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Copolymerization of Ethylene and Cye¢loolefin with Metallocene Catalyst:
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2 of: thokdt 279 wgzAl Zujo} 22w |F-MAO (MMAO)S o]£8 LA (E)7 =
2n=d (N9 TN FhEdo] 30l B4 2 BEYA PR 4T ol AL 9B
ZAIR T & Co-ATEE 71X rac-Et(Ind),ZrCly, MySi(Ind),ZrCly, MeySi-(Cp)sZrCly
2 C-thAFxE 7F% iPr(FluCp)ZrCly,, I8 3 constrained geometry catalyst (CGC)<}
o}&tlE] (di-bridged) A2z=A Fof gy vEzAd ZuE A8l [N]/[E] FFvd w
2 24 4, 35 (COC)e 434 A3 2 N g8 AR rac-Et(Ind),ZrClL,E Ful
B2 AMEE Agd 3ol B, 5% 2% 9 30 FF 5o 2D AR A [All/
[Zr]=3000, 40 'C, MMAO #Zu o] A@sqct. [NI/[E] #3071 F7h) utet COCH
ol N ggo] Erlate duball Age By o}, 0] 842 AeE WEzA Svje] T
g g3 & [NY/[E]} $7185E CrulA7ae 39 848 Zasigdov C-tiAdTze]

e F7rsE T Suad Ngg 58 138 B9 rac-Et(Ind),ZrCl, /MMAOA o) A 1]
oA F& Fu) 47 COCY T, Alo}7} &3 BAE A& F U FWFTFHA 0 %A
9] vh2-AH| & Kelen-Tiidos W o2 Falch

ABSTRACT: The copolymerization of ethylene (E) and norbornene (N) was examined by
using various metallocene catalysts and modified-MAO(MMAO) cocatalyst. For C,-symmetry
catalysts such as 7ac-Et(Ind),ZrCl,, Me,Si(Ind),ZrCl,, Me,Si(Cp),ZrCl, and Cs-symmetrical
iPr(FluCp)ZrCl, as well as CGC and di-bridged zitconocene, the effects of catalyst structure and
[N1/[E] feed ratio on catalyst activity, thermal prgperty and [N] content of copolymer (COC) was
investigated. For rac-Et(Ind),ZrCl, catalyst of a canstant [N1/[E] feed ratio, the appropriate con-
ditions of [ Al]/[Zr] mole ratio, polymerization temperature and cocatalyst structure were found
to be 3000, 40 ¢, MMAO cocatalyst, respectively. As [N1/[E] feed ratio increased, the incorpora-
tion of norbornene to copolymer increased while the activity of catalyst decreased except for
iPr(FluCp)ZrCl,. With consideration of catalyst activity as well as N content, it was found that
rac-Et(Ind),ZrCl, /MMAO system exhibited relatively high activity and controllable 7°,. Monomer
reactivity ratio was determined by Kelen-Tiidds method.

Keywords: metallocene, ethylene, norbornene, copplymer, cycloolefin.
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Al ¢ Zojg AMRE  rac-ethylenebis(indenyl)
zirconium dichloride (7ac-Et(Ind),ZrCl,; Aldrich,
99%), isopropylidene(cyclopentadienyl-9-fluore-
nyl)zirconium dichloride (iPr(FluCp)ZrCl,; Boul-
der Scientific Company, 99% ), dimethylsilylenebis
(indenyl)zirconium dichloride (Me;Si(Ind),ZrCl,;
Strem, 99 %), dimehtylsilylenebis(cyclopentadie-
nyl)zirconium dichloride (Me,Si(Cp),ZrCl;; Strem,
99 %), dimethylsilyl(tetramethylcyclopentadienyl)
(N-tert-butylamido)titanium dichloride (Me,Si
(Me,Cp) (N-£-butyl) TiCl,; CGC; Dow)'"® T2
Q=g adlz AM-E}al, Scheme 19] UER
disiloxane dibridged bis(cyclopentadienyl) zirconi-
um dichloride (DBZC)& #4816 Alg-sl4c). 2
Zd]2%  7/}&-methyl aluminoxane (MMAO;
Type 4, Akzo, Al=7.8 wt%) 2} triiso-butylalumi-
num (TIBA; Tosoh Akzo Co., Al=15wt%) 2
triphenylcarbenium tetrakispenta-fluorophenyl bo-
rate (PFPB; (CH;);,CtB~(CiFy),; Tosoh Akzo
Co.) 59 ¥B%S EFAI 59 AME3IUT

A<l A (E)e daiszd (F)dA o
F3td 8 AAE 371 A3 PO0s9 CaSO,E A
& AYe FIAA AR, =2ERa2H(N;
TCI, 99% )& EFdld £33 ¥ molecular sieve
B Azl AT F0je) = 2SR A=
A8 E2¢l (Duksan Chem. Co.)& UYEE/WZ
H=g o)g3le 87t o] BFAT F FH3
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Chem. Co.)& 34 ¥xo AA=HA glo] ad
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58 U S0 &Y. F53 W= 400 mL
Fukgr)E AR, Wy LxE FREE
A3t A fA s E £97] stllA &
o FHUE 100mLE 3t wfauEutE o] &8l
aEtshaAN BF4, N @39 FF0d MMAO
aga Fue oz FYs FEHE MAAS
QA 7] At H wlekes) gate] EdE Yol
=¥ 2877 F 0.2N HCl-vghe 4408 =
A E ARAZT. A4E FEAE 60 CAM AF
AZANA B& F8A FAE FRANH Yol
Zujo] o2 ro] Fuj 84 (Kg-polymer/mol-
Zr-h)& 73t

Zzeme 2N,

oMTE ¥ =M E/N 25819 viT= ¢ =4
& 120 'CIlA 1,1,2,2-tetrachloroethane (CH,Cl,)/
dimethylsulfuroxide (DMSO)-dg(volume ratio 4/1)
& g2 A}g-ste] C-NMR (Bruker 500 MHz)
2HER S B3 T3 AME Sl FRo=
T35 35 EA 9 P22 (T No 33
& Mz uEdgn gA on” datd $%3
Ao T, 73l N ¥ 3% + AUrh

AR oz Ao (8 g FF3 HFSA ol
=74 uigt e 43E €€ & = Fineman-
Ross®ol|® vlsle] ¢l 448 =t zn ZE
g9 e #53 HAFE Bot 5 IgAE
7}X& Kelen-Tiidosy &% o] §-8lo] waka] W84
HE T3

Ay M A" FEHA 43 4E& DSC
(Du Pont TA 2000)& ZA}sller, ojn) 7}gs}
W& E 20 C/minEg stgen -50~200 C ¥
912 second rund] & FH3ld T, 54 (T,)
£ ZA3A)

Y Fx: FEFEAY AR & A8 9 X-
A 3AA (XRD, Phillips X-Pert)& o]&3lyon,
CuK, a-Ni filtered radiation& A}8-8ld 2 §=5°
~50°, step angle=0.02° 2 &334t}

E- I g kS

g =A. 713 HEAHQ  rac-Et(Ind),ZrCl,/
MMAO ZFujA| & o] &3 E9} N9 FZ3lA o}

E2lo  Al247 A43 2000 7€

Table 1. Effect of [Al]l/[Zr] Mole Ratio on Feed
Mole Ratio in Ethylene/Norbornene Copoly-
merization with rac-Et(Ind);ZrCl; and MMAO

Cocatalyst

N content T, T, AH,

[Al]/[Zr] aCtIVIty (mol%)b ( oc ) ( oC ) (]/g)

1000 2310 32 714 1172 09
3000 2520 28 522 1250 33
6000 2910 27 484 1280 6.3

Polymerization conditions: [Zr]=1.9%107°mol/L, [N]/[E]=
25,40 C, latm, 1 h.
¢ Activity : kg-polymer/mol Zr-hr-atm. ® Estimated by 7.2

9 gz B FFF A%E AR

[AI]/[Zr] 84]: 4 FZule} Zvje] BH] F,
[Al]l/[Zr]e] Bulo) wE &) &4, F5EAY 4
2 Q4d, 24 T9 W8S ZAlsle] Table 19
ehfich

Table 16]A & 4 %ol [All/[Zr] EHI7} &
7hdel wel Eof 4L Frkiad. =% [All/
[Zr] 887} Z7kge] wet 35 T, 524
(4Hy)e) 7188 T N g3ke e [AlY/
[Zr] Bvl9) 2A0AM 744 wA Jegth &0 &
Am HEE N g3 7IxE [All/[Zr]1=30002]
Z271& ARG o] P& F gL Bergstrom &
0]B% wnd COC Az ZAJHE ¢ dAS
Rk b 0=N

St 25: 3% 252 YA &) 24, T
Z3e) 99 4, 24 5L A8l Table 29
et

Table 2014 & = U%0] £ =7} Z713|
nz E 9553 € 254y Fu) 848 37}
soy, 1 HWaRsE gt Eo dES3dA
£ 70 CollAle] Fuf #Ado] 10 Coll Bid| 28 A=
o %oy E¢t No I Zfole oF 1.54)
vk F7EkA]l gkt % =7t 71 e
TERA Y T Yol T,9) Aoz vas)
E N 30 23 gasdn. 28y 3¢ 259
wel T, 2 3¢9 (4H,)S 7188t o 2
A FF 2571 F7Hg uet EY AdEA
$Ao] F7lel) &) AL Zrhslg oy, 33
A< No| o] Zolgo] Auidez EFde 4
ol7} F7V sl WEA® T, R 4 H,0) 718 Ao
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Table 2. Effect of Polymerization Temperature
on Ethylene/Norbornene Copolymerization with
rac-Et(Ind);ZrCl; and MMAO Cocatalyst

ol - NBE - BATF - =N

Table 3. Effect of Norbornene Feed Mole Ratio

on Ethylene/Norbornene Copolymerization with
rac-Et(Ind);ZrCl; and PFPB Cocatalyst

temp. Ncontent 7, T, 4H,

Ncontent T, T, 4H,

[NVIE] "y 2Vl () () (/e) [NVIE] 2oV " oo (€)  (©)  We)
ethylene only 10 2120 0 - 1328 1224 ethylene
25 10 2220 31 670 1130 09 only 24 0 - 189 1288
‘ethylene only 40 2421 0 - 13401288 25 448 21 232  nd¢ -
25 40 2520 28 522 1250 33 5.0 294 3l 618  nd -
‘ethylene only 70 4200 0 - 12851275 75 177 38 876 nd -
25 70 3630 26 498 1283 10.6 Polymerization conditions: [Zr] = 1.9%107% mol/L, [ Al}/{Zr]

Polymerization conditions: [Zr]=1.9% 10" mol/L, [All/[Zr]=
3000, latm, lh.
¢ activity : Kg-polymer/mol Zr-hr-atm. ® estimated by Tg.20

= AzEY.

Zao): £30)2 ABEE MAOE HolB49) &
AsAIA FAlY vy FoleFer FF FAA
Fol g AT G¥LP e Ao deA
Roy, FEE Ev) 8L A Fr] M=
Hgo] a7HI 72 R JF B}, Y ¥
< A8 9 B BAZ oz MAOE gAE &
Ae FEFU £ MAOE AMg3iA @iz Fbol
7Fsd Eullo) diE B A7rt HdlEe] gt o
ARE f7) FASFES vl Sol2oz NS
o2X & & /e &dlH F8e] 753l
=, o2 wlElgl Lol IS FEHW=
ARG-E Sl ol E UA SASAA AR-Stefof
Bk

w2ty TIBAE <Az A3t FFwa
PFPBZ o|§-% N3} Eo] 33l v} 84, ¥
A 44 44, 4 5& A Table 34
BT

Table 3¢) AN & & sixe] Ne| Fiul7}
F7HEeE o) 84S #23AG. [N]/[E]=5.0
o ze|q PFPBE o488 A% v B4
(254 kg polymer/mol-Zr-hr)& Table 4] ekl
MMAO#A 2] Zn] 4] (2450kg polymer/mol-Zr-
br)el B3] 1/10452 ofF Rgith 28
T,= PFPB= €& Zo] MMAOY 7Z% Ht} ¢
30 C WA vEga, ol N @39Ax= PFPB
7t 2okt wetd FEjE MMAOE ol&3le= A
o] Ext N 333 2t a7 UL FAsAch
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=300, 40 C, 1h [PFPB)/[Zr]=12, [TIBA1=5.3x 10"* mol/L-
% activity : Kg-polymer/mol Zr-hr-atm. ® estimated by Tg,z0
‘n.d. = not detected.

olde] AAZRE rac-Et(Ind),ZrCl, & Svlg A}
83 Eo} Noj 353 H3is $=xn0= 40T,
[Al]l/[Zr]=3000 2 MMAO gZu)& d=slgch

Hgz2d Hojo| Px. GA AT FHRACA
Hgzd o Fx 2 N 809 e 33 49
& Table 4¢ Vel Sict

Zof 4. CrrNATRE M= rac-Et(Ind) »
ZrCl,, MeySi(Ind),ZrCl,, Me,Si(Cp),ZrCl, 52
v 4L [NI)/[EZF 371845 E 95589
Al vg) gadte 2L ngoen, 53] MeSi
(Cp)ZrCly& EFoi 2 AMS-G 9ol 1 aZo] F=
gk E3 593 2L 71 Me,Si(Ind)
ZrCl,9} Me,Si(Cp),ZrCl,e] &vf AL vus)] B
W Azt A4 5 2 g2 Uehigith o™ A
& NZzdlEded g7tz bjg) Aty er A
7 FRF Qdd zt=r) 3 #4998 dAAds
g 5o ¥old 4Ag /He A4S 0S8 ¢
A3N7)7) g 2olgtn d=A Aok?

rac-Et(Ind),ZrCl, & o83 No| gd=ZgdA s
2472Vt WREAIZ o A E A 98 £ %
At

C-t37+2e iPr(FluCp)ZrCl,e] #$d= E9
GEEH wg IN1/E] 337t 271 we) &
o) o] & Foz Frlsigien [N]/[E]7} 7.59)
el A9 AR CGCe H$oll= Eo] v
Zql vla) FEel] tid o) o] AF s
o, [NJ/[E] F5Hlel wg & ¥sst vehy
2 gt JAGoNrt & A2 S 2
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Table 4. Copolymerization of Ethylene/Norborneme [opolymerization with Various Metallocene and

MMAO Cocatalyst

N content

catalyst [NI/[E] activity® (mol %) T, () To(C)  4H,(J/g)
ethylene only 2421 0 - 1348 128.8
25 2520 29 52.2 125.0 3.2
5.0 2450 42 99.6 nd? -
rac-Et(Ind),ZrCl, 75 1780 47(46.2)¢ 1186 nd -
10.0 360 49 126.6 nd -
20.0 178 59 163.1 nd -
norbornene only* trace - - - -
T ethylene only 029 [ S 1320 7 1291
iPr(FIuCHZCly 25 1380 44 108.3 nd. -
75 2729 50(48.3)¢ 129.5 nd. -
20.0 2737 54 144.8 nd. -
T ethylene only 1500 N R T 3.0 1268
25 1486 23 30.8 nd -
Me,Si(Ind),Z:Cl © 5.0 230 38 84.7 nd -
75 137 43 106.2 nd. -
10.0 23 49 125.5 nd. -
20.0 17 53 142.8 nd. -
T  ethylene only 1088 o T o 1310 1331
Me,Si(Cp),ZeCl 25 518 53 140.3 nd. -
5.0 159 63 178.0 nd -
75 53 64 183.4 nd. -
T ethylene only 123370 [ o 1342 7771284
25 710 21 242 nd. -
CGC 5.0 708 29 52.6 nd. -
75 700 34(34.1)° 72.4 nd -
20.0 553 43 103.4 nd. -
T T T ethylene only ] 1237 o T o 1347 71839
2.5 33 22 285 1272 0.6
DBZC 5.0 8 24 35.8 127.7 1.3
75 3 34 70.0 126.7 0.9

Polymerization conditions: [Zr] = 1.9% 107> mol/L, [ All/[Zr]=3000, 40 °C, latm, 1 h.
@ Activity : Kg-polymer/mol Zr-hr-atm. ® Estimated by T4.2° ¢ [N]=0.2 mol/L, 24 h. % n.d.=not detected. ¢ estimated by '*C-NMR.

ol FEY 3L 7R FHEEHE UE T A
T A& DBZCY ZAfde [NI/[E] 334
7t F7Hdll wet Eo] @553 vs) 343 Ha
T Fu) o] vepdth

E=| HA: Table 4914 & F URe] TFAA Y
T, [NI/[E] 3897t soldss Jrhsisled,

12 AL 7R wet ot @R £, racEt

(Ind),ZrCl,2 A& FEAS A5dle [NI/IE]
FFu)9] o) me T, 832 Figure 19) JeR)
Qe 50-160 €2 We& WUHAE 7MY Me,Si-

Ea(of A247 A45 2000 7€

(Ind),ZrCl,E Zvi2 |83 AS$9 T.= [N/
[E]=259 w 30 CAZANAM [N]/[E]=2044
142 T2 Bl oy, tel7zrl v rac-Et(Ind),
ZrClyo] 79l vl oF 20 CAHE & T,5 JER
t} MeSi(Cp),ZrCl, Enlg 42 25 T
TS YA E AV EtEs E MeSi-
(Ind),ZrClyell H)s] ¥& [N]/[E] FvldA % of
2 =t Cs-t)#AF2< iPr(FluCp)ZrCl,e] A $-
o= [NV/IE] 819 F7id wat T2t §33)
Z7}ete 108~144 C9) g2 Yepdth CGCq
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Figure 1. DSC thermograms of ethylene/norbornene
copolymer made with 7ac-Et(Ind),ZrCl; and MMAO
cocatalyst; [NT (mol%)=1(a) 29, (o) 42, (c) 47, (d) 49,
and (e) 59.

e [NI/[E] B89 Z71d ©& T8 5
74Zo] oA zA Yt} st o AFE )
A Al-mEEA Eod) FLT T/ vl 2
& 3 o dAAR 2N FAFTET s Al
o] Z+e By A & F 9en,® ey R
7} & F9RRQ No| B 35S 744
& zAB) S8 AR °\zﬁ}ﬂ A23=49
DBZCe #A$dle [NJ/[E] F3vd w2t Tt
28~70C& A 12 =+ 21°Ur, 127 C &
Az Ao AP dutgoz e N e
AN E T Tuol 3 verd = Aoy,
DBZCs} o] T,9 F7lE &7t T,ol A9
AR 8 AP el = BEEA FHIA Rk

2Esie =N U oMTE: Bt N9 33
3 3C-NMR 2A4& Roth® Fd] &l 25A
o) Eo] wjg# (-CHy-) 3} N w€7] (-CH-)dl
W@ Aol 1B F, <2} APES 7B 9
& BeEQTh 8 F 3 s Mcknight Sl 28]

m\_

450

C,

(b)

(c)
50 45 40

Chemical shift (ppm)

35 30 25

Figure 2. '5C-NMR spectra of ethylene/norbornene
copolymers made with various metallocene and
MMAOQO  cocatalyst at constant [N1/[E]=75;
(a) Et(Ind),ZrCly, (b) iPr(FluCp)ZrCl,, and (c) CGC.

N 3 wisl e F5eA el vATE 2 o
g o] AAIE AT

Az ge gz [N]/[E]e 337} 759 =
AN Az FEPAS PC-NMR =¥EHS
Figure 2¢] Jepi%ler, Ne| -CH-2 C;, C;9] 3
o]Z1E 247} 47~49 ppm, 41 ppmeilA}, N -CH,-
9l C,;9} E9} -CH,- sojaE 30 ppm, N&J -CH,-
ql C,o Wol=2 33ppmold g on], 2}
volze] AYAQ F7|2RE A4 FEEA N9
e 73 A yge-Et(Ind),ZrClLe 73S 46.2
mol%, iPr(FluCp)ZrCl,= 48.3mol%, g
CGCE 34.1mol% e & ¥Ath “C-NMR= +
?5} —‘—%“i}iﬂiﬂ N ke T8 N gane] Azde

2 87 Azpe} vlaste] B Table 4004
—’r‘- Aso] A9 FUFE FASAT
=3 E/N 3539 nilTz=s Co Fola
splittingo] &3 7+& 4 o, NEEE block se-
quence unit (BL, 49 ppm), alternating sequence

O
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Table 5. Norbornene/Ethylene Reactivity Ratios
for Various Metallocene and MMAO Cocatalyst

catalysts N 7 YNTE
rac-Et(Ind),ZrCl, 0.04 3.7 0.15
iPr(FluCp)ZrCl, 0.01 2.7 0.03

Me,Si(Ind),ZrCl,y 0.02 43 0.09
CGC 0.00 7.1 0.00
Polymerization conditions: [Zr]1=1.9x 105 mol/L, [All/[Zr]=
3000, 40 T, latm, 1 h.

unit (ALT, 48 ppm), isolated sequence unit (ISO,
47 ppm) Fo.2 FEY 4 k9B njojz9] A
tgez 75 7} £do £x AME &0 729
w2} 23t} &, N ggo] H|xedt 35 AA (Figure
29] a%} b)dl oM, rac-Et(Ind),ZrCl,2 @&
FE=¥Ae] BLL 6.2%, ALT= 724%, ISO=
21.3% 9] X & 71Au, iPr(FluCp)ZrCl,8 739-9)
= zt7} 5.6%, 35.7%, 58.7%< E¥XE Jehic
®3 CGCE Alxstd NEZo| & FFHA (Fig-
ure 29| ¢)& Ztzt 0%, 37.9%, 62.1%° ¥4 &
¥E 73 Yok

2SMH|: Fuf FF WE B9t No| o=k whe
Au| & ale] Table 5o YERiATH

Table 504 ¥ # %] AHgE &ule] Fzol
WAl regtel n@kith © A vehton, of
AL Eel wgAo] Neoj Hla) acks Ae ojvjsiz
gt ad, 44% [N)/[E] g3ve4 e &
oo Hla) AhH oz =& N ke
(Cp),ZrCLY) 7%l 7o) 0.1322 Noj| i3t
$A0] Aoz wsi) W CGCEud 21
Ae el A9l 04 7h7H9], ESt Noj udf 3%
o A% FE# 5L By

AY Fx:AHE FFHAY 2R dF AT
AHRE Ad92 yec-Et(Ind),ZrCl,2 9& 233
9] XRDZEAE FAsle] Figure 39 Jepiich
[N]=29mol% ¢l ZZ8Ael Asdl= 26=21.5,
23.9°9|4 E2| AAGG &% vlo]=r} &=
on, Folz9] BAuZ #§ A7 ¢} 12%9] 27X
3t=rb Aok a3v N @8] F1gl aet E
o] ARG o volavt AletH BAEE FEE
HzF vZ2RG P9l E &g 5 A o) FFS
DSCel &% d&A dAdME 8 ¢ Ath &,

E2lo A24d A4z 20009 7€

HAY Me,Si-

Rl L

0 10 20 30

Degree (2 6)
Figure 3. X-ray diffractogram of ethylene/norborne-
ne copolymer made with racEt(Ind),ZrCl, and
MMAO cocatalyst; [N] (mol%)=(a) 29, (b) 42, (c) 47,
and (d) 59.

- SE N 3R] FEEA s E AR WA

AR o7t T,& 125.0 CollA B8 5= gllon}
4 Hyol 1% wopet, zavh, N #8fo] 59 mol% <l
FEHAE 260=11.3"9 A N B o
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