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Fig. 1 Synthesis of PBMI and DBMIL.
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Fig. 2 '"H-NMR spectra of PBMI (a, b) and DBMI (c, d) in CDCl;.
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Fig. 4 Effects of three crosslinking agents on crosslinking
properties of PCL under different irradiation intensities: (a)
gel content (G); (b) swelling ratio (Q); (c) molecular weight
between crosslinks (M,).
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crosslinked PCL by three types crosslinking agents.
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(d) XRD results of PCL samples cross-linked at 50 kGy.
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cross-linked samples and the irradiation intensity (a) and
gel content (b).
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Table 1 The mechanical properties of PCL with different

cross-linking agents after iarradiation.

1 wt% TAIC 1 wt% PBMI 1 wt% DBMI

Irradiation yield Yield Yield Yield Yield Yield
dose stress strain stress strain stress strain
(MPa) (%) (MPa) (%) (MPa) (%)

0 9.7 19.9 9.7 19.9 9.7 19.9
5 134 120 11.6 149 119 171
10 13.7 113 121 147 135 142
20 144 114 13,6 124 153 16.1
30 146 11.7 144 119 158 16.2
50 146 104 146 108 16.6 114
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Fig. 9 Relationship between shape recovery rate and gel
content (a), and molecular weight between crosslinks (b).

A2 YR H T A e 58 MR 2 45 15 oK (0 3 TR T8l R

AR

3 it

WA T 1,3- P e AL Sk Bt 0 fi& (PBMI)
4,4'-( 5 B IR B SR 5 IV Ji (DBMI) 2 FhAZ
B, RGFTT T 5~50 kGy 4@ IR 7 yu [ iy 2 Fh
B AT TR RN A 498 2 B 7R = s T 6 S SRR IR B
(TAIC)X} PCL AZ Bk REF MM . A% G S v FH 21 4
Fenk g R R 2 PSR A U ), REZE R
JRAE NN T AR FE N PBMI A DBMI J 13- %A 16
¥E, DBMI ) #44p figd il B2 15 31 480 °C, 1t i T
PBMIFII TAIC. 7£ 5~50 kGy (3R EIEH, 35
AT I RS PCL A7 35 Bk, % e 5 1t o s R
S P A I 3 n, ek DBMI B A fi e 1 2SIk
R, FLRRRE R DU A BRSR f& TAIC 1 2.4 7%,
PBMI 1) 45 BE SR WU A IR AR 5 TAIC I ALk . 3 i
ACHRFERLE 30 kGy 4 HE 7 & A 5 K 158 3 52
BP0, T R S 2ok 5 S Y U A IR
WK, FRAREEES T BT AR A ST R
SN PCL I i BU A 52 mm, H 45 5 FE R A BE
i @R ZRTHE DSC R I, ME R F T 50%
i REAEHE PCL 45 i, TAIC JE 1) A8 Bk X 2% £
50 kGy 4@ 5 fl & T~ IR R, B T
TR R . A2 B 5, PCL J AR 35 75 B s R 11
B4R TE, b DBMIJE R 32 Bk 99 2% Wl 4: e
9%, ARRE T TAIC F1PBMI A BRFOFE & . 48
M5, ZBMPCL HEUERILIZ Y 6e . Bl & &=
HH 55% i A2 15 93% L, 60% L AT se
SeARIE, TEARIEIE W RE ) 32 B2 AC B AR 1

= AlR

REFERENCES

T TSR BRI 45 S R PCL/SAN LRI 46 f 3 71520 70 . h B R A HAR R AR 240018 5L, 2020,
2 Prajapati, S.; Gogoi, R.; Tyagi, V. K.; Talwar, M.; Kumar, M.; Chaudhari, C. V. Effect of gamma irradiation on shape

memory, thermal and mechanical properties of polycaprolactone. Radiat. Phys. Chem., 2023, 204, 110671.

3 Sedov, I.; Magsumov, T.; Abdullin, A.; Yarko, E.; Mukhametzyanov, T.; Klimovitsky, A.; Schick, C. Influence of the
cross-link density on the rate of crystallization of poly(e-caprolactone). Polymers, 2018, 10(8), 902.

4 Li, H. L.; Li, W. Z.; Wu, H. T.; Jiang, D. B.; Yuan, M. W.; Yuan, M. L. Synthesis and application of a thermoplastic plate
of poly(lactide-e-caprolactone) for radiation therapy. Biomolecules, 2020, 10(1), 27.

5 Inverardi, N.; Pandini, S.; Gemmo, G.; Toselli, M.; Messori, M.; Scalet, G.; Auricchio, F. Reversible stress-driven and

stress-free two-way shape memory effect in a sol-gel crosslinked polycaprolactone. Macromol. Symp., 2022, 405,

2100254.

6 Wang, L. J.; Wang, Y. Y.; Wang, Y. F.; Zhao, D.; Zhou, Q. Dynamic disulfide cross-linked polycaprolactone grafted CO,-
based poly(ester-co-carbonate): effective crystallinity, enhanced mechanical performance, reversible de-crosslinking, and

degradability. Eur: Polym. J., 2025, 234, 114026.



10 RPN S

7 Salvekar, A. V.; Zhou, Y.; Huang, W. M.; Wong, Y. S.; Venkatraman, S. S.; Shen, Z. X.; Zhu, G. M.; Cui, H. P. Shape/
temperature memory phenomena in un-crosslinked poly-e-caprolactone (PCL). Eur. Polym. J., 2015, 72, 282-295.

8 Huang, M. J.; Zhou, C.; Ling, Y.; Zhao, G. C.; Dong, L. C.; Shi, J. M.; Chen, J. Preparation and characterization of PCL
shape-memory films via photo-crosslinking. Plast. Rubber Compos., 2022, 51(1), 47-54.

9  Malinowski, R. Mechanical properties of PLA/PCL blends crosslinked by electron beam and TAIC additive. Chem.
Phys. Lett., 2016, 662, 91-96.

10  Rytlewski, P.; Stepczynska, M.; Moraczewski, K.; Malinowski, R.; Karasiewicz, T.; Sikorska, W.; Zenkiewicz, M. Flax
fibers reinforced polycaprolactone modified by triallyl isocyanurate and electron radiation. Polym. Compos., 2019,
40(2), 481-488.

11  Huang, Y.; Gohs, U.; Miiller, M. T.; Zschech, C.; Wiessner, S. Evaluation of electron beam-induced crosslinking of
poly(e-caprolactone): effect of elevated temperatures. J. Appl. Polym. Sci., 2019, 136(33), 47866.

12 Navarro, R.; Burillo, G.; Adem, E.; Marcos-Fernandez, A. Effect of ionizing radiation on the chemical structure and the
physical properties of polycaprolactones of different molecular weight. Polymers, 2018, 10(4), 397.

13 Flory, P. J.; Rehner, J. Jr. Statistical mechanics of cross-linked polymer networks II. swelling. J. Chem. Phys., 1943,
11(11), 521-526.

14 Barton, A.F.M. Handbook of Solubility Parameters and Other Cohesion Parameters, 2nd Ed.; Boca Raton, FL, CRC
Press, 1991; ISBN 978-0-8493-0176-6.

15  Scherrer, P. Bestimmung der inneren struktur und der grofie von kolloidteilchen mittels rontgenstrahlen. Kolloidchemie
Ein Lehrbuch. Berlin, Heidelberg: Springer, 1912, 387-4009.

16  Chapelle, C.; Quienne, B.; Bonneaud, C.; David, G.; Caillol, S. Diels-Alder-Chitosan based dissociative covalent
adaptable networks. Carbohydr. Polym., 2021, 253, 117222.

17 KT8, fIRA, VK RE YIRS SR g B B S 7R A 58 R I8 . A58 4R, 1986, (03), 189-193.

18 IV &g T I B M T A S SIS L HH 488 2 1) 5% WA —— 18 Charlesby-Pinner F1FR-X1- ¢ R A i L . $2 44
TR a4t T F 4R, 1983, 8-16.

19 BWRROT, XI5ei, BEAUR . R CHGRIHR S ACIC . & M R F 2R AAFFIR), 1977, (4), 39-55+61.

20 ZRJGHE . JC R ER S SIS TERICIZ RN I . Ak Tk K 245 8 X, 2003.

21 Tabata, Y. Radiation-induced crosslinking. Radiat. Phys. Chem. 1977, 1979, 14(1-2), 235-243.

22 Filipczak, K.; Wozniak, M.; Ulanski, P.; Olah, L.; Przybytniak, G.; Olkowski, R. M.; Lewandowska-Szumiel, M.;
Rosiak, J. M. Poly(e-caprolactone) biomaterial sterilized by E-beam irradiation. Macromol. Biosci., 2006, 6(4), 261-273.

23 Tabata, Y. Cross-linking of hydrocarbon polymers and their model compounds- linear-energy-transfer eftects. ACS Symp.

Ser: 1991, 475, 31-43.

Research Article

Design of Bismaleimide Crosslinking Agent and Its Application in
PCL Irradiation Crosslinking
Cui-shan Qian!, Rui-jie Xu!*, Cai-hong Lei'”, Jia-yi Xie?"

(!School of Materials and Energy, Guangdong University of Technology, Guangzhou 510006)
(?School of Chemistry and Civil Engineering, Shaoguan University, Shaoguan 512005)

Abstract In this study, two types of crosslinking agents, 1,3-propane bismaleimide (PBMI) and 4,4’-(diaminodiphenyl

sulfone) bismaleimide (DBMI), were designed and synthesized. The effects of two types of synthetic crosslinking

agents and a traditional crosslinking agent, triallyl isocyanurate (TAIC), on the crosslinking properties of PCL in

the irradiation dose range of 5-50 kGy were systematically studied. The results show that the synthesized

* Corresponding authors: Rui-jie Xu, E-mail: xuruijie@gdut.edu.cn

Cai-hong Lei, E-mail: Lch528@gdut.edu.cn
Jia-yi Xie, E-mail: xiejy710@sgu.edu.cn



BRI XU SR S IR R s T S A B O P B I S Bk ) 2 11

bismaleimide crosslinking agent has excellent heat resistance, and the initial temperature of thermal decomposition of
DBMI reaches 480 °C. The crosslinking efficiency of DBMI per molar of double bond is 2.4 times that of TAIC,
and the crosslinked network is not easily destroyed under high-intensity electron-beam irradiation. The
crystallinity of PCL decreased slightly after crosslinking; however, the yield strength increased with increasing
gel content. The crosslinking network formed by DBMI exhibited the strongest rigidity, and its yield strength was
higher than those of the TAIC and PBMI crosslinked samples. After irradiation, the crosslinked PCL exhibited a
shape memory function. The shape recovery rate is primarily affected by the molecular weight between
crosslinking points. When the gel content exceeded 55%, the shape recovery rate was more than 93%.
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