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Fig. 1 Application of simultaneous crosslinking olefin polymerization (SCOP) technology to heterophasic copolymerization

of propylene preparing high-rubber phase-content polypropylene thermoplastic elastomer.

[ 25 S Bk A A 22 AR L B 2 B AR ) 45 AR IR
#H7 & R-TPO M0 72 JE LB a,0- IR AZ B
EMERIAR G, S o,0- B3 M TS
HRE N, HAr,  a-flo- XU L SE 3L
IRFARNA R AWt e A Y A H-LCB
SEMI R, 4> TR MRS 5E A R TR R
T U U2 R BRI R L. AR e ARt
B o, c0- 5 I SN R AR B FE R H-LCB 45 44 1)
TR, 1 vk B 4% 1] %5 H-LCB &5 84 (1) 4=
B, g % EPR IR BE B 2 AR 2 75 BE 8
19 ZI4G ZSHIT A S AR A & 2L R R R R 47
WRITEAS . KB SCHRAIE I 1,9-28 I AE AAS B

53 T8 IR S R AT L 2SN, i Ziegler-
Natta {107 I 32 B R A2 AN 58 4 FL R 8 3 XL
BRI R N0 fift, FRATTIFRE T BL1,9-28 4
AR [R5 S T s 2 A S SR AR ) 46 AR e
FHIE 2 R-TPO HIMFFLI0, £5 3R, 1,9-2% —J% 1)
WHEEH 2 CEE URER, 1,9-2 A2
DA AR 58 4 3 M R H-LCB 4544, {5 H X%
WK AERAEH O R G T B R A B E T,
ST EFE, SEIIMAAMEARES N EPR
1) B BN AT sty T 4% 1) 22 AR L R BRI 3
ST 2 I B B IS 2 AR UL T A % Ak . FRAT14R
7 PAAESLHE o, 00- 05 A BRI T [P AC BRI



ELAME B [FD AR IR I A BRI SR BRSO U S IDER 237 SR AL A B 3

W 22 AH L ZR ) £ = AR R A 7 B R-TPO 1) =R FE
HEZE, RS2 70 AR B S A TR BE (Conitea) s £
BE ST 3R PE (Cinduction) T 8 B AL IR FEE (cger) PO,
Ceritical X VL 7= W) BB 3] 4 ~F B2 [ 22 S AR AL IS 1 9
fE, WEERREN ¥ HZIREE K W LCB M
LER IR AR L, RN LR AN, B O R
s Cinduction N T T K E 255 BRK T B 5647 45,
VLI R LCB 45 M3, SN2 R AR N e 4y
T i SR AT A PUE R 2 o WK
SRR & BRI 5% Il 5 e, R IFIESE I 4%
TR, I FEAS Ok ™ S P S A R T RE . 34
REAE VR B 5 B 20 ] 1 D2 P 1) S A X 24 - 213
JBZ I 6% (1) 3% B PR AN AL BT s T Cinduction 5 Coel £
() 3 55 DX T B 8 T SR B T 2542 1) 5 T4
REMIE R L EIERE O .

SR, 1,9-28 4550 B SE eh I 1 C— C Bt
%, T Ziegler-Natta {1 75135 14 7 0 BT A7 7E 2
FAANIE, SO o- SR ASCRIR (2 8%)
PNE 26 DN XUNDOSS Va2 32 S DY 35
A KB SA(LCB) S5, R Mk B LA
05 AT TR AN A R S AR SO R, R o-
BUBEAR N BRI . BRARRRAE AR B R, AN
SCOPHAR TVAL R FH O . BT itk, AT AR
R R R, W& T & —Si(CH;),—
M R] B 2k 1) = (7- 2 I k) — F R RE bR (D8M2).
HC—CHEMLEL, Si—CHHEA B & RN ek
AE22(296.7 kJ/mol). T 5K (27 0.185 nm) &
BT B 8 A (C—Si—C £ 111°~114°), X b4k
FIRFAERR T 73 T RE B 5 A R V4, wT
330 B8R A1 2 T oI JER i 2 ) B AU BHL, 233 co-
BN /1%, IiHEE LCB 2% . 4 /€ SCOP
AR O, LB SRS & R-TPO 75 K
FAPRTRE TR B mT 4 2%

1 SLIGERS

1.1 FEFER

S, CHE AR, DUAIEE.
(>98%), AbxitIEIRHEA R AR, DUZIR. 1E
Cpts ZHZR, ZORFE, rfral, Jbaite sk
FIAF TKCEE, i, RERPHERIHE A
FRAHE: SEENEG98%), dbaf Ty s Edk
5 0 S0 g 53 FH 7 48 40 o8 A/ — 2% PR [ 3 4%
= LHEHR(TEA), #r4li, & Albermarle 22 7],

L% 1.8 mol/L 1) 1E e . MgCl,/BMMF/TiCl,
Ziegler-Natta {1077, FIFIRHE &K @A R STEA
Al RERNE LI, AR L AF] .
EAE(>99.99%), LR FEHE THARAA. Ut
S TARAL EUE, >99.8%, JbmHEYIEHSA
PRAR]. KBTK, FHEBERAS T E ]
1.2 Z(7-BE)_FERRENER
TEEHE TR TG AT, BA8-IR-1-F ) N
EAa R, 26 IR BHIS AN EERAE, 5=
FHE GBI AT SR B BARHRAE T
T 25 7 [ AL A AR S YRS S P 48 = T
dr, IINEEIE (3.6 g, 0.15 mol) A I /K Y & Wk i
(200 mL), Lh/big 8-JR- 124 I 51 R N, ff
R BB AT A, T 40~45 °CKIH L%
P N R 1) 8-UR-1- (11 19.0 g 0.12 mol),
Wk E 4 h, IR LR R SER G, 18 7-F
BRI . TR R SO, ERARAE T
W IR AR 2% 0 0 22 & — W 2k ARk R
(6.45 g, 0.05 mol) 1)L /K YA (100 mL)H, =
TBEFE I 12 he RBGRE R R 5, T4
IE ORI IR £, A S TR R T
e EAASREY), il 2R, 15
B Z(7-F R R, K H A4 v D8M2.
1.3 Z(7-EHE) _HREFRESHEEXERN
RGN AE TG 4 AL HE 1) 450 mL Parr A
AN S R R B AT, RAPIM B EG T2
WG RN B )G/ IR LRI B . &80, &
RIZTHER 60 °C, NG FHIE SR E mHE3 X,
7] 52 V6 H e NS v TR B R A
PGB B RN 288 Je(E 90 °C 2T
1 h, B IECE R M SR IE DI 50 mL G
KIECRE/E N R AN . EH N = L345(TEA,
1.0mL, 1.8mol/L, IECHWEiRR), HEFFREGIRE
60 °C. N A [ 44 MgCly/ TiCl/BMME fi 1477 (16+
1) mg) 5l KNIEI 5, {EWNEET] 0.4 MPa %
JS 10 min. 38 k) W7 o3 0 0 R I R SR G,
HEZSABERBR I KIEC . X4 E {4 PP~
T RNEN .
LITIRREILERB B 1718 PP IR B 38
TEN IR IR A S5 TS Py 593 IR Py
Z 11, B P Pe=1: D) FIEISE B 1 = (7-22 45
B HER(AARHENLRLD. FoMBRES
7£90 °C. K JE 0.4 MPa 2644 F 4T .l id ik 5 4



1 BT

Fok

I /TR I TR A S FERE R %.0.01 MPa JE 7 it 75 i 1)
KWK A BT RAE RN B TR
SARTHRER S, BRSO R 7 HEIN 100 mL
FRAL R AE I

B 5, MAZRER- L BER G W10, ViD),
Z U T HEHE 20 min B RAEAL ARG . TR R &)
PSR, ST KATE K R
6, LAEBRA SN AR Bk BE AL A Bh 4k
. BT IAE 70 CCEH A AR TR 24 h £1H
H, 2200 °CHERE 2 min 5 5 H 75 5] R-TPO
P

BRI U B )2, AR AR Bk AL 7
&R B S B B R A L2 A5 5 T A
1,9-%¢ WA SR I S0 AS ORI — B, DA ER
PRI IR RAE R G B 15 FHIEIR B K
TR G SR e BN LR R EEE
14 BERESBSRA

IRAG T S5 MRAE M G IR A 7y, R
T HZEXT R-TPO FE b AT AH 20 55 . % R-TPO A i
PLO.S wi% I H0A T WK, fERAMRP T
T BIAL (29 138~140 °C), 1 PP i [X 78 70 44 i«
EPR 7 THE e VAR TA IR . BEJE B ARA E1 2 =i
JERE 6h, PPAHSEMATH, TMHERASEAIRERE
fRIRAS . 22400 B B RIEA H S HIES B )5, [
TR AR IR I ETERR IR, TS UTE)
22 PR e 230 IR DA 25 BR AR B VA 71 SRy T2
FI, BT 30°CRTTE24h B EHE, 155|R-
TPO ) WK AVEL I3 (TPO-XS), TENIEEEST
B ARRESEIR 3B B R M R R R o
1.5 RESWK

B S ENE: HREDERIREm,), 3
AN 400 H JE IS (R my), 7E BIFRA RS H
TR ZHIKEIR 6 h iR R ik, BEE &R IC
PEHUAS RS NFE 12 h ZFR A4Sy, BT A
H 80 °C /& 24 h Z 18 & )5 15 B R W) (my). IR Y5
() THE B 2R,

m-y—m
W gt (WI%)=1- —2—

0
X 100% (1)

AR FAE(NMR):  1,9-%% 4 B 'H-
NMR A1 3C-NMR i 7E Bruker Avance-400 7 i1
T 25 °CRE, HHINITAREDT . 'H-NMR X H
16 M, BCHERK T 1024 A . BEMEEH
23 7 B 'H-NMR Fll BC-NMR i £ Bruker Avance-

III-500wb it 4% _FF 110 °CR 4, B NmMAR
A8 &K . 'H-NMR K H 256 {44, BC itk A
1024 414 .
TR E: K Agilent PL-220 &
REREE EAIE(GPC), REVFMET 1,2,4-=
A, 160 °CHEFE S iR 58 2l — &R
TIN 0.0125 wt% ) =.(2,4- —FUT 5 7)) V. B 1R g
(Irgafos 168) LA Gl i F2 (R AL M,
W 10 mg/mL, MR E 150 °C, FshHH fE
J91.0 mL/min, KRR CIBEFRFERURAERT 2L .
WARVEREIK: NMETRIR Y BT I(SAOS) it
AR P TE TA 2 7] 19 AR 2000 24848 33t
17, K25 mm BATATIR, EF&EE T mm,
IR 200 °C, FUARI B IEAAL . FELRIEFHLIX
PN 3.0% A%, AEE TG ] 500~0.01 rad/s.
IE AR K MR AN E .77 10 Pa, 200 °C,
ARG L N AT IR AL — P WK 2 h, Il [A]
AR IS A i S8 DA 43 b 88 8 [ 52k e . SR B U)K
J5 (o)X F Anton Paar MCR 702 Jii X fEFR A5 BY
PIARRE R E, 25 mm BLAPATHCR
W RS T RAMEE(SEM): £ JEOL JSM-
6700F [iEAT, RAVIFE M Jahil iR B 29200 pm
(PRSP 5 Ks IEE 5 #2 48 Linkam THMS600 7Y
G e m AL B SR N AT R B, R RE
200 °C, fHF AT 30 BY 60 min J5 B H 4 . K ke
SR VR R A R W, BT CE 40 °C ) — B
ZI0 12 h, BT S TR 2R AT W R B 4 A
H, JEeEH TR R .

2 GRS

21 Z(7-EBE) -HREERATBEFNRSZH
ARG SHEEREHESEKEER-TPO

AR A R R X 1,9-28 A R B A S
e 7~ H AT BN 3 4 AN B R 1102, RAE
TR T EE S 2 1E T IR R 5 S M R A% SR ko
M 1,9-28 — Js A 2 23 (B BEOF S A 2, wF 9
KA R B P B & T2
B15 1,9-28 I 1k RUOMRFE— 3. 7L AL D
(TR W RGO ThRE AR, RATTE
T 7 15 0~0.11 mol/L ¥ B Vi Bl ) SR A S0,
H14 1S B iA 2 60 wi%fI R-TPO# AL,  E
G S B = AL BRI TR 1 F1 2.
B2 RR, —(7-¥%) H 52 51 LCB



EHMMERH: APTHRERERES

AR

R A PESAPEAR . XUR A 71 R B 52

5

Table 1 Experimental results for heterophasic copolymerization using D8M2.

Run [D8M2] (mol/L) Cat. act. (g/(g'h))  EPR ¢ (wt%) M, ¢ (10* g/mol) PDI ¢ @1 ¢ (W%)
Control 1 0 4350 0 17.6 6.4 0
Control 2 0 1764 61.1 23.9 11.8 0

1 0.001 1879 59.9 23.6 12.5 0
2 0.003 1254 61.7 19.0 11.9 0
3 0.005 1108 59.6 17.2 12.6 0
4 0.007 682 60.6 22.2 11.2 0
5 0.010 319 56.7 24.5 11.4 1.11
6 0.030 299 59.5 244 11.7 1.48
7 0.050 181 56.1 25.5 12.0 2.20
8 0.075 134 61.4 27.8 11.7 4.83
9 0.110 35 53.2 30.3 10.6 11.79

aHomopolymerization conditions: catalyst, about 15 mg; hexane, 50 mL; temperature, 60 °C; pressure, 0.4 MPa; cocatalyst: TEA,

Al: Ti molar ratio=100: I; polymerization time, 10 min; copolymerization conditions: pressure, 0.4 MPa; copolymerization

temperature at the second stage of preparatio, 90 °C; ® Characteristic concentrations determined from chain structure analysis;

° Rubber content of EPR obtained by xylene extraction; 4 Measured by GPC using polystyrene as the standard; ¢ Determined

by xylene extraction.

Table 2  Structural characterization results of different R-TPO samples.

Run [D8M2] (mol/L)  E?(mol%) Ins. ratio ® (mol%o) [Viny]® (mol%o) [LCB]®(mol%.) D;cg®(C/1000C)
Control 1 0 0 0 0 0 0
Control 2 0 28.93 0 0 0 0

1 0.001 29.59 1.86 0.04 1.82 0.61
2 0.003 31.91 2.21 0.06 2.16 0.72
3 0.005 32.23 2.47 0.04 2.43 0.81
4 0.007 29.67 3.29 0.04 3.25 1.08
5 0.010 32.59 4.01 0.19 3.82 1.27
6 0.030 31.27 4.97 0.28 4.69 1.56
7 0.050 34.18 5.48 0.27 5.21 1.74
8 0.075 32.30 6.39 0.31 6.08 2.03
9 0.110 34.23 6.95 0.57 6.38 2.13

@ Determined by FTIR spectra. ® Determined by *C-NMR spectra and 'H-NMR spectra.
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(a) Insertion reactions of DSM2 monomer
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1. Pendant vinyl structure

(b) Insertion reaction of @ double bond in macromolecular monomer
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Fig. 2 The coordination insertion process of the D8M2 monomer.
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Fig. 3 Representative "TH-NMR spectra of (a) R-TPO and (b) R-TPO-XS samples.
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Fig. 4 Concentration dependence of insertion ratio, [LCB],
and [vinyl] for R-TPO (a) and TPO-XS fractions (b).
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Table 3  Structural characterization results of different TPO-XS samples.

[DD] M,*? . [E]® Ins. ratio © [Viny] © [LCB] ¢ Dicg®
Run (mol/L)  (10* g/mol) Pl (mol%)  (mol%)  (mol%)  (mol%)  (C/1000C)
Control 2-XS 0 19.2 10.7 51.32 0 0 0 0
Run 1-XS 0.001 17.2 12.2 50.92 2.91 0.05 2.86 0.95
Run 2-XS 0.003 14.5 11.2 52.62 3.26 0.15 3.10 1.03
Run 3-XS 0.005 13.1 11.5 51.95 3.66 0.11 3.55 1.18
Run 4-XS 0.007 14.9 10.1 52.60 4.36 0.18 4.18 1.39
Run 5-XS 0.010 18.6 9.5 52.73 6.41 0.12 6.29 2.09
Run 6-XS 0.030 21.2 5.8 53.40 7.02 0.41 6.61 2.20
Run 7-XS 0.050 23.6 5.5 53.09 10.27 0.54 9.73 3.24
Run 8-XS 0.075 27.1 6.7 54.11 12.49 0.61 11.88 3.96

2Determined by GPC; ® Determined by FTIR spectra; ¢ Determined by *C-NMR spectra and 'H-NMR spectra.
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Fig.6 SAOS rheological characterization results at 200 °C for R-TPO samples: (a) G’ versus ; (b) G” versus w; (¢) |1"|
versus ; (d) tan J versus w; (€) vGP plots (5~|G")); (f) Cole-cole plots (7"-%"); (g) Han plots (G-G").

Table 4 Rheological performance indices for the investigated formulations.

Runno. [D8M2] (mol/L) kg ?in TPO-XS  kgs?inR-TPO  &®in TPO-XS  &®inR-TPO  E, in R-TPO (kJ/mol)
Control 2 0 0.848 0.289 491 0.48 48.99
Run 1 0.001 0.982 0.298 8.67 0.73 46.74
Run 2 0.003 0.925 0.315 15.95 2.18 45.34
Run 3 0.005 1.129 0.338 40.13 3.16 42.74
Run 4 0.007 0.859 0.313 33.97 1.06 46.73
Run 5 0.010 0.754 0.311 11.12 0.95 48.91
Run 6 0.030 0.790 0.305 4.37 0.45 52.48
Run 7 0.050 0.681 0.312 2.97 0.51 54.27
Run 8 0.075 0.644 0.236 2.58 0.27 53.90
Run 9 0.110 u.d. 0.197 u.d. 0.06 59.21

2 k¢ determined from the slope of log G’ versus Igw in the low-frequency region of SAOS measurements at 200 °C. ® ¢ determined

from creep-recovery tests at 200 °C under a constant stress of 10 Pa for 2 h.
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Research Article

Preparation of Polypropylene Thermoplastic Elastomers via Simultaneous

Crosslinking Olefin Polymerization Technology: Effect of Molecular
Flexibilization of Diolefin Crosslinkers
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Abstract To address the particle agglomeration caused by ethylene-propylene rubber (EPR) phase migration in
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the industrial production of high-rubber-content thermoplastic polyolefin (TPO) elastomers, as well as the
bottleneck of low long-chain branching (LCB) efficiency associated with 1,9-decadiene (DD), this study proposes
a conformational flexibility modulation strategy based on our previously established tri-concentration theoretical
framework (Ceitical-Cinduction-Ceel) fOr simultaneous crosslinking olefin polymerization (SCOP). A novel non-
conjugated o, w-diene monomer featuring a flexible —Si(CH;),— spacer, bis(7-octenyl)dimethylsilane (D8M2),
was designed and synthesized. Leveraging the low rotational energy barrier and elongated bond length of Si—C
bonds, steric hindrance was significantly mitigated, boosting the LCB efficiency from 8% (for DD) to 94.2%. The
effects of D8M2 concentration on polymerization kinetics, molecular chain topology, and phase morphology were
systematically investigated, validating the universality of the SCOP theoretical framework for silicon-functionalized
monomers. Mechanistic studies revealed that the conformational entropy advantage of the —Si(CH;),— group
accelerated molecular chain relaxation while promoting efficient crosslinking, creating an intrinsic trade-off
between high insertion efficiency and weak topological constraints. Consequently, a relatively high concentration
(0.075 mol/L) is required to achieve a non-agglomerated particle dispersion. This study elucidates the quantitative
structure-property relationship between conformational flexibility and topological constraint strength, providing
crucial theoretical guidance for the molecular design of SCOP technology.
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