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Figure 1 Synthesis of reversibly cross-linked polyethylene based on Diels-Alder reaction
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1.1 SEIERAR

Ziegler-Natta L7 (Ti Fi it & &t 5.6 %0) 4 F ] BEHAE AL R $2 41 5 £ Jebr — B 3 — S ML 85 (rac-Et
(Ind), ZrCl,) , 22 M A A2 FI AL, (B A 4 X 10 mol« L1 1 F 2RI W — £ 347 (ALEt,) , Imol .
L B IE OB WL BT R T35 5 B L 48 08 (MAO) , Tmol« LB F R WM, 26 5 4k 2% 2R LIE O bt
Ay BT Al REE T RO AR N AR T DL R R Sy 8 s R A AR IR U s O L B
B G KT G R Rl AR AT RN 7] 5 6- kIR - 1- 5 4 (FHD 2 IR SCHR 7 1 8 ™ 51, 6- — TSl ok W0 il 3 ©
(BMH) , 2 BOSCHR[ 23 175 5 il
1.2 Z%/6-BE-1-CEHEBES

Ziegler-Natta ALY O/ FH LR G 7ERG @B FE . TR0 250mL BRSO 17, m
P A SR SRE MR A 50mL 1E & %6 & FH.5mL AlEt, #it #f Smin 5 i1 A
Ziegler-Natta fiEfb 77 40mg. A RNAE 45°CHEAT . N 30min Ji5 ¥ A 7= P51 A B A TR BV W (ER 1R /
ORISR 1/ B Rr i 2 1k SO, R -G W MR T S ZERK U % L ik . 50°C B TR B fE

A AR 205/ FH LR G258 [ b, m B ol A S S SRS Om AL 50mL
B HEH FH.8mL MAO, i $E Smin J5 A 4pmol /4 B & Y rac-Et(Ind), ZrCl, ., BH RN
FE 60°CHEAT , ) 15min J5 44 R G 7= P8 AR A TR BV W (Bh R/ LR 1/4) My Bef rh 28 0k ) i
BE WK B FEABK VeV AT I8, 50 C A T 2,
1.3 AIEXBRZENE &

¥ 1g 20 /FH 3B Y -PE(E 2 PR S Y Run 1 ~Run 5, B EE /R & & 1. 00%0) 48 T 30mL
HZEd A 2mg HLAFH 1010, B3 H = B9 2B BMH, 80°C i+ 2h, 65°C Hit $k 24h 5 G R A Wit
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FEEE IR H (M/F) 43 512k 0.5.,0. 75,1, 0, il £ (9 28 BE 3R & M5 4 e /E cPEL.cPE2.cPE3, W% 1 iR, ¥
ZWRAEY T 190°C AR Smin(JE ) 6MPa) 15 I R G WHE A, B 5 4 H R %2 80°C iR K 10min, 15 2| H]
FHEAT M RR I 0 AS B IRAAE X 3SR URE E A7 FE 2 0 B Sk iR BT AR BN B, SRS T 190°C X
TP B 25 B TR I

x1 BEBEFRXHKEENRZHE
Table 1 Cross-linked polyethylenes with different cross-linking degrees

Samples {-PE cPE1 cPE2 cPE3

M/F 0 0.5 0. 75 1.0

1.4 MK 5RA

W RE IR A i C H-NMR) 3R, : 25 [F Varian 23 &) Bruker-400 #% % 348 37 3518, LIRARAR &K MiE
F R BE 120°C

R FEREMDSCO MR SEE TA A H Q2000 #I 2% /) 47 4 1 L, 15 Ky %= 1 ~200°C , TH B T
R 10°C /mins N, IR URESE TF 28 200°C 1 B 2457 o0 L 030 30 45 00 10 45 A I T 0 3 0 5 o
X, BB M 100045 Ml as B8 (6 AH - =289]-g "HH(X % =100XAH,,/AH )Y,

ZIAMFT-TR) MR : 3 [ ThermoFisher 23 7] 5 2 AH B M- A8 e 21 SN EIEAN

Fr A REI : 2 [ Instron A R] 5567A AR EHK AL, J HiZF7# & 10mm/min, E k.

BEASPEBEMR . S5 Instron 23 F] 5567 A BIATRHA K ML, #5% 18 GB/T 11546. 1-2008 I 2 38 & 9 4 i
ASPERET . W EA N 7 i e s AT 10mm/min . 35 B8 G 8 (K248 18930 %) B AR FF 20min . I G
;A% i B ] A5 Ak 5 .

2 HREW#®

2.1 ZW/6-KiE-1-CHHEES

A SIFI T Ziegler-Natta/AlEt, #46K & Fl rac-Et (Ind), ZrCl, /MAO b 1A & i1k 2 45 /FH 15
B o 38 1 T OB R FH B EE 15 3 — RO OISR Y (FPE) IR G B S5 TR 2 b, H b Run 1~
Run 6 L) Ziegler-Natta/AlEt, MK R, Run 7~Run 12 A rac-Et(Ind),ZrCl,/MAO MK ZR
SV T FH B b S A I R g IR 5 R 1 55 4 A AR L RO R A B R T, O /FH SR
A P R AT

i H-NMR 201 3L R 41 S R Y an s 2 fros . Hod  fB24 078 0. 95~1. 55ppm M5 51
FRFEILBY 80— CH,— 19 H BT L2 % 2. 58ppm & 5 kMg 5 AH % 19— CH, — B FR1F 15, 5. 92,
6.18.7. 19ppm ZbJErkmirh H ¥R iElE, 52& ¥R MWK 2(a) . Run 1M L6, 24 /FH LR Y)
(UL 2(b),Run 4; & 2(c) ,Run 11 JHEI BB T 5 FH MR FRIE 0, L R FH R LR B R 2
Farh ARAR T ML S A Wk S A ) MG LR Y £-PE, B H-NMR W25 5 ) s d o F 5 L R 41 A,
1Al R FH AR S5 RIC A TR 2 b, £ & /FH LA Op b, o 7 FH WK JE BB
S B e 5 A A 1 R A DT AR AT TR ke AR Y LR Y. 7E Ziegler-Natta fE LA R L Y
FH ¥ BEM 0. 02mol- L "#& 1/ % 0. 20mol-L "B, LR Y FH EE/R & &M 0. 2003 M= 1. 35% ,FH
FEAL SR RN S T RS BUE N T 20% ~30% 2 18], 767% & R AL H ik & b, FH 23 &
Ziegler-Natta fR R F ML R A ILRABE S, 2 FH W B 0. 02mol-L " # I 0. 10mol- L "B}, LR Y
hFH EER S M 0. 72% B4 5 % 4. 08% , FH ¥R ITE 50 % VL b B Al ik 77. 3% (Run 10),

5
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Table 2 Copolymerization of ethylene/FH and polymer composition and characterizations®
[FH]?/ Activity/ FHin fPE®/ FHconv./ T,%/ AH, Y/ T,%/ AHP/ x .9/
Runs moleL ! gPE<gMt '+h™! mol % % °C Jeg ! C Jeg ! %

1 0 1.90x10° 0 0 134.7 169. 0 116. 9 163. 2 58.5
2 0.02 2.15x10° 0. 20 18.3 131.5 156. 9 115.5 154. 2 54.3
3 0. 04 2.77%10° 0.51 29.7 130. 8 148.1 114. 6 148.0 51.2
4 0.08 3.81x10° 0.65 25.9 129.3 141.1 113. 8 138.0 48. 8
5 0.14 5.46x10° 1. 00 26.4 128.0 133.9 113.7 132.7 46. 3
6 0. 20 5.96x10° 1. 35 20. 4 127.9 124. 4 113.0 127.1 43.0
7 0 1.39x10" 0 0 134. 6 170.5 115.7 178. 6 59.0
8 0.02 2.31X10" 0.72 52.6 128.3 120. 9 108. 2 127.9 41. 8
9 0. 04 2.42%10" 2.09 75.5 118.3 86. 1 102. 7 86. 8 29.8
10 0. 06 2.95%10" 2.50 77.3 117.9 74.4 100. 3 80. 3 25.7
11 0.08 2.97x10" 3.71 72.3 109. 7 70.3 96. 0 70. 4 24.3
12 0.10 3. 02X 10" 4.08 68.0 102. 2 47.2 86.7 55.9 16. 3

@ Polymerization conditions: Run 1~Run 6: catalyzed by Ziegler-Natta/AlEt, with Al/Ti=100, 1 atm of ethylene,
as solvent, 45°C 30min. Run 7~Run 12: catalyzed by rac-Et(Ind),ZrCl,/MAO with Al/Zr=2000, 1 atm of ethylene, 50mL toluene as

50mL of hexane

solvent, 30°C 15min; @ FH concentration as monomer in polymerization; @ FH content in copolymer determined by 'H-NMR; @

Determined by DSC: T :

crystallinity.

melting temperature, AH  :

Figure 2

melting enthalpy, T

4
o Pl
6 5 4 3 2 (b)
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Chemical shift / ppm
Bl 2 RZKBAMZME/FHILRY M H-NMR %K

"H-NMR spectra of polyethylene and ethylene/FH copolymers

: crystalline temperature, AH : crystalline enthalpy; ® X .

P

(a) polyethylene (Run 1); (b) ethylene/FH copolymer with FH content of 0. 65mol% from Ziegler-Natta

catalysis (Run 4); (c¢) ethylene/FH copolymer with FH content of 3. 71mol% from metallocene catalysis (Run 11)
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FIH DSC W30 5 A 10 0 s - 25 MR BB AT 20 BT, DU R G W s Rl TRL B2 T, B RS AH , (55
W T, 45558 AH IR AR EYRSMIE X AR TR 2 b, FH 7R W5 F4E b i ii AT 3
Y 2E e e B 0, B SRR b FH Sk, B G W i 45 R WAL, T, R T A TR,
T X T8 4 s A A i L R Y, B T FH S 5 46 AL R A W45 & M 59. 0% (Run 7) 18 3% T %
% 16.3% (Run 12), 3L R4 5 30 W 8 19 3 PR 4EE . Ziegler-Natta LTI H 10 28 /FH F R Ya]
PR FR B o 45 b
2.2 FAIEZEBERZIEHH &R IERE

YEHL Ziegler-Natta fi k54145 19 {-PE(Run 5, KM EE /R & /4 1. 00%) . L BMH K32 16 71 L 38 3o 5
Tl SR T IV B / 1 T JEE 2 1L 3 5 0. 5,0, 75,1, 0, S5t D-A [N, A5 B — R B A R 32 B Y SR B 2
%5 cPE1.cPE2.cPE3. FIJf FTIR Xf 4 A8 BEAE i (-PE FASBEAE i 45 M A7 % H L an el 3 T . ok kW
Jie 5 0K I & A D-A R A C—O—C BEMIRIRE M . 7E 1175em ' A B C—O—C M T P 25 i 4
SR AR A L S TR L AR MR T 5 L R BMH 5 f-PE Z A & B T D-A R,

o
e

f-PE

cPE2 cPE3

b

kY
N e
¢PE \AA"
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K3 REW FTIR 3§
Figure 3 FTIR spectra of the polymers

W 1 A 4 10 TR 0 Tl A T SR AT R A BRI, TR 4 Sl — ALRE S 04 % - AR il £k L 1A
5 EIRE i 1 A FOBE AL D 245 3 7 4 K SRS B B T3 3 b, XSS BR TS BORE S T LR L R 2
W2 D-A SN SCBR T o MR 4 A7 ECASE 155 0 DT 24 3 138 249 4 T 88 o0 7 S8 A K 3/ L A R A i o B
JIE B T 3G 0L 100 % A2 BE B KE B cPE3 A% RN 336. 6 MPa, 55 & S B FE i £-PE (268. 3MPa) £ 5
25% Wi S KOR TR 3200 . KR cPE2 3 B & 1 W 2458 (40. 8MPa) , 3 HLAT 8 = 1 4 R 1, U
BF 7 2% S BRR FEE F  SURF A o 3 R 2 JR A e

Xt AC IR I AR AT IR AR R, 5 2 X6 S IR RS A RGN 30 %6 W7 24 1% 7 BsF (18055 725 K 3% i i (1)
WAL MR . 3R ZMRAaRE 52 S AR 5 10 T8 745 ) B 22 A A i XA AR & DX, X T AR U5 T e & 18 28 T8 R
B IX B A I T FHERIZ 3177 . R ACHERE S PE(Run D Ml £-PE(Run 5) SCBERE ) cPE1~3 7E18 &
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N AERTR AR B BEY & A W AR . B A2 1A A ZE K R A R RE B 1 TE AR AN & R L FE 20min J5
BT AR Ik B 20 % 247 (PE ik 21. 5% . f-PE ik 18. 4 %), BUBH 5 (A MEAS I8 52 s BRRE b 19 TR 728 3% bifi 25
A 1) % e 22 1%, 7 L6 25 10 RE 38 BRORE B 385 0 , 0% 20 72 FF W I 0 28 , cPE1.cPE2.,cPE3 7E 20min Ay 28 R
AR 15.6% .11, 6% 4. 9% , 3% & BH A B 45 #4) 1R 51 AR 20 i A8 18 & A B B A I VE H .
45
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Figure 4 Stress-strain curves of polyethylene samples
x3 RBZHEHEMRER IR
Table 3 Tensile properties of polyethylene samples

Samples Young’s modulus/MPa Stress at break/MPa Elongation at break/%
{-PE 268.346.2 31.744.4 662472
cPE1 314.5+12. 4 34.040. 8 560+ 14
cPE2 330.4%8.5 40.8+£2.2 618£30
cPE3 336.649.4 34.34+2.3 453427

25
204
o 154
X
=
£ 10
17
5]
0+ T T T
0 5 10 15 20
Time / min

KI5 B L0 R B 5 7R ol

Figure 5 Creep curves of polyethylene samples
2.3 AEFEXERZHEMNESEMIMHE
A3 SZ IR R A A SR O D A PR B L T S SN T Y g AT R AR R B I U 4 R B B
CE T 190°C BYIRAE L B & b A W - S5 R BE S i D-A IR 7= 4 % R KA rD-A RO A R R 5S35k
AT G AT DA S0 5 A it v8 K00 S 050 45 4 T BT 2B B, X i ) A A o AT B R Sy, O -
NS M2 an 1E 6 g Al (BR T 2) Bras . AL F R A5 RO AR AT 5 =05 DU W T N
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Jr2E vk RE T B B B SR WSS R A W v im0 S HR ) 4 BE RS S A 7 A R IR R B cPEL AT cPE2 £
YN 5 P RERR E A5 AT G4 S IBCAE il 19 o 9 3 AR5 A L X B T 6 7 D-A R W A SR AT 30 S8 R 45 4 B A
HOFEE R AL. FEAL cPES 755 PUYCIN T 5 PERE H BLIE 8l L IX Al B H1 T° cPE3 # A9 Wk I 15 Sk 15 7. 1
B AR A A5 X T 220 BMH 5 25— 58 i D-A RO 55 — Siiz 2 B ) A2 BR L 1 HG ) RS 4
AR AR B 8 Wk T R PAT A L3RS g o 3 IR o S IR e JE AN AR RE 5 FE AR i ¢PEL FI cPE2 W, R G ) b iy ik
W 35 [T A6 X6F 7 5 3R 591 H 114 SR P S e AT o ) o o ) T S R R 58 0 S AT AR A A RE AR RE 1Y) 52 Bk
RaW.
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Figure 6 Stress-strain curves of reversibly cross-linked polyethylenes after repeated processing:
(a) {-PE; (b) cPEL; (¢) ¢PE2; (d) ¢PE3

1—the first time processing; 2—the second time processing; 3—the third time processing; 4—the fourth time processing

(D4 3R Ziegler-Natta fiEfb 1R R F& 4 @MLK R 51k Q06 /FH LRA D& BT i3 2wk
MR M P B 24 L S R AR R i FH W BEE L 5290 T B 20 ) R vk R A A A A

(2) ) FH R 245 I 56 0k gl 15 00 5 > 1 37 % BMIH 2 [8] B9 Diels-Alder J2 b il # T — 2 51 ] 3 52 BX 3R
s+ 3 AT AR I fe Bk S e 5 vk e 1) 40 5 I e =2 R — 2B R T IR 0 Y S R

(3) W / Th ok Tk W0 % 18] Diels-Alder KN 7™ A= 1 38 6 45 K T T 3 BE 3R &0 B4R 19 g 2 1 B, ) B
Diels-Alder Jz I ) #8 AT 30 P4 LA 52 56 3R £ 4 b4 RE LA T 5 52 m Tk
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Synthesis of Thermoreversibly Cross-Linked Polyethylenes Based on
Diels-Alder Reaction

LIU Li-ying, NIU Hui"
(Department of Polymer Science and Engineering s Dalian University of Technology, Dalian 116024, China)

Abstract: The copolymerization of ethylene/6-furyl-1-hexene (FH) was conducted with Ziegler-Natta and metallocene
(rac-Et (Ind),ZrCl, ) catalysis respectively to synthesize polyethylenes with furyl-pendent group. Cross-linked
polyethylenes were then prepared via Diels-Alder reaction by adding 1,6-bismaleimidohexane (BMH) as cross-linking agent
into the ethylene/FH copolymer. The copolymers structure was characterized by ' H-NMR and DSC. The cross-linked
polyethylene structure and properties were measured by FTIR. creep and tensile tests. The results showed that the cross-
linking degree of polyethylene could be adjusted by changing the ratio of maleimide to furan, and thermal reversibility of
Diels-Alder reaction endowed cross-linked polyethylenes with reprocessability.
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10. 14028/j. enki. 1003-3726. 2021. 06. 011





