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Copolymerization of Ethylene and Cycloolefin with Metallocene Catalyst :
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2 C-UAF+ZE 7= iPr(FluCp)ZrCl,, 228]31 constrained geometry catalyst (CGC)3$}
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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 rac-Et(Ind),ZrCl,, Me,Si(Ind),ZrCl,, Me;Si(Cp),ZrCl, and Cs-symmetrical
iPr(FluCp)ZrCl, as well as CGC and di-bridged zirconocene, the effects of catalyst structure and
[N]/[E] feed ratio on catalyst activity, thermal property and [N] content of copolymer (COC) was
investigated. For rac-Et(Ind),ZrCl, catalyst of a constant [N]/[E] feed ratio, the appropriate con-
ditions of [ Al1/[Zr] mole ratio, polymerization temperature and cocatalyst structure were found
to be 3000, 40 'C. MMAO cocatalyst, respectively. As [N]/[E] feed ratio increased, the incorpora-
tion of norbornene to copolymer increased while the activity of catalyst decreased except for
1Pr(FluCp)ZrCl,. With consideration of catalyst activity as well as N content, it was found that
rac-Et(Ind),ZrCl, /MMAQO system exhibited relatively high activity and controllable T,. Monomer
reactivity ratio was determined by Kelen-Tiid6s method.
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Al o}, Zdja- 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)'*® 52
A3 g AR, Scheme 1] Yebd
disiloxane dibridged bis(cyclopentadienyl) zirconi-
um dichloride (DBZC)= #4d3la® Alg-stdch. 2
Zujgx= 7}&-methyl aluminoxane (MMAO,
Type 4, Akzo, Al=7.8 wt% )%} triiso-butylalumi-
num (TIBA; Tosoh Akzo Co., Al=15wt%) ¥
triphenylcarbenium tetrakispenta-fluorophenyl bo-
rate (PFPB; (CiH;):C*B™(C¢Fs)y; Tosoh Akzo
Co.) 59 4AHE BT 3o A3

gl ddd (B)e dEgFsad(F)dA ¢
Tl £2 AAE 7] s P,0s9 CaSOE A
& HEE FHNA AHEER, =2RE(N;
TCI, 99% )& EFqo £33 F molecular sieve
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AF2-d E7qll (Duksan Chem. Co.)& UEE/HZ
HiEg o]gsld A o)} FFAIN ¥ FH3A
AMg-std e 22lz ulgell  wWghE (Duksan
Chem. Co.)& 98¢ Hxeo AR glo] 2
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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

Ncontent T, T, 4dH,

[AN/(Ze] actvity® " o () () U/e)

1000 2310 32 714 1172 09
3000 2520 28 522 1250 33
6000 2510 27 484 1280 63

Polymerization conditions: [Zr]=1.9% 10" mol/L, [N]/[E]=
25,40 C, latm, 1 h.
@ Activity : kg-polymer/mol Zr-hr-atm. ® Estimated by 7.2
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[Zr] 8u9] zAdA 713 A4 Jeidoh &0 &
A3 HEH N €32 7= [Al)/[Zr]=30002]
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oy, I ¥R =E 2. Eo gEZEA
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Table 2. Effect of Polymerization Temperature
on Ethylene/ Norbornene Copolymerization with
rac-Et(Ind);ZrCl; and MMAO Cocatalyst
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Table 3. Effect of Norbornene Feed Mole Ratio

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

temp. .. o Ncontent T, T, 4H, .o Ncontent T T. 4H,
INVIET () * ol (T) (C) Ufe) VEED = mowt () (0) /)
ethylene only 10 2120 0 - 1328 1224 ethylene
25 10 @0 31 610130 09 oy P01
ethyleneonly 40 2421 0 Z 1340 1288 25 u8 21 232 nd° -
25 40 2520 28 5221250 33 50 294 31 618 nd -
“ethylene only 70 4200 0 - 12851275 75 177 38 876  nd -
25 70 3630 26 49.8 1283 106 Polymerization conditions: [Zr] = 1.9% 1073 mol/L, [ All/{Zr]

Polymerization conditions: [Zr]=19x 1075 mol/L, [A1}/[Zr]=
3000, latm, 1h.
4 activity : Kg-polymer/mol Zr-hr-atm. ® estimated by Tg.zo

2 AzEq.

3504: FE5u 2 A= MAOE Ho|g4e ¢
QA A Hui9 Eol2Foz FE F4HU
Yol &g AFNIIE 9L sl Rog YA
Ao, AEE Fu B4E& A ] HsiMe
FHPFol 2 FEHT F= € G| E8, A
& A¥Y 59 B FAHoE MAOE g
A FTEFN = MAOE A83ix gk Z§ o]
7Fed Fujd] Wi g dv7 JYH ¢} 2
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o2 & BYE KR SR Fo] 7
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ety TIBAE 4ZsAlz AHg3dtn FRuz
PFPBE o|&% Nz E9] ZFlA 2o 84, 7
AL 943 HE, 24 5L A8k Table 39
vepi At

Table 3¢] Zoja|d ¢ 4 QFo] Ne| FFu|7}
F484E Zo) 84S 2askdch [N]/[E]=5.0
9] zZdA PFPBE o|&3 7$eol zof 84
(254 kg polymer/mol-Zr-hr)& Table 49 vepd
MMAO#AI9] Zvuj &4 (2450 kg polymer/mol-Zr-
hr)dl ®l3ld 1/108E2 olF ¥t A
T,= PFPBEZ @& o] MMAOSY 7<% ®r} ¢
30 C ¥A Jeldi, ciEo] N gatdls= PFPB
7} ¥ut. gebs gEujg MMAOE o|gsl= A
ol E3 N 358l Bt} aa5qe lsy.
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=300, 40 C, 1h [PFPB}/[Zr)=1.2, [TIBA]=5.3x 10 * mol/L-
% activity : Kg-polymer/mol Zr-hr-atm. ? estimated by Tx.zo
‘nd. = not detected.

olAte] Atz RE rge-Et(Ind),ZrCl, & Zujz A}
4% Eof Noj F3dl A3 FYPxHee 40T,
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Bl Ha Zadhs %S BYow, 53 MeSi-
(Cp)ZrCly & ol 2 AR 9o O ZAaFe] S
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WA Azl Ze7t o 2 e Ul ol A%
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4NZHER A oY FEAE A 92 + 8l
At

CotA722 iPr(FluCp)ZrCl,e] 7ZA$dlE= E¢l
GEFel vis) [NV/[E] 3897t Z71ael mat %
W Bo] & Loz Frksiglesi [N)/[E]7} 7.5
Bl Ao dHsATt. CGCY A$olle Eo) g=
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Table 4. Copolymerization of Ethylene/Norbornene Copolymerization with Various Metallocene and

MMAO Cocatalyst
catalyst [NJ/LE] activity® Ifrgf‘:;t T,(%) To(C)  4H,(/g)
ethylene only 2421 0 - 134.8 128.8
25 2520 29 © 522 125.0 32
5.0 2450 42 99.6 nd? r
rac-Et(Ind),ZrCl, 75 1780 47(46.2)° 1186 nd -
10.0 360 49 1266 nd -
20.0 178 59 163.1 nd -
norbornene only*® trace - - - -
T T thylene only 10267777 o S 1320 1200
Pr{FIuCD)ZCl, 25 1380 44 1083 nd. -
75 2729 50(48.3)¢ 1295 nd -
20.0 2737 54 1448 nd. -
T T thylene only ] 15067 o T e 131071268
25 1486 23 30.8 nd -
Me,Si(Ind),ZrCl, 50 230 38 847 nd. -
75 137 43 106.2 nd -
10.0 23 49 1255 nd -
20.0 17 53 1428 nd. -
T T  ethylene only 1088 T o T e 13107133l
. 25 518 53 1403 nd -
MeSi(Cp),Z:Cl, 50 159 63 1780 nd -
75 53 64 1834 nd -
T T T  ethylene only ] 1233777777777 o T It 1342 777771284
, 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 Wethylene only T 1237 o T I 1347 777777771639
25 33 22 285 1272 06
DBZC 5.0 8 24 35.8 127.7 13
75 ~ 3 34 70.0 1267 09

Polymerization conditions: [Zr] = 1.9x 10> mol/L, [A13/[Zr]=3000, 40 C, latm, 1 h.
? Activity : Kg-polymer/mol Zr-hr-atm. ® Estimated by 720 ¢ [N]=0.2 mol/L. 24 h. ¢ n.d =not detected. ¢ estimated by '3C-NMR.

FEY 370E VIR FHEEEL e+ o
3! DBZCY Aol [NI/[E] 23
I F7Hdel ozl Eo 9553 via 3243 24
T Zoj B4} Yehdr

X ME: Table 4914 ¢ F UZo] TEFA 9
T = [NJ/[E] 3347} 2old54E Frtsig oy,

" g

N

2 AYE Fo7x) B} okt 2R} &, racEt

(Ind)ZrCLLE €& 59 A$d= [NY/IE]
SFH9] F7M W2 T, W3l Figure 19 Jehy
Aed 50-160 T WL WS 7R Me,Sic

Fa2lof A24A A45 20004 79

(Ind)ZrCL,E Zuj2 o]&% 7499 T.= [N}/
[E]=259 o 30 CAZANA [N]/[E]=20914
142 C 2 Folgoy, de)F271 UE rac-Et(Ind),
ZrCl,9] 79l vlal oF 20 CTHE 2 T,.5 vehl
o MeSi(Cp)oZeCl, Evl2 4L 53] T,=
T dEEde 7Y En=sl e MeSi
(Ind),ZrClyoll ¥la] @& [N]/[E] ZFHME o)
& =dth Cs-tdl @722 iPr(FluCp)ZrCl,0) 7%
de [NVIE] 3348 F7ld we T,71 223
T7k8td 108~144 T} g2 Yehl . CGCol
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Figure 1. DSC thermograms of ethylene/norbornene
copolymer made with rac-Et(Ind),ZrCl, and MMAO
cocatalyst; [N] (mol%)=(a) 29, (b) 42, (c) 47, (d) 49,
and (e) 59.

dsixe [N)/[E] 38ue Z7k) @8 T8 3
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& ZARP] 98 AR olFdE] kA
DBZCel 7$el= [NY/[E] F3vlel wet To)
28~70C& ¥ M & Ao, T, 127C 2
A2 Aol dAsAG. dutdoez Be N 3ate)
FTEEA A E T2 Tool 34 Yehd 5= oy,
DBZCs} o] T8 F7lolx BF8ln T,0] A9
LT A dsiM e HEsA FEskR] 2l

BEEH S =M Y olMTx: E9} N9 F2EA )
@ 'C-NMR £4& Roth® S| ojs zZg
ol E9] #€@A (-CHy-)3 NoJ wgl7] (-CH-)q
W& Ro] B3dE F, o) AgEe] dFF ) 9
3 HeE A8 a0l = Mcknight S 93
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Chemical shift (ppm)

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

N 3% ¥l g2 F5EA vAF2 244 o
g ¥hd o] A A=A

ANz gg& vz [NJ/[Ele Z347} 759 =
ol Azxg FFEA “C-NMR 2degds
Figure 2] Yepli2lon}, No -CH-¢! C,, C,9] o
o|aE Ztz} 47~49 ppm, 41 ppmollAl, N9} -CH,-
9l Cy9} Eo] -CHy- 3o} E 30 ppm, N9 -CH,-
et Cyo] o]z E 33ppmold Flagen,” zt
golze] A Ar|2RH A FEEA ] N9
e 78 23 yac-Et(Ind),ZrCLe %9 46.2
mol%, 1Pr(FluCp)ZrCl,= 48.3mol%, 21
CGCe= 341 mol% 9 & 2¥Ucth C-NMRz F
T FEPA] N @22 T,9 N geajo] HAztdo
278% 1 Ao} vimsled @ Table 404
@ ARl Ao UL FIENT

E% E/N Z58A9 ud7zE C9 oz
splittingel] o8] 7% 4 glon], NEHE block se-

quence unit (BL, 49 ppm), alternating sequence
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Table 5. Norbornene/Ethylene Reactivity Ratios
for Various Metallocene and MMAO Cocatalyst

catalysts N 7E "NTE
iPr(FluCp)ZrCl, 0.01 2.7 0.03

Me,Si(Ind),ZrCl, 0.02 43 0.09
Me,Si(Cp),ZrCl, 0.13 0.3 0.04
CGC 0.00 7.1 0.00
Polymerization conditions: [Zr]=19x 1073 mol/L. [Al}/[Z]=
3000, 40 C, latm, 1 h.

unit (ALT, 48 ppm), isolated sequence unit (ISO,
47ppm) S0z FEE F AADE glojas] 4
tigtes 73 7 Bde E¥E AMSE Zuf x|
oja} g3tttk &, N gafo] vl FF @A (Figure
29] a9} b)ell olA, rac-Et(Ind),ZrCl,2 €&
2289 BLL 62%, ALTE 724%, ISO&=
21.3% ¢ 232 7N, iPr(FluCp)ZrCl,e] 7 9o
= z}z} 56%, 35.7%, 58.7%°] £E¥E jiepir)
3 CGC2 A zslo] N3] ¥ 38 (Fig-
ure 29| c)= Z7t 0%, 37.9%, 62.1%29 32 ¥
ZE 7KK AU

uRAM|: 2o 70 W& E<} Nof o= o8
Aulg sl Table 591 vehi .

Table 5alA & F AFo] AHSE Fujo] 7z
BAIglel el nBEY o =ZA Jeten, o
A& Eo] whgAlo] Noj| vl&] =zl A& ofvldix
ok 2ed, 93@ [NJ/[E] 33uldA te &
vjo] ula] AFoz ¥ N &3¢ HAHY MeSi-
(Cp),ZrCl,e} ZALdl= ol 0.1322 Noj| tigh gt
Ao Ay oz gt whAd CGCEujq] U
M nol A9 0d 7178), E9l No| ndl 358
o % f2d E4L Yo

2N Px: A4 FEEA S AA dig A
RARE A1 yge-Et(Ind),ZrClLg @& FFA
o] XRDZ#AE &3R8} Figure 39 JeERiddh
[N]=29mol% gl FFgAe Asde 26=215,
23.9°dlA Ee] ARG og mlojart AU
on, gjo|ze] AHu|2 7§ A o} 12%9 2F
s=rt dojFch a2y N o] F7Hg met E
o] ARG o3 Folart AlA ARB FF?
A7t v Z2AHAALL EAE £ Ut oS AP
DSCdl o3 84 AFdAxz & F# A}t F

Eol A248 A435 2000 7€

2 J L4
0 10 20 30
Degree (2 6)
Figure 3. X-ray diffractogram of ethylene/norborne-
ne copolymer made with rac-Et(Ind);ZrCl, and
MMAO cocatalyst; [N] (mol%)=(a) 29, (b) 42, (c) 47,
and {(d) 59.

@e N gadel 33 olMe E Akes) vlAl
AR 4% T,& 1250 CAA BA F Aot
4 Hyol vi¢ @steh. 2eiu, N #ao] 59 mol% <l
FFPAE 26=11.3"9 AAAA N & o
sjo]Z7H? vtebkot, slolae] Fest HWel 23
of 9@ slojaz ¥ & Yon* Busn glod,
T DSCo] ZFUAAME o ol T, &g
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