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Abstract  The chain-end functionalized rubbers play important roles in improving the filler dispersion and
increasing the interaction force between rubbers and filler particles, both of which affect the properties of the
final products. In this paper, amine-capped trans-1, 4-poly (butadiene-co-isoprene) copolymers (F-TBIR) with con-

trollable composition and micro-structure were synthesized through one-step coordination chain transfer
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polymerization by using heterogeneous TiCl,/MgCL, type Ziegler-Natta catalyst with dicyclohexylamine (DCHA) as

chain transfer agent. The effects of the amount of DCHA and co-catalyst triethylaluminum (A1EL,) on the the catalytic
efficiency, amine-capped efficiency (CE, %) and chain micro-structure of the F-TBIR were investigated. The results
indicated that DCHA did not change the stereo-regularity of the catalytic species. With the increase in DCHA
dosage, the catalytic efficiency and molecular weight of the copolymers decreased, while CE increased significantly.
With the increase in the amount of AlEt;, the catalytic efficiency initially increased then subsequently decreased,
and the molecular weight of polymer and CE gradually decreased. Under the specified experimental conditions, the
chain transfer constants of DCHA and AlEt; were 0.0537 and 0.016, respectively. Combined with density functional
theory (DFT) simulation, the chain transfer mechanism of DCHA and AlEL, in the diene coordination polymerization
catalyzed by heterogeneous Ziegler-Natta catalyst was discussed. This work provides a straightforward and feasible
strategy for developing chain-end functionalized synthetic rubber.

Keywords Coordination chain transfer; Chain-end functionalization; Trans-1, 4- (butadiene-co-isoprene) copoly-

mer rubber; Ziegler-Natta catalyst
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M IERA, WML AR TR R E R R K1, 4R R T Y E RRIE AR IA 81%, {HEE
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(TBIR) HA ML SR sh 259 o7 PERE , BN, 5 TBIR I FH T 3 T A28/ T 4 18 (SSBR/BR, JiT & He
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o 63 T HC O s PR FNASE i B2 15 35% A, TR BIFH I BEAIR 9%, BEFEREAR 1%, Hilw ik BE4e & 19%,
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(F-TBIR), REHRIT T DCHA B AL, GREAESL AL RIVE ) A TEPE | eum e B Refbric®
(CE, %) F-TBIR BEIHOMZE A 8200 , 14 T DCHA 1 ALEG ARS8, SR 25 3572 sk B8 (DFT)
PESLTTA T BE K 2 0] DCHA S5 R 1 SOV TG AL BE , 55T T [R5 A3 PR RIS 5 R 0] A e Ao SR A IR R
25 vty B RE AR B A S RS LI . A SO 25 5 il 2% v 5 K- 1, 4 M B D) BEARAR A R HER A1 T 2
HeHE .

1 SEIGERSY

11 EKFE5NEH

LS4 4H TiCl/MgCl, Y Ziegler-Natta fi 4k 57 (Cat) , HH 5255 % 30 £l BRI A ], EK5 53508 2. 0%;
SRR (AIEL)WREE 3. 77 mol/L, W EFEA LA BRAF; S5 M (Ip) F1 T 45 (Bd) , RED, 114
R E T REHE R A, AT HORS AL EL ; W2, srdrali, EIZ58ERb2A R Aa BRA A, (]
T2 AL R G0 BE s DCHA, fh2fal, 254 B4R BRA A, i I RTZe06 10 4A 9
SRR 24 h L E, 78 NGB Mg . Hee il F AT AR 2 AT (T b B

| LA 4, Bt Biichiglasuster A ) 5 Avance 1T 500 MHz BB % 2:4R B3%A ("H NMR) , 38
Bruker 28 A ; DSC-8500 Y 2 X H R #Y (DSC) , FE[H Perkin Elmer 2 7] ; HLC-8320 AU L EE L 1B
BEGEIL(GPC), FEE Waters A H] .
1.2 LIeiE
1.2.1 F-TBIR B & i FrA#REIE N, AR F 7. 8 1 LASEEA N 22 A 22 80 “CHh EL. 25 I
N, B 3G, AR BAR M (n /0, =94/6) . BIEALFI (ALEL) . FAHEAT (Cat) | 555 R 55 DCHA,
R E SR A — BB . RN ES RS, 10 RN 28 PO R O BELE O, SR E AR AR
T T IRE (IR R0 2% Y HCD YElk, 1008, REW T 45 CHA TR 24 h £HE.
122 'HNMRXAE 7E45°CTF, HZ0. 6 mLIi A5 (CDCL) % 5~8 mg A, LAY H EEELE (TMS)
JFE, ARG CR B SRR R S Y OS5+ . 78 'H NMR S E 1, 8 5. 10, 4.72, 1. 67 F11. 59 4k
AR IR AL 0 43 S VAL i 1 S 6 — s BROC P 1, 4- 25 I —CH=, 3, 4-Z5# CH,=, cis-1,4-25 4 () —CH,
Fltrans-1,4-Z5—CH,; 8 5. 40, 5. 37 f4. 93 A AW B 8 T T I BA0CH trans-1, 4-Z5F4 1
—CH=, cis-1,4 Z5 ) i —CH=F1 1, 2-55 ¥ 1) CH,=. 1'H NMR i & i35 B 5 Y 0 trans-1, 4- |
cis-1,4-, 3,4-F1 1, 2-25 0 B & e KO R Y T G ot s (Fyy, %) B A IR A YEE S
BRAWEEZ o SO MRIE E BBIEACR (CE, %), #cli R XA CE:

CE = — 22 X 100% (1)
§A0,s + 5143.03

K Ay, 88 3. 03 4b I J&E F5E A i i 201, 4-3fi A5 N JG R AHE 25 #—C (CH,) =CHCH,N (CH, ),
H AW TRIRR, A, 50 R 8 0. 80 b IH & F R4 AR S 1L N4 #4—CH, 1 H AW S i R

123 DSCHMl ¥ 5 mg A4 AR B TR, 7E NSRRI, BA20 “C/min (AR R4 5
T 200 C, FFEF200 CF LR S min LEBREAT S 5 FELA-20 “C/min EAFAE 5L H 200 “CRER 2
-100 °C, PR S min, )5 LA 20 C/min A FHR HAEAE 5L H-100 CTHEZ 200 °C, @il il sk i3
RS][4 725 A Sl o SR A D R AL (T, , “C) LIRS (AHL,, Jg) LI B BS AL S AR (T, °C).

124 GPCHK  7E40 CTF, LAPUAIKRE (THF) 5], FIHEER S & iSO R Y i 45 7
M) B TR (M) B oy T8 535 (MM, RESEARE 9 1 me/mL, R AFRUER A e .

125 ##HEHNITE SHICHR48, 491 TR BE W . REXMTTREDBHIREGE

(X,) HRAEBEI(ON, FA K FIEEELE (N, ) T IEEIAR KD FEE (N, o) IO A
EE E/‘Jj(ﬁ?(]vmolcculal) /é\ﬁz H: H
ZR dr
- N _ . Ryt (2)

Ngmw—mulccular + Nmulcuular [C*] + fl thrdt - I:C*] + RU-,Nt + er.»\l"L
¢ 0
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s [C] (mol/L) Rt Pt B 5 R (mol - L™ ) BRI 3% s R, ((mol-L7+s™) Jy[n] DCHA $# 54 5
FIEEA ; R,y (mol-L™-s™) M) AIEGEEFEFL A N, =RE s Noitecia=LC 15 Notoeuta=Ro st R st X
Rk FIREAE, (], R MR, GG, 24 A DCHA F AlEG /5 A RS R, PR i fE % A5 1
AEXTE N, AT Z AT

A AR RN e A AR N A=

R,=k,[C][M] (3)
R,y =k,[C ][DCHA] (4)
R\ = ktr,Al[C*][Al] (5)

Sk Rk, 43 51 R B R OB R R R R B, Lk sk, 08 SUREERE RS R C, R (3)~(5)
R (2) FEEUE%L, 155
11 [Al]

xR O]
e €, =hoatk,; Cox=h Nk,
12,6 FEZHB S A THEE Gaussian 09" 34T, 75 MeCL, ih A (110) §hTA F a7 T Mk
TEPE S RIE A Ziegler-Natta AL A H0 4 16 Pk H OB TR 51540 3648 = 2 AR A 0 BIiEAR 0], W] 1L
TE R BAAZ AR S P Fh 0 Ti-C (C7-1). £ DCHA FEAE Y, C-1 18 33 5% 55 7 2 1V RE 8 T8 RHT 18 7% Pk v oo
Ti-N(C™-2), C-1 fIC2 ¥ 5] K T i ik A BRI . 8 1 R 5 AL 5 fe e i AR v 0 235 g A
R, N T MeCL SCHEEEE AR TE , e TS R 0 4 1) LA Mg IR F-R4h . e e, A (o
HURE IE (1) B3LY P44S 22 A0 285 B 72 bR LB 0 (AT : em=gd3) FHF &5 Ak . 55 P 22 12 1y A b
(Intrinsic reaction coordinate, IRC )35, EH o Ti JR 7% H Stuttgart/Dresden [ (SDD JE# ) Heal , Hop
JF-2R FH def2-SVP B2 5 MO6-2X U2 bR FH T T A7 B dd g dt 1 H430, v T J 75 SDD R4, 1
B B SRS EE 1Y) def2-TZVPP JE4 .

DCHA ]

ol
AT

(6)

Fig. 1 Bare active center model
Colors: C, red; Cl, green; H, white; Mg, orange; Ti, gray; N, pink.
WL C-1 ) C2 B ISR, DUT e C-1 M C°-2 ERRGHESH R, Wk
JB A | 1A K Ak (B 2, U2y 75 TR RO ool R is vk bty DA
D DRSS T RE ). TR A A b WS R B R A A, ERR S 10 53 % T A A
YIHTE OT ), B2 511515, —682. 90 F1-489. 19 em™, 3X 465 i 25 0] LIsd 1 IRC 42k 4 T i
SIS RN =y 48y, WESE T 3 P AR EE A A E A 1
TR N R S YA AR R RE L, JTEE S T AT AR AR, FT LA RS S
P BB RERE 3L, AR S WIE MEE (AG,, kJ/mol) FITEAL H H1fE(AG, , kI/mol) , HHEAR
W
AG,=G, -G, — Gy (7)
AG, =Gy -G, (8)
K G, Goss Gis 1 Gy (KJmol) 43511 DFT I LG i MO BIRL | o AR ZE AT T i B
FHRE. AHN ML, DAIE PR G C-1 3R VR SO P, AT DA e B 5 0 i B2 45 A o B ) fig 1
A
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Complex structure Transition state structure Product structure
Top Left Top

Fig. 2 Top and left views of the complex, transition state and product structures
(A) Chain transfer from C*-1 to C*-2; (B) chain growth of C™-1; (C) chain growth of C*-2.
Colors: C, red; Cl, green; H, white; Ti, gray; N, pink.

2 GRS

TEAEI4IAH Ziegle-Natta ffE K51 (TiCL/MgCL) 51 & T i  Im b R G Bk, A T & 4
R DCHA, BA WA T WAL AlE to nT/E R sl i T4 56 35 0 2 Sk s O, LR AR R
ol R AR N Z AR R SOV, . A SCGE G U R AR ) n (DCHA) /n (M) F n (AD /n (T il 45 T —
FAF-TBIR, FEXHIETRAE, 250 W3 1.

Table 1 Copolymerization results of butadiene with isoprene catalyzed by heterogeneous Ziegle-Natta catalyst*

Molar fraction of

Sample " PCHA) n(AD/ - Conv. A CE' el demits(90) Fo, TG T'/C AR e M

A wT) %) (gegl b)) (%) : mo AR AT gy 0 A

Ip unit* Bd unit*

TBIR 0 50 214 4051 0 9.5 968 235 -755 235 255 94 22
FTBIR-1 00012 50  17.3 3930 214 966 952 238 -759 205 262 75 24
FTBIR-2 00015 50  18.0 3208 387 961 9.7 229 756 240 278 72 25
F-TBIR-3 00020 50 157 2913 496 958 969 241 751 231 248 67 27
F-TBIR-4 00020 100 162 3067 461 963 954 243 -770 238 238 74 3.1
F-TBIR-5  0.0020 200  15.6 2843 425 960 974 273 =770 169 214 56 3.3

a. Polymerization condition: n(Ip)/n(Bd)=94/6, n(Ti)/n(M)=5x10", polymerization temperature was 20 °C, polymerization time was
1.5h; b. from '"H NMR; c. trans-1,4 content; d. from DSC; e. from GPC. CA: the catalytic activity; I : the molar percentage of butadiene
units in TBIR.

2.1 DCHA A=W

i 7 n(AD/n(Ti)=50, BZEn(DCHA)/n(M) & T —F 4 F-TBIR. [l 3(A) A [F DCHA F A A
{4 TBIR #1 F-TBIR f 'H NMR #%[&] . 7£ F-TBIR ) 'H NMR % [& B S 0255 6 3. 03 4b ) Jg T e -1, 4-
A5 NICEMIE C R H[—C(CH,) =CHCH,N(CH,,), iYW i , JERH DCHA 20 % £ %)) F-TBIR %
Ui, 2% 1 M 3(A) KW, B n(DCHA)/n(M) B3 K, BAREE LR FEAR, Ziegle-Natta fiE AL (1L 1
HEBEREAL, CEZWIE K. RK2/8H T DFTESESE . TG WM AG, Y/NTE, R K 5k
PR R R R AT LUE AR B 4 AW . AR YA Ziegle-Natta i Ak 7 A9 B SR 36 2 o0 Ti-C(C7-1) 5
DCHA &SRS N, Ti-C 3G PE HPOFE A8 A Ti-NFEPE RO (C7-2) , JEPEHC C'-1 1] C -2 85 R I N 1)
516 H B R (AG,) 24 98.7 kJ/mol, Ik T T M LA A G 4 rhots C7-1 85 C7-2 2B B 15 K B v Y
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Fig. 3 'H NMR spectra(A) and GPC curves(B) of TBIR and F-TBIR samples and diagram of 1/X,, versus
n(DCHA)/n(M)(C)
Polymerization conditions: n(Ip)/n(Bd)=94/6, n(Ti)/n(M)=5x10", polymerization temperature was 20 ‘C , polymeriza-

tion time was 1. 5 h.

Table 2 Complex formation energy(AG,) and activation free energy(AG,) calculated by DFT

Reaction AG_/(kJ*mol™) AG,/(k]J-mol™)
Chain transfer(C™-1 to C*-2) =57.7 98.7
Chain growth(C™-1)"" -8.8 149.8
Chain growth(C"-2) -15.9 155.6

(AG, 4354 149. 8 F1155. 6 kJ/mol ). — A K iE Ak B HHBE/N, SN %5 5 4T, PRIIL DFT #4815
MBS FIE R A 1 ) DCHA & A #5455 Fﬁ%n(DCHA)/n(MHE."jc, B2 W36 M0 5 DCHA
RAEFERG RS ROV, Y B Ti-N iﬁ‘rithlb'%ﬁi{@fﬂtﬁ HfE(AG,=155. 6 kJ/mol )t Ti-C 75 P . Co i 4
KiEAk A H1BE(AG,=149. 8 kJ/mol) &5 , 3% Z MR Ti-N 1 P i O FE G K R AL, 20 [R]85 B 1] 7Y
PARIEAY AT BT TR, HEARTR PRI 5 10 B 22 00 Ti-N 3% P O B TR JA ) A il B 22 R i 2 A e R 1)
F-TBIR, CE =3k .

R 1T LAE 1, DCHA FI A3 K0 F-TBIR BEROW S5 #4) e A BLARSS A RS2 itk /)N, F-TBIR /)2
-1, 4 55 B AR R T 95% , FRBH DCHA 1E R 8k i B 50 6T Ziegler-Natta #4055 16 P H 0 19 37 (A 45
PERAT B0 . JERY T R AR BT (F) AR YRR 25% (BE /R BO 24, i TRITR R
FeH T i S P REOW S R SR B e & AR, F-TBIR MY B BE AL AR IR B (T ~75 °C) |
Yo R (T, °C) RGBS (AH,, Jg) FEAANA . 5K B RE{L MY TBIR At , F-TBIR () M, b &
n(DCHA)/n (M) (34 B S IEAK, 20 T840 A6 (MUM,) 7855 [ 1, BI3(B) ], X & NI Ziegler-
Natta fEAEFITEPEH G (Ti-C) AR B Z3G MO RRIE, 2 F A 58, B Ti-C i M0 5 DCHA &4
BERERS RN I A B Ti-N I PE G, RA R R NGO A 58, S S8 PR AiAsse . hia(6)
PIATHAEARE] 20 'CF DCHA WSS 55541 C, 0. 0537[ K1 3(C) ], KMk, <k,
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2.2 AIEt, HERIENE

Pe ARG WITEAE A Ziegler-Natta AL R G 1A R il 5 S LR T, © RERT DAE M B Abs0) 5 &
HEARTR TiCL, 2Z 18] & AR BESEA FIIA SN, 4 Tit I S LA ) T & Ml 7 AR 3G AL A, AT A
55T R I A Mg 45 B T8 AT O s s r A Bt A TS P o0 (92, HeAh, el BT BERERE S OVE R . [
7E n(DCHA)/n(M)=0. 002, $78 n(AD/n(Ti)F R T —FR 5 F-TBIR, W5 T n(AD/n(Ti) X4 575 SO 1)
o . R LR, BEE n(AD/m(Ti) AYBGIN, SRS (b 3R A0S P 2 B0 5 BRI i ka4, %
FUHE S5 A DCHA MR AR R — 80, R RAR 5 TiCl, =Z 8] K& A b 3 4k A8 I g A7 7F — A i
{147 01 63651,

2 n(DCHA)/n(M) B E R, B2 n(AD/n(Ti) ) 50351 %] 200, F-TBIR # CE H 49. 6% % % 42. 5%
(21, Fa(A) ], RS EEY 5 F R H 2. SX10°REE 1. 7x10°, FHIMARZ FPisdEfus B T M DCHA 55
R, ) Al ZAESEREAS , TE AR Ti-C G PE v O AR SEZ5 4 R —ALEL LR Y, RO R AW
H, LR A AE AR B R o 1 — AL, Y R AR iR o A —CH, 2544 ] AlE, & AR ()55
R AEA S TAE R AR B AR v 5 B RBAL 0™ 1, DN BOR G- W 10 e o 16 1 g i 1A 5 s AT 5 (L)
AIEL & A AR S BRI > T HEFRAR, MM 25 5E[ 261, KIA(B) ], X2 KN E Z RO 5
AlEG R AR S ECR IR R NI PEO A — 2PN T8, 40 F i A8 58 . AlE A REARE s R4
VIR Al K 45 AT e . i (6) BIA TS5 20 “CF ALEL BER RS W % C, M 0.016
LE14(C) ], RWm AIEL BER AL &, <k, E—2B00 K3, 6] DCHA F AIEGEERERE 1 K, \Jk, ,=3. 36,
FEHH DCHA 2 E 444 Ziegler-Natta AV 14 2 5 INAT S BERE R 7]

(A) ——F-TBIR-3

Hsc Hzc)- _},é_ . ——F-TBIR-4
i {_H (-M} HyC L e —F-TBIR-3
HyG H,C—N:
sz—,& ‘(C W j§5
" H (‘)' } )_
n lI ‘é"}"‘_“g}
—
£ & 3I.5 3{0 2.I5
g h e d
\
1 1
7 6 5 4 3 2 1
5
4.0
(B) —— F-TBIR-5 ©
—— F-TBIR-4 s 5
—_ FTBIR3 3.6 | V=0.016m(AD/nMY+2.1x107
—IN 3ol
=
28}
1 1 1 1 2‘4 | 1 1 1 L
4 5 6 7 0.002 0.004 0.006 0.008 0.010
IgM. n(A/n(M)

Fig.4 'H NMR spectra(A) and GPC curves(B) of F-TBIR samples and diagram of 1/X, versus n(Al)/n(M)(C)
Polymerization conditions: n(Ip)/n(Bd)=94/6, n(Ti)/n(M)=5%10"°, polymerization temperature was 20 ‘C, polymeriza-

tion time was 1. 5 h.

2.3 DCHA F0 AIEt, ZEBLAI R & R SE R R A 18
1E Ziegler-Natta AL 5| & T M FS 8 R AR R H, MFEBAAE S B T8E % #2558 DCHA Al
Bl FHEFE RS AIEL Y, HERAHLFEAN Scheme 1 78« TiCl 78 BB ALEL, ) Be Ak MR JEE T
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Scheme 1 Chain transfer mechanism of dicyclohexylamine and alkylaluminum in diene coordination

polymerization
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