

_—

Polymer A Storing
film for 10 d
- _—

pH test paper

pH test paper

Fig. 7 Stability of PMAg,-g-PEA,, film under (a) acidic
and (b) alkaline conditions.

BERRLAR 233 )1 S 7L T SR AW 43
EEEM . fERPLE R d, R S ) PMA-g-
PEA; il PMA-g-PBA # 8 5 A KEURL 5 11 42 5 2k -
4 (B,-g-A-g-C,.),y Hx R HIEMEH,
yRRMBEM R AT, RN OB E T HEkT

(@

MEH, nZRBEZRICKEHE . AT RN,
PA(B;-g-A-g-Cs.)s N¥l, z=1 NPMA-g-PEA;, z=
2 N PMA-g-PBAs, W5T T IR & 20 (1) 400 AH
TTEATA.

K 8(a) F1 8(b) 73 7l Ay il IR 5 & ¥ PMA-g-
PEA (RHURE AR LI GRG0 28 P 45 44
K. & 8(c)F 8(d) 73 MmN RIR R &7 PMA-g-PBA;
FRYREL L A4 A58 20 Bl Bt (3R 5 0 ) R~ Ay 8 g 1)
Hrp, BRI IE RIS, A aMEazkT
Fric. MEIH AT CUE H, 5G4 00005 18] w] DAAH
HBE YRR 5 B S5 X PP s mT PL7E
VIPRAZ R R, 545 RGP [ T Rk o 1) X 4%
ghik, DRIRIR S = iR T~ B A R
HIEE MR, Wik 7 JRATZ A2 B B &S
il IX UL TR 5 W AN T AL AT
R R & T st E AR R .l T SR A 3
s IR RPIR SR A1 B S ) S5 45 SR A

Ve

.
*f%
o

) ——
C

0 :
A - <5
B -

© H/ @

O,

(0)
A <,
@ B

*e %

Fig. 8 Coarse-grained model mapping and equilibrium structures of molecular brushes: (a, b) PMA-g-PEA; and (c, d) PMA-g-

PBA..

TR 5 B W v SEATUASEAUL (10 2 77 2 2% iy 2 (&
9(a))55 S50 i 2 1 3 A5 RIE 35 T DUAR B (R 060 R
RO R e E AR R, it
JEIR SR SR N AR AR, BRI
I IS A PR3 TR0, RIS T R ) A

AT IR AR 3 AT DA AT e PR g b (e A e
REWBEN SN 07 1A R T B, X AT DA
WU, FAE 2 . B 9(b) T 4, BB 82 A ) 48
Tngx 1 8% T 4a A JE IR B s 2
my- T



10 [ R S
6 b
@ ©
0,
sl 131%
4+
424%
31
3
2y 620%
1,
653%
0,

0 100 200 300 400 500 600 700

Strain (%)

Stress

Stress

Fig. 9 (a) Stress-strain simulation curves of molecular brush-based films and (b) interchain structure of polymers during

stretching simulated by coarse-grained simulation.

3 it

TH-NMR Fll GPC FAFE 1 AT M8 S Ak 45
R R RRICIR 58 A1) PMAgy-g-PEAs. PMAg)-g-PEA o+
PMAg-g-PBAs 1 PMAg-g-PBA o [F) i 2 £ B . 38
A BB 3D BUR IRLEE, EI T RIPIR 2R
EVPERAE IR T CARRYE . itk BT
(1 E1E S RE T . FPIR 5 & i L (1) 7 51t R s
Ui B 7RG R 1S R R SRR AL . AR

78 i IS TR 1 pH AR R R A A el
B WA 0 REIAZ M, EW T RPRESY
TR AT R I BB ARG E 1 . B Jm 4l it
FHEIRR TR R SR E BB =L,
= YR T O 8] ) 904 A A LA A BE LA
R ASHE TR SR R S R N S AN f e
B AT SR T e B B R, TR T
B RA BB VERERI R e 2 TR GE T8
B,

REFERENCES

1 Li, B. Z.; Zhou, Z. H.; Wei, Y. S.; Yu, Y. Z.; Huang, G. S.; Qiu, R.; Ouyang, Y. B. Cultivating resilience: a skin-inspired
sandwiched self-healing coating for shielding MgLi alloy from corrosion. Surf. Coat. Technol., 2024, 491, 131146.

2 Li, W. H.; Liu, H.; Wang, H.; Chen, Y. W.; Peng, Y.; Wu, H. T.; Hou, Y. J.; Huang, Y.; Yuan, Z. Y.; Ye, B. J.; Zhang, H. J.;
Wu, J. R. Biomimetic hybrid networks with excellent toughness and self-healing ability in the glassy state. Chem.

Mater., 2023, 35(2), 682-691.

3 Stenman, S.; Vaheri, A. Distribution of a major connective tissue protein, fibronectin, in normal human tissues. J. Exp.

Med., 1978, 147(4), 1054-1064.

4 Grodzinsky, A. J. Electromechanical and physicochemical properties of connective tissue. Crit. Rev. Biomed. Eng., 1983,

9(2), 133-199

5 Hukins, D. W. L.; Aspden, R. M. Composition and properties of connective tissues. Trends Biochem. Sci., 1985, 10(7),

260-264.

Ayeleru, O. O.; Olubambi, P. A. Concept of self-healing in polymeric materials. Mater. Today Proc., 2022, 62, S158-S162.
7 Liu, Q. H.; Wang, S. Y.; Zhao, Z. Y.; Tong, J. H.; Urban, M. W. Electrically accelerated self-healable polyionic liquid

copolymers. Small, 2022, 18(24), 2201952.

8 Hao, B. R.; Luo, Y. M.; Chan, W. J.; Cai, L. Y.; Lyu, S. S.; Luo, Z. Z. Fabrication of a multiple-self-healing and self-
cleaning polymer coating for mechanical-damaged optical glass surface. Chem. Eng. J., 2024, 496, 153750.

9 EWE, B, T, SR, RO, EMH, Y. W BB AR RTINS TERET L. & e T AR,

2025, 56(10), 1801-1814.

10 Riess, G. Micellization of block copolymers. Prog. Polym. Sci., 2003, 28(7), 1107-1170.
11 Wan, Y.; Li, X. C.; Yuan, H. T.; Liu, D. X.; Lai, W. Y. Self-healing elastic electronics: materials design, mechanisms, and

applications. Adv. Funct. Mater., 2024, 34(27), 2316550.



WMEAE: AR IR K M SE RS BIR R & BB AR 1

12

13

14
15

16

17

18

19
20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

Kawamoto, K.; Zhong, M. J.; Gadelrab, K. R.; Cheng, L. C.; Ross, C. A.; Alexander-Katz, A.; Johnson, J. A. Graft-
through synthesis and assembly of Janus bottlebrush polymers from A-branch-B diblock macromonomers. J. Am. Chem.
Soc., 2016, 138(36), 11501-11504.

Cao, S. Y.; Liu, W. Y.; Yang, B. C.; Zheng, Y.; Lin, S. L.; Xu, B. B. Facile synthesis of asymmetric molecular brushes
with triple side chains using a multivalent monomer strategy. Polym. Chem., 2024, 15(35), 3552-3562.

INT4, s, SRR, 5%, WKW REYI T RIFEGUR A SUR IR . & 2 F 524k, 2020, 51(6), 609-619.
Li, X.; Li, B.; Huang, J.; Zhu, H. Y.; Li, Y.; Shi, G. A molecular imprinting photoelectrochemical sensor modified by
polymer brushes and its detection for BSA. Chem. Eng. J., 2024, 483, 149297.

Beizt, i iy, B S0, IR, MRAAZE . SR EUCRMBEA X FR > TR S & R B AR . &4 T F R,
2024, 55(4), 407-418.

Nguyen, H. V. T.; Jiang, Y.; Mohapatra, S.; Wang, W. C.; Barnes, J. C.; Oldenhuis, N. J.; Chen, K. K.; Axelrod, S.;
Huang, Z. H.; Chen, Q. X.; Golder, M. R.; Young, K.; Suvlu, D.; Shen, Y. Z.; Willard, A. P.; Hore, M. J. A.; Gomez-
Bombarelli, R.; Johnson, J. A. Bottlebrush polymers with flexible enantiomeric side chains display differential biological
properties. Nat. Chem., 2022, 14(1), 85-93.

Shi, X. X.; Zhang, Y.; Tian, Y.; Xu, S. Y.; Ren, E.; Bai, S.; Chen, X. Y.; Chu, C. C.; Xu, Z. G.; Liu, G. Multi-responsive
bottlebrush-like unimolecules self-assembled nano-riceball for synergistic sono-chemotherapy. Small Meth., 2021, 5(3),
2000416.

Feng, C.; Huang, X. Y. Polymer brushes: efficient synthesis and applications. Acc. Chem. Res., 2018, 51(9), 2314-2323.
Zhou, S. M.; Qi, N.; Zhang, Z. H.; Jiang, P;; Li, A. H.; Lu, Y. X.; Su, X. H. Recent progress in intrinsic self-healing
polymer materials: mechanisms, challenges and potential applications in oil and gas development. Chem. Eng. J., 2025,
511, 161906.

Choi, C.; Self, J. L.; Okayama, Y.; Levi, A. E.; Gerst, M.; Speros, J. C.; Hawker, C. J.; Read de Alaniz, J.; Bates, C. M.
Light-mediated synthesis and reprocessing of dynamic bottlebrush elastomers under ambient conditions. J. Am. Chem.
Soc., 2021, 143(26), 9866-9871.

Chen, Y. L.; Kushner, A. M.; Williams, G. A.; Guan, Z. B. Multiphase design of autonomic self-healing thermoplastic
elastomers. Nat. Chem., 2012, 4(6), 467-472.

Mozhdehi, D.; Ayala, S.; Cromwell, O. R.; Guan, Z. B. Self-healing multiphase polymers via dynamic metal-ligand
interactions. J. Am. Chem. Soc., 2014, 136(46), 16128-16131.

Liu, J. H.; Biswas, S.; Urban, M. W. Dynamics of dipolar and ionic interactions in self-healable poly(ionic liquid)
copolymers. Macromolecules, 2024, 57(12), 5831-5837.

Gaikwad, S.; Liu, J. H.; Mashkow, N.; Urban, M. W. Self-healable poly(ionic liquid) copolymers driven by polar and
dipolar forces. Angew. Chem. Int. Ed., 2025, 64(34), €¢202510066.

Urban, M. W.; Davydovich, D.; Yang, Y.; Demir, T.; Zhang, Y. Z.; Casabianca, L. Key-and-lock commodity self-healing
copolymers. Science, 2018, 362(6411), 220-225.

Davydovich, D.; Urban, M. W. Water accelerated self-healing of hydrophobic copolymers. Nat. Commun., 2020, 11,
5743.

Xiong, H.; Yue, T. K.; Wu, Q.; Zhang, L. J.; Xie, Z. T.; Liu, J.; Zhang, L. Q.; Wu, J. R. Self-healing bottlebrush polymer
networks enabled via a side-chain interlocking design. Mater. Horiz., 2023, 10(6), 2128-2138.

Zha, H.; Cheng, L.; Wang, Z. W.; Liu, C.; Hong, C. Y. Efficient synthesis of bottle-brush polymers enabled by selective
photoactivation strategy in NIR-induced PET-RAFT polymerization. Sci. China Chem., 2024, 67(7), 2353-2361.

Bidram, A.; Rahimi, M.; Hekmatifar, M. The effect of temperature on asphaltene transformation and agglomeration in oil
pressure tank systems under injection of carbon dioxide in a porous structure: a molecular dynamics study. J. Mol. Ligq.,
2024, 414, 126268.

Hafskjold, B.; Travis, K. P.; Hass, A. B.; Hammer, M.; Aasen, A.; Wilhelmsen, @. Thermodynamic properties of the 3D
Lennard-Jones/spline model. Mol. Phys., 2019, 117(23-24), 3754-3769.

Ji, X. F. Diffusion model of lennard-Jones fluids based on the radial distribution function. J. Phys. Chem. B, 2022,
126(44), 9008-9015.

Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys., 1995, 117(1), 1-19.
Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph., 1996, 14(1), 33-38.
Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Chong, Y. K.; Moad, G.; Thang, S. H. Living radical polymerization
with reversible addition-fragmentation chain transfer (RAFT polymerization) using dithiocarbamates as chain transfer
agents. Macromolecules, 1999, 32(21), 6977-6980.



12 [ R S

Research Article

van der Waals Force-driven Self-healing Materials Based on Side-chain

Entangled Molecular Brushes

Bin-bin Xu, Hao Zhu, Yu-qing Wang, Xin-feng Tao", Shao-liang Lin"
(Shanghai Key Laboratory of Advanced Polymeric Materials, School of Materials Science and Engineering,
East China University of Science and Technology, Shanghai 200237)

Abstract Inspired by the self-repairing process and the branched structure of the loose connective tissue in the
human body, we designed and synthesized molecular brush-based films with typical branched structures, which
can achieve intelligent and effective self-repairing processes at room temperature without relying on dynamic
covalent/noncovalent bonds. First, a macro-initiator (P(MA-Br)) was synthesized by reversible addition-
fragmentation chain transfer homopolymerization based on the functional monomer containing an active bromine
group (MA-Br). Subsequently, two types of molecular brushes were constructed by atom transfer radical
polymerization: in each, a methyl group was installed at one side of the backbone, while poly(ethyl acrylate) or
poly(butyl acrylate) side chains were densely grafted from the opposite side, labeling as PMA-g-PEA and PMA-g-
PBA, respectively. The self-repairing behaviors of the molecular brush-based films at room temperature, as well
as under acidic, neutral, and alkaline conditions, were studied. It was proved that the molecular brush-based films
have good self-repairing functions, stability against acids and alkalis, and elastic characteristics. Compared with
the PMA-g-PEA film, the PMA-g-PBA film showed a higher repair efficiency, which was attributted to better
flexibility and stronger mobility of butyl chians at room temperature. It made PMA-g-PBA more likely to achieve
self-repair after being damaged, driven by the stronger van der Waals force. Finally, the biomimetic self-healing
mechanism of the molecular brushes was explored through computer simulation. The main reason lied in the van
der Waals interactions between the side chains and the chain interlocking effect. This work overcomes the
conventional reliance of self-healing materials on specific covalent or dynamic noncovalent interactions,
achieving efficient room-temperature self-repair solely through the synergistic effect of polymer topology—
specifically, the densely grafted brush architecture—and intrinsic, ubiquitous van der Waals interactions among
side chains. Our strategy establishes a paradigm for designing structurally simple yet functionally robust self-
healing polymeric materials.
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