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Discovery and development of metallocene-based 
polyolefins with special properties 
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ABSTRACT

%esLGe =LeJler�NaWWa anG PKLllLSs FaWalysWs WKe GeYeloSPenW oI PeWKylaluPLno[ane (0$2) as FoFaWalysW Ln 
FoPELnaWLon ZLWK PeWalloFenes or oWKer WransLWLon PeWal FoPSle[es Ior WKe SolyPerL]aWLon oI olefins Kas 

w i de l y i nc r e a s e d t he  pos s i bi l i t i e s  i n c on t r ol l i ng t he  pol ym e r  c om pos i t i on, pol ym e r  s t r uc t ur e , t a c t i c i t y a nd s pe c i a l   
SroSerWLes ZLWK KLJK SreFLsLon. 7Kese FaWalysWs alloZ WKe synWKesLs oI LsoWaFWLF, LsoEloFN, synGLoWaFWLF, sWereoEloFN 
or aWaFWLF SolyPers, as Zell as Solyolefin FoPSosLWe PaWerLals ZLWK suSerLor SroSerWLes suFK as filP FlarLWy, WensLle 
sWrenJWK anG loZer FonWenW oI e[WraFWaEles. 0eWalloFene anG oWKer sLnJle sLWe FaWalysWs are aEle Wo FoSolyPerL]e 
e t he ne  a nd  pr ope n e  w i t h s hor t  a nd l ong c ha i ne d a�olefins, FyFlLF olefins, or Solar YLnyl PonoPers suFK as eWKers, 
alFoKols or esWers, esSeFLally, LI WKe Solar PonoPers are SroWeFWeG Ey aluPLnuP alNyls. 'LIIerenW YLnyl eWKers 
suFK as YLnyl�eWKyl eWKer, YLnyl�SroSyl eWKer, YLnyl�Ke[yl eWKer, anG 2,��oFWaGLenyl PeWKyl eWKer (02'() Zere 
FoSolyPerL]eG ZLWK olefins usLnJ WrLLsoEuWyl aluPLnuP as SroWeFWLnJ aJenWs. Polar PonoPers FoulG Ee LnForSoraWeG 
LnWo WKe SolyPer FKaLn Ey uS Wo 1� Pol�. 6uFK FoSolyPers sKoZ EeWWer  Jas EarrLer anG surIaFe SroSerWLes, as 
Zell as solYenW resLsWanFe anG WKey are suLWaEle Ior ElenGs oI Solyolefins ZLWK SolyeWKers anG oWKer Solar SolyPers 
EeFause oI an e[FellenW aGKesLon oI WKe WZo SolyPers. Polyolefins J (2015) 2: 1-16
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INTRODUCTION
,n FoPSarLson Wo =LeJler�NaWWa sysWePs, PeWalloFene 
FaWalysWs are soluEle Ln KyGroFarEons� sKoZ only one 
t ype  of  a c t i ve  s i t e  a nd t he i r  c he m i c a l  s t r uc t ur e  c a n be  
easLly FKanJeG. 7Kese TualLWLes ZoulG alloZ Wo SreGLFW 
WKe SroSerWLes oI WKe resulWLnJ Solyolefins aFFuraWely Ey 
know i ng t he  s t r uc t ur e  of  t he  m e t a l l oc e ne s  us e d dur -
i ng t he i r  s ynt he t i c  pr oc e s s  a nd t o c ont r ol  t he  r e s ul t i ng 
m ol e c ul a r  w e i g ht  a nd di s t r i but i on, c om onom e r  c ont e nt  
a nd t a c t i c i t y by s e l e c t i on of  t he  a ppr opr i a t e  r e a c t or  

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID5eFeLYeG� 2� 6eSWePEer 201�, $FFeSWeG� 1� NoYePEer 201�

Arch
ive

 of
 SID5eFeLYeG� 2� 6eSWePEer 201�, $FFeSWeG� 1� NoYePEer 201�

esLGe =LeJler�NaWWa anG PKLllLSs FaWalysWs WKe GeYeloSPenW oI PeWKylaluPLno[ane (0$2) as FoFaWalysW Ln 

Arch
ive

 of
 SID

esLGe =LeJler�NaWWa anG PKLllLSs FaWalysWs WKe GeYeloSPenW oI PeWKylaluPLno[ane (0$2) as FoFaWalysW Ln 
FoPELnaWLon ZLWK PeWalloFenes or oWKer WransLWLon PeWal FoPSle[es Ior WKe SolyPerL]aWLon oI olefins Kas 

Arch
ive

 of
 SID

FoPELnaWLon ZLWK PeWalloFenes or oWKer WransLWLon PeWal FoPSle[es Ior WKe SolyPerL]aWLon oI olefins Kas 
w i de l y i nc r e a s e d t he  pos s i bi l i t i e s  i n c on t r ol l i ng t he  pol ym e r  c om pos i t i on, pol ym e r  s t r uc t ur e , t a c t i c i t y a nd s pe c i a l   

Arch
ive

 of
 SID

w i de l y i nc r e a s e d t he  pos s i bi l i t i e s  i n c on t r ol l i ng t he  pol ym e r  c om pos i t i on, pol ym e r  s t r uc t ur e , t a c t i c i t y a nd s pe c i a l   
SroSerWLes ZLWK KLJK SreFLsLon. 7Kese FaWalysWs alloZ WKe synWKesLs oI LsoWaFWLF, LsoEloFN, synGLoWaFWLF, sWereoEloFN 

Arch
ive

 of
 SID

SroSerWLes ZLWK KLJK SreFLsLon. 7Kese FaWalysWs alloZ WKe synWKesLs oI LsoWaFWLF, LsoEloFN, synGLoWaFWLF, sWereoEloFN 
or aWaFWLF SolyPers, as Zell as Solyolefin FoPSosLWe PaWerLals ZLWK suSerLor SroSerWLes suFK as filP FlarLWy, WensLle 

Arch
ive

 of
 SID

or aWaFWLF SolyPers, as Zell as Solyolefin FoPSosLWe PaWerLals ZLWK suSerLor SroSerWLes suFK as filP FlarLWy, WensLle 
sWrenJWK anG loZer FonWenW oI e[WraFWaEles. 0eWalloFene anG oWKer sLnJle sLWe FaWalysWs are aEle Wo FoSolyPerL]e 

Arch
ive

 of
 SID

sWrenJWK anG loZer FonWenW oI e[WraFWaEles. 0eWalloFene anG oWKer sLnJle sLWe FaWalysWs are aEle Wo FoSolyPerL]e 
e t he ne  a nd  pr ope n e  w i t h s hor t  a nd l ong c ha i ne d 

Arch
ive

 of
 SID

e t he ne  a nd  pr ope n e  w i t h s hor t  a nd l ong c ha i ne d a

Arch
ive

 of
 SID

a�olefins, FyFlLF olefins, or Solar YLnyl PonoPers suFK as eWKers, 

Arch
ive

 of
 SID

�olefins, FyFlLF olefins, or Solar YLnyl PonoPers suFK as eWKers, 
alFoKols or esWers, esSeFLally, LI WKe Solar PonoPers are SroWeFWeG Ey aluPLnuP alNyls. 'LIIerenW YLnyl eWKers 

Arch
ive

 of
 SID

alFoKols or esWers, esSeFLally, LI WKe Solar PonoPers are SroWeFWeG Ey aluPLnuP alNyls. 'LIIerenW YLnyl eWKers 
suFK as YLnyl�eWKyl eWKer, YLnyl�SroSyl eWKer, YLnyl�Ke[yl eWKer, anG 2,��oFWaGLenyl PeWKyl eWKer (02'() Zere 

Arch
ive

 of
 SID

suFK as YLnyl�eWKyl eWKer, YLnyl�SroSyl eWKer, YLnyl�Ke[yl eWKer, anG 2,��oFWaGLenyl PeWKyl eWKer (02'() Zere 
FoSolyPerL]eG ZLWK olefins usLnJ WrLLsoEuWyl aluPLnuP as SroWeFWLnJ aJenWs. Polar PonoPers FoulG Ee LnForSoraWeG 

Arch
ive

 of
 SID

FoSolyPerL]eG ZLWK olefins usLnJ WrLLsoEuWyl aluPLnuP as SroWeFWLnJ aJenWs. Polar PonoPers FoulG Ee LnForSoraWeG 
LnWo WKe SolyPer FKaLn Ey uS Wo 1� Pol�. 6uFK FoSolyPers sKoZ EeWWer  Jas EarrLer anG surIaFe SroSerWLes, as 

Arch
ive

 of
 SID

LnWo WKe SolyPer FKaLn Ey uS Wo 1� Pol�. 6uFK FoSolyPers sKoZ EeWWer  Jas EarrLer anG surIaFe SroSerWLes, as 
Zell as solYenW resLsWanFe anG WKey are suLWaEle Ior ElenGs oI Solyolefins ZLWK SolyeWKers anG oWKer Solar SolyPers 

Arch
ive

 of
 SID

Zell as solYenW resLsWanFe anG WKey are suLWaEle Ior ElenGs oI Solyolefins ZLWK SolyeWKers anG oWKer Solar SolyPers 
EeFause oI an e[FellenW aGKesLon oI WKe WZo SolyPers. 

Arch
ive

 of
 SID

EeFause oI an e[FellenW aGKesLon oI WKe WZo SolyPers. 

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

PeWKylaluPLno[ane� PeWalloFene FaWalysWs� olefin FoSolyPerL]aWLon� Solar PonoPers� YLnyl eWKers 

Arch
ive

 of
 SID

PeWKylaluPLno[ane� PeWalloFene FaWalysWs� olefin FoSolyPerL]aWLon� Solar PonoPers� YLnyl eWKers 

www.SID.ir



K a m i ns ky W . a nd F e r na nde s  M .

2Polyolefins Journal, Vol. 2, No. 1 (2015)

IPPI

FonGLWLons. ,n aGGLWLon, WKeLr FaWalyWLF aFWLYLWy Ls aEouW 
100 WLPes KLJKer WKan WKe FlassLFal =LeJler�NaWWa sys-
WePs. 0eWalloFenes Ln FoPELnaWLon ZLWK FonYenWLonal 
a l um i num  a l kyl  c o c a t a l ys t s ,  a r e  i nde e d c a pa bl e  of  
SolyPerL]LnJ eWKene, EuW only aW a Yery loZ aFWLYLWy. 
W i t h t he  di s c ove r y a nd a ppl i c a t i on of  m e t hyl a l um i -
no[ane (0$2) LW Zas SossLEle Wo enKanFe WKe aFWLYLWy, 
surSrLsLnJly, Ey a IaFWor oI 10,000. 7KereIore, 0$2 
pl a ys  a  c r uc i a l  pa r t  i n t he  c a t a l ys i s  w i t h m e t a l l oc e ne s  
>1@. 

7Ke GLsFoYery oI 0$2 Kas Eeen Pore or less an  
aFFLGenW. ,n WKe ,nsWLWuWe oI 7eFKnLFal anG 0aFroPo-
leFular &KePLsWry aW WKe 8nLYersLWy oI +aPEurJ Ze 
ha ve  be e n i nve s t i ga t i ng on s i de  r e a c t i ons , e s pe c i a l l y 
WKe KyGroJen WransIer Ln KoPoJeneous =LeJler�NaWWa 
sysWePs >2@. 7o loZer WKe reGuFWLon raWe oI WKe WLWa-
ni um  s ys t e m , w e  ha v e  be e n i n ve s t i ga t i ng on t he  r e a c -
t i on be t w e e n bi s c yc l ope nt a di e nyl - t i t a ni um  di m e t hyl  
a nd t r i m e t hyl a l um i num , i ns t e a d of  a  t i t a ni um - di e t hyl  
a nd t r i e t hya l um i num  c ont a i n i ng s ys t e m   m a i nl y by 
N05 analysLs aW loZ WePSeraWures. 7Ke IorPaWLon oI 
neZ &+2- br i dge d t i t a ni um  a l um i num  c om pl e xe s  i s  
obs e r ve d by a  s l ow  a�KyGroJen WransIer ((TuaWLon 1). 

(1 )
C p 27L(&+�)2 � $l(&+�)� ĺ &S2(&+�)7L�&+2�$l(&+�)2 � &+�

7KLs sloZ reaFWLon anG WKe FoPSle[aWLon Ey eWKene 
Kas Eeen analy]eG Ey N05 PeasurePenWs, WKaW WKere 
Ls no reGuFWLon oI WLWanLuP (,V) anG no SolyPerL]a-
WLon WaNe SlaFe. ,n an LnFLGenW Ln 1��5 WKe unLnWen-
WLonal FonGensaWLon oI ZaWer LnWo WKe N05 WuEe leG 
Wo WKe asWonLsKLnJ IorPaWLon oI SolyeWKylene >�@. 7KLs 
une[SeFWeG oEserYaWLon FonfirPeG Ln a larJer sFale  
e[SerLPenW Ln a 1 / auWoFlaYe >�@. 0ore GeWaLls oI WKLs 
GLsFoYery Fan Ee IounG Ln SuElLsKeG reSorWs >5, �@. 7Ke 
SolyPerL]aWLon raWe Ln a KaloJen Iree &S27L(&+�)2�
$l(&+�)� �+22�FaWalysW reaFKeG a Pa[LPuP, ZKen a 
KLJK aPounW oI ZaWer ZLWK LWs Pa[LPuP raWLo oI 1�1 
ZLWK WrLPeWKylaluPLnuP Zas aGGeG. ,W Zas Flear WKaW 
WrLPeWKyaluPLnuP (70$) reaFWeG raSLGly ZLWK ZaWer 
Ln Woluene. 7Ke ne[W sWeS Zas WKereIore Wo LsolaWe WKe 
SroGuFW, IorPeG Ln a 1�1 PL[Wure oI ZaWer anG WrLPeWK-
ylaluPLnuP Ln solYenWs, Ln orGer Wo aYoLG e[SlosLons. 
7Ke Jeneral reaFWLon IolloZeG as Ln (TuaWLon 2. 
 

(2)
n+22 � (n � 1) $l(&+�)� ĺ (+�&)2$l�>2±$l&+�] n  ±&+� � 2n &+�

$IWer 20 Kours, WKe reaFWLon PL[Wure Zas filWraWeG 
anG WKe solYenW eYaSoraWeG. 7Ke ZKLWe SoZGer oE-
WaLneG Zas GrLeG anG analy]eG. 7Ke FoPSounG Zas 
naPeG PeWKylaluPLno[ane. 0$2 Zas LnYesWLJaWeG 
Ey elePenWary analysLs, FryosFoSLF anG N05 Pea-
surePenWs, anG GeFoPSosLWLon ZLWK +&l. ,W Zas IounG 
WKaW 0$2 Zas a PL[Wure oI GLIIerenW olLJoPers, Ln-
FluGLnJ soPe rLnJ sWruFWures ()LJure 1). 

E ve n t oda y t he  e xa c t  s t r uc t ur e  i s  not  know n, be -
c a us e  t he r e  a r e  e qui l i br i a  w i t h t he  ol i gom e r s , c om -
pl e xa t i on of  t he  ol i gom e r s  t ow a r ds  e a c h ot he r  a nd 
WKe unreaFWeG 70$. 0$2 Ls a FoPSounG Ln ZKLFK 
a l um i num  a nd oxyge n a t om s  a r e  a r r a ng e d a l t e r na t e l y 
anG Iree YalenFes are saWuraWeG Ey PeWKyl suEsWLWuenWs. 
6Lnn >�@, (LlerWsen, 5yWWer, anG <sWenes >�@ anG oWKers 
FalFulaWeG a raWLo &+��$l   1.5 Ior 0$2.  

$s WKe aluPLnuP aWoPs Ln WKe unLW sWruFWures oI 
0$2 are FoorGLnaWLYely unsaWuraWeG, WKe unLWs MoLn 
WoJeWKer IorPLnJ FlusWers anG FaJes. 7Kese KaYe Po-
leFular ZeLJKWs IroP 1200 Wo 1�00, PeasureG Ey Fry-
osFoSy Ln Een]ene anG are soluEle Ln KyGroFarEons es-
SeFLally Ln aroPaWLF solYenWs. $ SroEaEle assoFLaWLon 
anG FaJe lLNe sWruFWure oI Iour >$l�2�0e 6 ]  un i t s  a r e  
sKoZn Ln )LJure 2. 

7Ke naWure oI WKe SolyPerL]aWLon aFWLYe sLWe oI 
PeWalloFene�0$2 FaWalysWs anG WKe role oI 0$2 are 
noW Iully unGersWooG. 2ne IunFWLon oI 0$2 Ls WKe 
a l kyl a t i on of  t he  m e t a l l oc e ne  c om pl e x i n c a s e  t ha t  a  
GLFKlorLGe Ls useG. 7Ke oWKer Ls WKe IorPaWLon oI an 
Lon�SaLr. 0arNs >�@, anG %oFKPann >10@, sKoZeG WKaW 
t he  a c t i vi t y of  m e t a l l oc e ne  c a t a l ys t s  de pe nds  on t he  
IorPaWLon oI FaWLonLF sSeFLes. 7oGay, PosW researFK 
JrouSs aJree ZLWK WKLs sWaWePenW. 7Ke EulNy 0$2 

Figure 1. Structures of cyclic and linear MAO, big balls:  
aluminium, small balls: oxygen, and methyl groups
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c l us t e r  t a ke s  a  c h l or i ne - a t om  or  a  m e t hyl - gr oup f r om  
t he  m e t a l l oc e n e  t og e t he r  w i t h a n e l e c t r on f or m i ng a  
FaWLonLF PeWalloFene anG an anLonLF 0$2 FoPSle[ 
((TuaWLon �)

C p 2=r(&+�)&l � 0$2 ĺ >&S2=r(&+�)@
+  � >0$2�&l@Ā   (�)

(ssenWLal Wo SolyPerL]aWLon aFWLYLWy ZoulG Ee WKe 
f or m a t i on of  bu l ky a ni ons  w i t h a  w e a k bondi n g t o t he  
PeWalloFene FaWLons. .noZLnJ WKaW WKe EulNy sWruFWure 
oI 0$2 FoulG Ee neFessary Ior WKe aFWLYaWLon oI PeWal-
l oc e ne  c a t a l ys t s , t he  bul ky a nd w e a kl y c oor di na t i ng 
FoFaWalysWs suFK as WrLs(SenWaÀuoroSKenyl)Eorane or 
orJanLF salWs oI WKe WeWraNLs (SenWaÀuoroSKenyl) EoraWe 
>(&6 )5)�%@Ā, anG aluPLnuP ÀuorLGes Zere LnWroGuFeG 
>�, 10@. :LWK WKese FoFaWalysWs a PeWalloFene�FoFaWa-
lysWs raWLo oI 1�1 Zas useG EuW only ZKen a KLJK e[Fess 
oI an aluPLnuP alNyl as sFaYenJer Zas SresenW.

7Ke Solyolefin LnGusWrLes KaYe useG 0$2 FonWaLn-
LnJ FaWalysWs Ln a larJe sFale. &urrenWly, FoPSanLes 
suFK as $lEerPale, $N]o, &KePWura, anG 0LWsuL Sro-
GuFe KunGreGs oI Wons oI 0$2 Ey reaFWLon oI ZaWer 
or  i c e  w i t h t r i m e t hyl a l um i num  a nd i n s om e  c a s e s  a dd 
oWKer aluPLnuP alNyls Wo LnFrease WKeLr soluELlLWy.

Homo-polyolefins
0eWalloFenes, esSeFLally ]LrFonoFenes anG also WLWano-

Fenes, KaInoFenes, anG 0$2 WreaWeG WransLWLon PeWal 
FoPSle[es are KLJKly aFWLYe Ior WKe SolyPerL]aWLon 
oI olefins, GLolefins, anG sWyrene anG KaYe PoWLYaWeG 
w or l dw i de  r e s e a r c h gr oups  t o t hous a n ds  of  pa t e nt s  
anG SuElLFaWLons Ln WKe lasW 20 years. $n oYerYLeZ Fan 
be  f ound i n s e l e c t e d r e vi e w  a r t i c l e s  a n d books  [ 1 1-
20@. ,W FoulG Ee sKoZn WKaW a soluEle FaWalysW, suFK 
a s  C p 2=r&l2�0$2 Ls aEle Wo SroGuFe SolyeWKylene 
w i t h hi gh m ol e c ul a r  w e i ght s  a nd a  na r r ow  m ol e c ul a r  
ZeLJKW GLsWrLEuWLon oI aSSro[LPaWely WZo. $ll aFWLYe  
s i t e s  a r e  s i m i l a r  a nd f or m  pol ym e r s  w i t h t he  s a m e   
aYeraJe FKaLn lenJWK (sLnJle sLWe FaWalysWs). 2nly WraFes 
oI loZ PoleFular ZeLJKW olLJoPers are IorPeG. =Lr-
c onoc e ne s  w i t h di f f e r e nt  s ym m e t r i e s  a nd s ubs t i t u -
WLons are sKoZn Ln )LJure �. 7Kere Ls a JreaW YarLeWy oI 
t he  s t r uc t ur e  of  m e t a l l oc e ne s , w hi c h c a n be  us e d f or  
WKe SolyPerL]aWLon. 7Ke FyFloSenWaGLenyl�, LnGenyl�, 
Àuorenyl� lLJanGs FoulG Ee KyGraWeG or suEsWLWuWeG 
Ey alNyl, aryl, PeWKo[y, sLlo[y or oWKer JrouSs. (WK-
aneGLyl (&2+�), GLPeWKylsLlanGLyl ((&+�)26L), or Lso-
SroSanGLyl ((&+�)2&) are PaLnly useG as LnWerannular 
ErLGJes EeWZeen WKe rLnJs >21@. &enWral PeWals FoulG 
Ee 7L, =r, +I. 6uFK anG sLPLlar PeWalloFenes are useG 
Ior WKe SolyPerL]aWLon oI eWKene, SroSene, anG oWKer 
olefins >22@.

Figure 2. a: Unit structure of MAO, b: cage formed by four 
linear unit structures with four and six- membered rings

Table 1. Comparison of ethene polymerization (a) with different  
metallocene/methylaluminoxane catalysts at same polymerization 
conditions

Metallocene(b) (Met) Activity [kg PE/
(mol Met×h×cE)]

Molecular 
weight (g/mol)

Cp2TiCl2
Cp2ZrCl2
Cp2HfCl2
Cp*2ZrCl2
En(IndH4)2]ZrCl2
[En(Ind)2]ZrCl2
[En(Ind)2]HfCl2
[En(2,4,7-Me3Ind)2]ZrCl2
[Me2Si(Ind)2]ZrCl2
[Ph2Si(Ind)2]ZrCl2
[Me2Si(2,4,7-Me3Ind)2]ZrCl2
[Me2Si(2Me-4Ph-Ind)2]ZrCl2
[Me2C(Ind)(Cp)]ZrCl2
[Ph2C(Ind)(Cp)]ZrCl2
[Me2C(Flu)(Cp)]ZrCl2
[Ph2C(Flu)(Cp)]ZrCl2
[Me2C(Flu)(Cp)]HfCl2

34200
60900
4200
1300
22200
12000
2900
78000
36900
20200
111900
16600
15500
3300
2000
2800
890

400000
620000
700000
1500000
1000000
350000
480000
190000
260000
320000
250000
730000
25000
18000
500000
630000
560000

(a) Ethene pressure = 2.5 bar, temperature. = 30°C, [metallocene] 
= 6,25x10-6 mol, metallocene/MAO = 250, solvent = toluene , (b) Cp 
= cyclopentadienyl, Me = methyl, Ind = indenyl, IndH4 = tetrahydro-
indenyl, En = C2H4, Flu = fluorenyl, NmCp = neomenthyl cyclopen-
tadienyl, Bz = benzyl 
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Polyethylenes
7aEle 1 FoPSares WKe SolyPerL]aWLon oI eWKene Ey seleFW-
eG PeWalloFene�PeWKylaluPLno[ane FaWalysWs >2�, 2�@.  

*enerally ]LrFonLuP FaWalysWs are Pore aFWLYe WKan 
KaInLuP or WLWanLuP sysWePs. (sSeFLally, WrLPeWKyl  
s u b s t i t u t e d  b i s i n d e n y l  s y s t e m s  s h o w  v e r y  h i g h  a c t i v i t i e s ,  
e xc e e di ng t hos e  of  s t e r i c a l l y  l e s s  hi nde r e d C p 2=r&l2.  
:Ken SenWaPeWKyl FyFloSenWa � GLenyl � ]LrFonLuP GL-

FKlorLGe (&S *
2=r&l2�0$2) Ls useG LnsWeaG oI &S2=-

r C l 2�0$2, a SolyeWKylene oI PuFK KLJKer PoleFular 
ZeLJKW, WKouJK a loZer aFWLYLWy Ls IorPeG. 7KLs Peans 
t ha t  c ha i n t r a ns f e r  r e a c t i ons  a r e  m uc h s l ow e r  i n t hi s  
suEsWLWuWeG ]LrFonoFene FoPSle[. 7Ke PoleFular 
w e i ght  of  m e t a l l oc e ne  pol ye t hyl e ne s  va r i e s  i n a  w i de  
ranJe EeWZeen 1� 000 anG 1.5 PLllLon anG Fan Ee eas-
i l y l ow e r e d by i nc r e a s i ng t he  t e m pe r a t ur e , r a i s i ng t he  

Figure 3. Zirconocenes with different symmetries suitable for the polymerization of  olefins
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PeWalloFene�eWKene raWLo, or Ey aGGLnJ sPall aPounWs 
oI KyGroJen (0.1�2 Pol�). 2WKer ]LrFonLuP FoP-
Sle[es KaYe lLnNeG aPLGoÀuorenyl lLJanGs >25@. 7Ke 
m o l e c ul a r  w e i ght  d i s t r i but i on c a n be  l ow e r e d dow n 
Wo 1.1 Ey lLYLnJ SolyPerL]aWLon usLnJ ELs(SKeno[y�
LPLne)WLWanLuP FoPSle[es (),�FaWalysWs) or oWKer KalI 
sanGZLFK FoPSle[es  >2�, 2�@.

)or an LnGusWrLal use LW Fan Ee neFessary Wo suSSorW 
WKe 0$2 FoFaWalysW on sLlLFa or aluPLna. 6LlLFa ZLWK a 
KLJK TuanWLWy oI 0$2, uS Wo �0 ZW�, Fan Ee oEWaLneG. 
In s uc h a  c a s e  a  he t e r oge ne o us  c a t a l ys t  i s  f or m e d by 
a d di ng t he  m e t a l l oc e ne , a dopt i ng t he  s a m e  t e c hni c a l  
SroFess as Ior KeWeroJeneous =LeJler�NaWWa FaWalysWs 
(GroS�Ln WeFKnoloJy) >2�@. %y WKLs SroFeGure a EeWWer 
pa r t i c l e  m or phol ogy c ont r ol  i s  pos s i bl e  a nd t he r e  i s  
less reaFWor ZallLnJ.

Polypropylenes
%y PeWalloFene�0$2 FaWalysWs LW Ls SossLEle Wo Sro-
du c e  di f f e r e nt  ki nds  of  m i c r os t r uc t ur e s  s uc h  a s  i s o -
t a c t i c , i s ob l oc k , s t e r e obl oc k, s yndi ot a c t i c , a nd a t a c t i c  
SolySroSylenes Ln KLJK SurLWy ()LJure �). ,W Zas sKoZn 
Ln 1��� WKaW ZLWK FKLral ansa�PeWalloFenes, firsWly Lso-
laWeG Ey %rLnW]LnJer >2�@, WKaW a KLJKly LsoWaFWLF Soly-
SroSylene Ln FoPELnaWLon ZLWK 0$2 Ln Woluene solu-
WLon >�0@ Zas SroGuFeG. 

,n 1��� (Zen, Jones, anG 5a]aYL >�1@ oEWaLneG Sure 
s yndi ot a c t i c  p ol ypr opyl e ne  us i ng a  C s - s ym m e t r i c   
>0e2&()lu)(&S)@=r&l2 c om pl e x w i t h a  br i dge d  
FyFloSenWaGLenyl anG a Àuorenyl rLnJ. 7KLs anG oWKer 

C s - s ym m e t r i c  m e t a l l oc e ne s  of f e r  t w o di f f e r e nt  bond -
i ng pos i t i ons  f or  t he  i ns e r t e d pr opyl e ne  a nd  f or m  a n  
alWernaWLnJ sWruFWure ZLWK PeWKyl JrouSs >�2@. 7Ke  
seleFWLYLWy Ln SroSene SolyPerL]aWLon Ls an LnWeresWLnJ 
WasN >��@.

,n 7aEle 2 FoPSarLsons are PaGe ZLWK WKe aFWLYL -
WLes oI WKe SroSene SolyPerL]aWLon Ey GLIIerenW PeWal-
loFene�0$2 FaWalysWs, WKe PoleFular ZeLJKWs, WKe 
i s ot a c t i c i t i e s  c a l c ul a t e d f r om  t he  1�&�N05 PeasureG 
PesoSenWaGes (PPPP), WKe PLFrosWruFWure, anG WKe 
PelWLnJ SoLnWs oI WKe oEWaLneG SolySroSylenes. 7Ke 
aFWLYLWLes Yary EeWZeen 1�0 anG 15000 NJ PP�Pol =r� h  
aW �0�& anG WKe PoleFular ZeLJKWs EeWZeen 2.000 
anG �50.000 J�Pol. +LJKesW LsoWaFWLFLWy oI �� � Zas 
oEWaLneG usLnJ >(n(2,�,��0e�,nG)2@=r&l2 a s  c a t a l ys t  

Figure 4. Microstructures of polypropylenes obtained by 
various metallocene catalysts ( hydrogen atoms of the back-
bone chain are not shown)

Table 2. Comparison of propene polymerization(a) with different metallocene/methylaluminoxane catalysts at same polymeriza-
tion conditions

Metallocene(b) Activity(c) Molecular weight 
(g/mol)

Isotactacticity 
mmmm (%) Microstructure(d) Melting point (°C)

Cp2ZrCl2
(NmCp)2ZrCl2
[En(Ind)2]ZrCl2
[En(Ind)2]HfCl2
[En(2,4,7Me3Ind)2]ZrCl2
[Me2Si(Ind)2]ZrCl2
[Ph2Si(Ind)2]ZrCl2
[Me2Si(2,4,7Me3Ind)2]ZrCl2
[Me2Si(2Me-4PhInd)2]ZrCl2
[Me2Si(2Me-4,5-BenzInd)2]ZrCl2
[Ph2C(Fluo)(Cp)]ZrCl2
[Me2C(Fluo)(Cp)]ZrCl2
[Me2C(Fluo)(Cp)]HfCl2
[Me2C(Fluo)(3-t-BuCp)]ZrCl2

140
170

1 690
610
750

1 940
2 160
3 800
15 000
6 100
1 980
1 550
130

1 045

2 000
3 000
32 000
446 000
418 000
79 000
90 000
192 000
650 000
380 000
729 000
159 000
750 000
52 000

7
23
91
85

>99
96
96
95
99
98
0.4
0.6
0.7
89

a
sb
i
ib
i
i
i
i
i
i
s
s
s
ib

−
118
136
126
162
148
136
155
160
157
141
138
138
130

(a) Propene pressure = 2 bar; temperature = 30°C; metallocene = 6.25x10-6 mol, metallocene/MAO = 250; solvent = 200 mL toluene; (b) Cp = 
cyclopentadienyl; Nm = neomenthyl; Ind = indenyl; En = C2H4; BenzInd = benzoindenyl; Flu = fluorenyl; (c) in kg PP/(mol Zr/Hf.h.concentration 
of propene; (d) a =  atactic; i = isotactic; s = syndiotactic; sb = stereoblock; ib = isoblock

Arch
ive

 of
 SID

�PeWalloFenes, firsWly Lso

Arch
ive

 of
 SID

�PeWalloFenes, firsWly Lso -

Arch
ive

 of
 SID

-
laWeG Ey %rLnW]LnJer >2�@, WKaW a KLJKly LsoWaFWLF Soly

Arch
ive

 of
 SID

laWeG Ey %rLnW]LnJer >2�@, WKaW a KLJKly LsoWaFWLF Soly -

Arch
ive

 of
 SID

-
SroSylene Ln FoPELnaWLon ZLWK 0$2 Ln Woluene solu

Arch
ive

 of
 SID

SroSylene Ln FoPELnaWLon ZLWK 0$2 Ln Woluene solu-

Arch
ive

 of
 SID

-

,n 1��� (Zen, Jones, anG 5a]aYL >�1@ oEWaLneG Sure 

Arch
ive

 of
 SID

,n 1��� (Zen, Jones, anG 5a]aYL >�1@ oEWaLneG Sure 
s yndi ot a c t i c  p ol ypr opyl e ne  us i ng a  C s - s ym m e t r i c  

Arch
ive

 of
 SID

s yndi ot a c t i c  p ol ypr opyl e ne  us i ng a  C s - s ym m e t r i c  
 c om pl e x w i t h a  br i dge d 

Arch
ive

 of
 SID

 c om pl e x w i t h a  br i dge d 
FyFloSenWaGLenyl anG a Àuorenyl rLnJ. 7KLs anG oWKer 

Arch
ive

 of
 SID

FyFloSenWaGLenyl anG a Àuorenyl rLnJ. 7KLs anG oWKer 

- s ym m e t r i c  m e t a l l oc e ne s  of f e r  t w o di f f e r e nt  bond

Arch
ive

 of
 SID- s ym m e t r i c  m e t a l l oc e ne s  of f e r  t w o di f f e r e nt  bond

i ng pos i t i ons  f or  t he  i ns e r t e d pr opyl e ne  a nd  f or m  a n 

Arch
ive

 of
 SIDi ng pos i t i ons  f or  t he  i ns e r t e d pr opyl e ne  a nd  f or m  a n 

alWernaWLnJ sWruFWure ZLWK PeWKyl JrouSs >�2@. 7Ke 

Arch
ive

 of
 SIDalWernaWLnJ sWruFWure ZLWK PeWKyl JrouSs >�2@. 7Ke 

seleFWLYLWy Ln SroSene SolyPerL]aWLon Ls an LnWeresWLnJ 

Arch
ive

 of
 SID

seleFWLYLWy Ln SroSene SolyPerL]aWLon Ls an LnWeresWLnJ 
WasN >��@.

Arch
ive

 of
 SID

WasN >��@.
,n 7aEle 2 FoPSarLsons are PaGe ZLWK WKe aFWLYL

Arch
ive

 of
 SID

,n 7aEle 2 FoPSarLsons are PaGe ZLWK WKe aFWLYL
WLes oI WKe SroSene SolyPerL]aWLon Ey GLIIerenW PeWal

Arch
ive

 of
 SID

WLes oI WKe SroSene SolyPerL]aWLon Ey GLIIerenW PeWal
loFene�0$2 FaWalysWs, WKe PoleFular ZeLJKWs, WKe 

Arch
ive

 of
 SID

loFene�0$2 FaWalysWs, WKe PoleFular ZeLJKWs, WKe 
i s ot a c t i c i t i e s  c a l c ul a t e d f r om  t he  

Arch
ive

 of
 SID

i s ot a c t i c i t i e s  c a l c ul a t e d f r om  t he  
PesoSenWaGes (PPPP), WKe PLFrosWruFWure, anG WKe 

Arch
ive

 of
 SID

PesoSenWaGes (PPPP), WKe PLFrosWruFWure, anG WKe 
PelWLnJ SoLnWs oI WKe oEWaLneG SolySroSylenes. 7Ke 

Arch
ive

 of
 SID

PelWLnJ SoLnWs oI WKe oEWaLneG SolySroSylenes. 7Ke 

. Microstructures of polypropylenes obtained by 

Arch
ive

 of
 SID

. Microstructures of polypropylenes obtained by 
various metallocene catalysts ( hydrogen atoms of the back

Arch
ive

 of
 SID

various metallocene catalysts ( hydrogen atoms of the back
bone chain are not shown)

Arch
ive

 of
 SID

bone chain are not shown)

. Comparison of propene polymerization

Arch
ive

 of
 SID

. Comparison of propene polymerization(a)

Arch
ive

 of
 SID

(a) with different metallocene/methylaluminoxane catalysts at same polymeriza

Arch
ive

 of
 SID

 with different metallocene/methylaluminoxane catalysts at same polymeriza

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

Arch
ive

 of
 SID

ActivityArch
ive

 of
 SID

Activity

www.SID.ir



K a m i ns ky W . a nd F e r na nde s  M .

6Polyolefins Journal, Vol. 2, No. 1 (2015)

IPPI

FoPSonenW. Non�FKLral ansa- m e t a l l oc e ne s  s uc h  a s   
>(&+�)26L()lu)2@=r&l2 ()LJure �) SroGuFe aWaFWLF Soly-
SroSylene. 

Polyolefin nanocomposites
Polyolefin nanoFoPSosLWes are oI JreaW LnWeresW Ee-
c a us e  of  t he i r  hi gh pot e nt i a l  a s  m a t e r i a l s  w i t h n ove l  
SroSerWLes >��@. 7Ke SroSerWLes oI WKe nanoFoPSos-
LWes are noW only LnÀuenFeG Ey WKe NLnG oI fillers EuW 
also Ey WKe PLFrosWruFWure oI WKe Solyolefins anG WKe 
SreSaraWLon SroFess. 0eWalloFene FaWalysWs are soluEle 
i n hydr oc a r bons  a nd c a n be  a ds or be d or  a nc hor e d on 
WKe surIaFe oI WKe nanofillers suFK as SarWLFles, fiEers, 
layereG sLlLFa, FarEon nanofiEer (&N)), PulWL�ZalleG 
FarEon nanoWuEes (0:&N7), FKanJLnJ WKe surIaFe Wo 
a KyGroSKoELF one >�5, ��@. 7Ke 0$2 reaFWs, Ior e[-
aPSle, ZLWK WKe 2+�JrouSs oI sLlLFa or ZLWK FarEo[y 
JrouSs oI o[LGL]eG FarEon nanoWuEes or Ls SKysLFally 
aEsorEeG aW WKe surIaFe ()LJure 5). 0eWKane Ls IorPeG 
Ey WKe FKePLFal reaFWLon oI 0$2 ZLWK Solar JrouSs.                                                               

([Fess 0$2 Ls ZasKeG ouW. ,n a seFonG sWeS, WKe  
m e t a l l oc e ne  i s  a dd e d f or m i ng c a t a l yt i c a l l y a c t i ve   
SolyPerL]aWLon sLWes on WKe nanosurIaFe. 7Ke WKLFNness 
oI WKe SolyPer filPs, IorPeG Ey aGGLWLon oI eWKene or 
SroSene, GeSenGs on WKe SolyPerL]aWLon FonGLWLons, 
esSeFLally WKe SolyPerL]aWLon WLPe, WKe NLnG oI PeWal-
loFene FaWalysW, anG WKe Sressure oI WKe PonoPer. 7Ke 
Ln�sLWu SolyPerL]aWLon leaGs Wo FoPSosLWe PaWerLals 
ZKere WKe SarWLFles or fiEers are LnWensLYely FoYereG 
ZLWK WKe SolyPer.

7Ke FoPSosLWe PaWerLals sKoZ, Ior e[aPSle, an 
i m pr ove d s t i f f ne s s  w i t h a  ne gl i gi bl e  l o s s  of  i m pa c t  
sWrenJWK, KLJK Jas EarrLer SroSerWLes, sLJnLfiFanW ÀaPe 
r e t a r da nt , be t t e r  c l a r i t y , a nd g l os s  a s  w e l l  a s  hi gh c r ys -
WallL]aWLon raWes. (Yen loZ nanoSarWLFle FonWenWs are 

alreaGy suIfiFLenW Wo oEWaLn neZ or PoGLfieG PaWerLal 
FKaraFWerLsWLFs, esSeFLally a IasWer FrysWallL]aWLon raWe 
anG a KLJKer FrysWallL]aWLon WePSeraWure.

&arEon nanofiEers (&N)) or PulWLZalleG FarEon 
nanoWuEes (0:&N7) are an esSeFLally aWWraFWLYe 
Flass oI fillers Ior SolyPers EeFause oI WKeLr LnWrLJuLnJ 
PeFKanLFal anG WKerPal SroSerWLes >��@. 

0ulWL�ZalleG FarEon nanoWuEes (0:&N7) Zere 
sonLFaWeG Ln a Woluene susSensLon, WreaWeG Ey 0$2 
sWLrreG Ior 2� Kours, filWraWeG, anG ZasKeG ZLWK KoW 
Woluene >��@. $IWer aGGLnJ WKe FKLral ansa�]LrFonoFene 
>(&+�)26L(2�&+����NaS�,nG)2@=r&l2 a nd pr ope ne , i s o -
WaFWLF KLJK PoleFular ZeLJKW SolySroSylene LPP�0:-
&N7 FoPSosLWes ZLWK 0.� ± 50 ZW� filler FonWenW Zere 
oEWaLneG. 7Ke PoleFular ZeLJKWs oI WKe SolySroSylene 
PaWrL[ Ln WKe nanoFoPSosLWes Zere Ln WKe ranJe oI 0 w  
  1,200,000 ± 1,�00,000. 7Ke SolyPerL]aWLon aFWLYLWy 
reaFKeG 5000 NJ PP�Pol =r.K.>SroSene@. ,W Zas LnGe-
SenGenW oI WKe filler FonWenW. $s e[SeFWeG Ior Ln�sLWu 
SolyPerL]aWLon, WKe SolyPer JreZ GLreFWly on WKe fiEer 
surIaFe anG FoYereG WKeP ZLWK a WKLn PP layer. 7Ke 
dr i e d pol ypr opyl e ne  na noc om pos i t e s  w e r e  ob t a i ne d 
Ln SoZGer IorP. %y lonJer SolyPerL]aWLon WLPes, 
WKe WKLFNness oI WKe Solyolefin FoYerLnJ WKe fiEer Ln-
FreaseG. 7Ke fiEer�0$2�]LrFonoFene sysWeP ZorNeG 
lLNe a suSSorWeG FaWalysW. )Lller FonWenWs EeWZeen 0.5 
uS Wo 50 ZW� Zere SossLEle. 

 7Ke PorSKoloJy oI WKe LsoWaFWLF PP�&N) nanoFoP-
pos i t e s  w a s  i nve s t i ga t e d by us i ng t r a ns m i s s i on  e l e c -
Wron PLFrosFoSy (7(0). ,W Fan Ee seen IroP )LJure 
� WKaW WKe nanoWuEes are FoaWeG Ey a WKLn filP oI LPP. 
7Ke GLaPeWer oI WKe 0:&N7 useG (aEouW 20 layers) Ls 
20nP anG WKe WKLFNness oI WKe LPP FoaW Ls aEouW �nP. 
E ve n t he  l oos e  ne t w or k of  pol ym e r  l a ye r e d na not ube s  
on t he  l ow e r  l e f t  s i de , w hi c h a r e  pa r t i a l l y c ongl om e r -

Figure 5. Formation of polymerization active sites by ab-
sorption of MAO on oxidized multiwall carbon nanotubes 
(MWCNT) followed by adding a zirconocene

Figure 6. TEM micrographs of a MWCNT composite pre-
pared by in-situ polymerization covered by iPP (left), top of a 
nanotube/iPP composite by higher resolution (right)
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a t e d by PP but  s t i l l  m os t l y s e pa r a t e d f r om  e a c h ot he r  
i s  pe r m e a t e d w i t h pol ym e r  a nd s e e m s  t o be  w i de ni ng 
Ey WKe JroZWK oI WKe SolyPer FKaLns. 

7Ke PaLn aGYanWaJe oI &N) or 0:&N7 filleG PP Ls 
WKe FKanJe oI PeFKanLFal SroSerWLes. +LJK PoleFular 
ZeLJKW LsoWaFWLF SolySroSylene filleG ZLWK 0:&N7 Ls 
an e[FeSWLonally sWronJ FoPSosLWe PaWerLal. 7Ke Wen-
sLle sWrenJWK oI a FoPSosLWe filP LnFreases Ey 20 � LI  
only 1 ZW� oI 0:&N7 Ls LnForSoraWeG EuW also WKe 
IorP sWaELlLWy anG WKe FrysWallL]aWLon raWe IroP a PelW 
i nc r e a s e  s t r ongl y a nd m a ke  t hi s  c om pos i t e  m a t e r i a l  
s ui t a bl e  f or  ne w  a ppl i c a t i ons  s uc h a s  i n t he  a ut om o -
WLYe SlasWLF LnGusWrLes >��@.

Copolymers
0eWalloFene�0$2 FaWalysWs are noW only suLWaEle Ior 
WKe KoPoSolyPerL]aWLon oI eWKene anG SroSene EuW 
also Ior FoSolyPerL]aWLon ZLWK GLIIerenW FoPonoPers 
>25, �0, �1@. &oSolyPers ZLWK neZ PLFrosWruFWures 
anG SroSerWLes are�

eWKene ± SroSene   ((P) 
eWKene ± SroSene, GLene   ((P'0)) 
eWKene ± 1�EuWene, Ke[ene  (//'P() 
eWKene ± 1�oFWene   (//'P() 
eWKene ± 1,5�Ke[aGLene   (elasWoPer)
eWKene ± FyFloSenWene   (&2&) 
eWKene ± norEornene   (&2&)
eWKene ± 1,��EuWaGLene   (elasWoPer)
eWKene ± sWyrene    (elasWoPer)

(P, (P'0 (eWKene SroSene GLene PonoPers), //-
'P( (lLnear loZ GensLWy SolyeWKylene) are oI KLJK Ln-
WeresW Ior SolyPer LnGusWrLes. $ll FoSolyPers SroGuFeG 
Ey PeWalloFene FaWalysWs are FKaraFWerL]eG Ey a narroZ 
PoleFular ZeLJKW GLsWrLEuWLon oI 2 anG a unLIorP PL-
FrosWruFWure. :KLle WKe FoPonoPers are GLsWrLEuWeG 
r a n dom l y i n t he  pol ym e r  c ha i n, onl y l ow  a m ou nt s  a r e  
ne e de d t o de c r e a s e  t he  de ns i t y a nd t he  m e l t i n g poi nt  
oI eWKene FoSolyPers. 7Ke loZ aPounW oI olLJoPers 
FoPSareG Wo FoSolyPers SroGuFeG Ey =LeJler�NaWWa 
c a t a l ys t s  i s  r e s pons i bl e  f or  a  hi gh t e ns i l e  s t r e ngt h 
anG oWKer PeFKanLFal SroSerWLes oI WKe oEWaLneG //-
'P(. 0eFKanLFal SroSerWLes Fan Ee LnFreaseG LI WKere 
are soPe lonJ FKaLn EranFKes Ln WKe SolyPer FKaLn. 
/onJ�FKaLn EranFKeG SolyeWKylenes Fan Ee oEWaLneG 
Ey FoSolyPerL]aWLon oI eWKene ZLWK eWKene olLJoPers 
Ey WanGeP SolyPerL]aWLon Ln one sWeS >�2@ or ZLWK 
eWKene�SroSene olLJoPers Ln WZo sWeSs >��@. ,n WKe 

l a s t  c a s e  t he r e  a r e  obt a i ne d pol ym e r s  w i t h c r ys t a l l i ne  
SolyeWKylene EaFNEone FKaLns anG aPorSKLF eWKene�
SroSene FoSolyPer sLGe FKaLns.   

)LJure � sKoZs a sFKePe Ior WKe SreSaraWLon oI 
l ong- c ha i n br a nc he d pol ye t hyl e ne  by u s i ng t w o di f -
IerenW PeWalloFene FaWalysWs Ln WZo sWeSs. ,n a firsW 
sWeS eWKene�SroSene PaFroPers Zere SroGuFeG Ey 
a >(&5(&+�)5] 2=r&l2�0$2  FaWalysW ZLWK PoleFu-
lar ZeLJKWs oI � 000 Wo 25 000 J.Pol- 1  (6WeS $). 7Ke 
SroSene FonWenW YarLeG IroP 1� Wo 2� ZW�. 7Ke PaF-
r om e r s  obt a i ne d w e r e  a m or phi c , s ol ub l e  i n t ol ue ne , 
anG sKoZ a KLJK FonWenW oI YLnyl enG�JrouSs. ,n WKe 
IolloZLnJ FoSolyPerL]aWLon oI WKe eWKene�SroSene 
m a c r om e r s  w i t h e t he ne , a  di f f e r e nt  m e t a l l oc e ne  
[ Ph 2&(2,��GL�WerW�%u2)lu)(&S)@=r&l2 w a s  us e d t o c a t a -
ly]e WKe FoSolyPerL]aWLon (6WeS %). 6Pall aPounWs oI 
hydr oge n w e r e  a dde d t o r e duc e  t he  m ol e c ul a r  w e i ght  
Ior easLer rKeoloJLFal PeasurePenWs.

%y WKe FoSolyPerL]aWLon oI FyFlLF olefins suFK as 
c yc l ope nt e ne  or  nor bor ne ne  w i t h e t he ne  a nd ot he r  
a�olefins are oEWaLneG FyFloolefin FoSolyPers (&2&) 
r e pr e s e nt i ng a  ne w  c l a s s  of  t he r m opl a s t i c , a m or phous  
PaWerLals >��, �5@. &yFloSenWene, norEornene or oWKer 
FyFlLF olefins are LnForSoraWeG e[FlusLYely Ey 1,2� 
i ns e r t i on i nt o t he  gr ow i ng c opol ym e r  c ha i n, no r i ng 
oSenLnJ oFFurs. 7Ke LnserWLon oI WKe KuJe norEornene 
PonoPer Ls Yery IasW Ey PeWalloFene�0$2 FaWalysWs. 

7aEle � FoPSares WKe aFWLYLWLes anG LnForSoraWLon oI 
norEornene Ey GLIIerenW FaWalysWs. %y sSeFLal FonGL-
WLons WKe SolyPerL]aWLon raWe oI a 1�1 Polar PL[Wure oI 
e t he ne  a nd nor bor ne ne  i s  hi ghe r  t ha n t he  hom opol y -
PerL]aWLon oI eWKene (FoPonoPer eIIeFW).

7Ke >PK2&(,nG)(&S)@=r&l2�0$2 FaWalysW sKoZs noW 
only KLJK aFWLYLWLes Ior WKe FoSolyPerL]aWLon oI eWKene 

Table 3. Copolymerization (a) of norbornene (N) and ethene 
by different metallocene/MAO-catalysts

Metallocene (b) t 
(min)

Activity 
(kg/mol h)

Incorp of 
norbornene 
(weight %)

Cp2ZrCl2
[En(Ind)2]ZrCl2
[Me2Si(Ind)2]ZrCl2
[En(IndH4)2]ZrCl2
[Me2C(Flu)(Cp)]ZrCl2
[Ph2C(Flu)(Cp)]ZrCl2
[Ph2C(Ind)(Cp)]ZrCl2

30
10
15
40
10
10
15

1200
9120
2320
480
7200
6000
2950

21.4
26.1
28.4
28.1
28.9
27.3
33.3

Ethene pressure = 2 bar, [N] = 0.05 mol/L, temperature. = 30°C, 
[metallocene] = 5x10-6mol/L, metallocene/MAO = 200,  Solvent = 
toluene ; (b) Cp = cyclopentadienyl, Me = methyl, Ind = indenyl, En 
= C2H4, Flu = fluorenyl, Ph = phenyl 
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w i t h nor b or ne ne , but  gi ve s  a n a l t e r na t i ng s t r uc t ur e , 
Woo.

 0osW PeWalloFenes SroGuFe SolyPers ZLWK a sWaWLs-
t i c a l  s t r uc t ur e ,  f e w  ot he r s  pr oduc e  pol ym e r s  w i t h a n 
alWernaWLnJ sWruFWure. 6WaWLsWLFal FoSolyPers are aPor-
SKous LI Pore WKan 10�15 Pol� oI FyFloolefins are 
LnForSoraWeG Ln WKe SolyPer FKaLn. 7Ke Jlass WransL-
t i on t e m pe r a t ur e  c a n be  va r i e d ove r  a  w i de  r a nge  by 
seleFWLon oI norEornene as FyFloolefin anG YarLaWLon 
of  t he  a m ount  of  n or bor ne ne  i nc or por a t e d i nt o t he  
SolyPer FKaLn. &yFloolefin FoSolyPers are FKaraFWer-
L]eG Ey e[FellenW WransSarenFy, KLJK Jlass WransLWLon 
WePSeraWures oI uS Wo 200�& anG e[FellenW lonJ�lLIe 
serYLFe WePSeraWures. 7Key are resLsWanW Wo Solar sol-
YenWs anG FKePLFals anG Fan Ee PelW�SroFesseG. 'ue 
Wo WKeLr KLJK FarEon�KyGroJen raWLo, WKese SolyPers 
KaYe a KLJK reIraFWLYe LnGe[ (1.5� Ior an eWKene�nor-
Eornene FoSolyPer aW 50 Pol� LnForSoraWLon). 7KeLr 
s t a bi l i t y a ga i ns t  hy dr ol ys i s  a nd c he m i c a l  de gr a da -

t i on, i n c om bi na t i on w i t h t he i r  s t i f f ne s s  m a ke s  t he m  
i nt e r e s t i ng m a t e r i a l s  f or  opt i c a l  a ppl i c a t i ons , f or  e x -
aPSle Ln FoPSaFW GLsFs, lenses, oSWLFal fiEers, or filPs 
>��@. 0eanZKLle, eWKene�norEornene &2&�PaWerLals 
are FoPPerFLally SroGuFeG.
Polyolefins with polar comonomers
7Ke LnWroGuFWLon oI Solar JrouSs LnWo Solyolefins Wo 
i m pr ove  pr oc e s s i ng c ha r a c t e r i s t i c s  a nd ot he r  pr op -
e r t i e s  of  t he  pol ym e r s  i s  now a da ys  one  of  t he  m os t  
i m por t a nt  a r e a s  f or  bot h a c a de m i c  a nd i ndus t r i a l  r e -
searFK>��, ��@. ,W Ls one Zay Wo PoGLIy WKe SroSerWLes 
of  a  pol ym e r , be c a us e  t he s e  f unc t i ona l  gr oups  c ont r ol  
i m por t a nt  pol ym e r  p r ope r t i e s  s uc h a s  a dhe s i on , ba r -
r i e r  a nd s ur f a c e  pr ope r t i e s , s ol ve nt  r e s i s t a nc e , m i s c i -
ELlLWy ZLWK oWKer SolyPers, anG rKeoloJLFal SroSerWLes. 
7Ke IunFWLonalL]aWLon oI Solyolefins oIIers a SossLELl-
LWy Wo EroaG aSSlLFaWLons Ln areas, less e[SloreG EeIore. 
2nly IeZ IunFWLonalL]aWLon SroFesses are aYaLlaEle 
a nd t he  obt a i ne d c opol ym e r s  h a ve  not  a  uni f or m  s t r uc -

Figure 7. Reaction scheme for ethene-graft ethene/propene copolymers by two different zirconocene/MAO catalysts in two steps
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Wure.  0eWalloFene anG oWKer sLnJle sLWe FaWalysWs are 
aEle Wo SolyPerL]e eWKene anG Solar YLnyl PonoPers, 
s uc h a s , e t he r s , a l c ohol s , a nd e s t e r s   w i t h hi gh a c t i vi -
t i e s  a f t e r  pr ot e c t i on of  t he  f unc t i ona l  gr oups  a nd t he s e  
FoSolyPers KaYe a unLIorP sWruFWure >��@. $PonJ all 
IunFWLonal JrouSs, o[yJen�suEsWLWuWeG olefins are WKe 
PosW sWuGLeG Ior FoSolyPerL]aWLon ZLWK eWKene anG 
SroSene. 7Kese JrouSs are oI LnWeresW, EeFause oI WKeLr 
SossLELlLWy Wo Ee a SreFursor Ior SoWenWLal Solyolefin 
e l a s t om e r s , s i n c e  bot h i oni c  a nd c he m i c a l  c r os s  l i nks  
Pay Ee LnWroGuFeG. $GGLWLonally, WKese WySes oI FoSo-
l ym e r s  ha ve  e xc e l l e nt  dye i ng  pr ope r t i e s ,  good pe r m e -
a bi l i t y of  ga s e ous  m a t e r i a l s  a nd w e a t he r - pr oof  f unc -
WLons ZLWK KLJK FKePLFal reaFWLYLWy.

)or WKe FoSolyPerL]aWLon oI eWKene ZLWK Solar 
PonoPers Ln WKLs ZorN are useG�

$llyl eWKyl eWKer ($(()
$llyl SroSyl eWKer ($P()
5�+e[enyl EuWyl eWKer (+%()
��'eFenyl EuWyl eWKer '%()
2,��2FWaGLenyl PeWKyl eWKer (02'()

7Kese eWKers are aYaLlaEle Ey orJanLF synWKesLs or 

PeWaWKesLs oI oleLF aFLG PeWKyl esWer. 7Ke sWruFWures 
are sKoZn Ln )LJure �.

ExPERImENTAl 

7Ke SolyPerL]aWLon e[SerLPenWs Zere SerIorPeG us-
LnJ sWanGarG 6FKlenN, syrLnJe, anG JloYeEo[ WeFK-
nLTue. $rJon Zas SurFKaseG IroP /LnGe anG SurL-
fieG Ey SassLnJ WKrouJK an 2[LsorS FarWrLGJe. (WKene 
(/LnGe) anG Woluene Zere SurLfieG Ey SassLnJ WKrouJK 
FoluPns ZLWK %$6) 5��11 FaWalysW anG a �c PoleFu-
lar sLeYe. $ soluWLon Ln Woluene (1Pol�/) oI WKe GLIIer-
enW YLnyl eWKers Zas GrLeG oYer PoleFular sLeYes Ior �� 
h a nd s t or e d unde r  a r gon a t m os phe r e  a nd t h e n i t  w a s  
sWLrreG Ior � K ZLWK WrLLso�EuWylaluPLnLuP (7,%$) Iol-
loZeG Ey a GLsWLllaWLon unGer YaFuuP aW 100�&.

$ll SolyPerL]aWLon runs Zere SerIorPeG Ln a %�-
FKL %(P 2�0 laEoraWory auWoFlaYe ZLWK a 7ySe , Jlass 
Sressure Yessel. 7ePSeraWure Zas aGMusWeG ZLWK a KeaW 
MaFNeW FonneFWeG Wo a WKerPosWaW alloZLnJ aGMusWPenW 
oI WKe SolyPerL]aWLon WePSeraWure ZLWK an aFFuraFy oI 
� 0.5�&. 'urLnJ WKe SolyPerL]aWLon runs, WKe eWKene 
Sressure Zas NeSW FonsWanW. 7Ke eWKene FonsuPSWLon 
Zas PonLWoreG ZLWK a %rooNs 5�50 75 Pass ÀoZ Pe-
Wer. )or a WySLFal SolyPerL]aWLon e[SerLPenW, WKe reaF-
Wor Zas eYaFuaWeG aW �5�& Ior 1 K anG WKen FooleG GoZn 
Wo WKe GesLreG WePSeraWure. 6uEseTuenWly, WKe reaFWor 
Zas FKarJeG ZLWK �00 PJ 0$2, FoPonoPer soluWLon 
anG Woluene uS Wo a YoluPe oI 200 P/ IolloZeG Ey 
eWKene Wo WKe GesLreG IeeG FoPSosLWLon. 7Ke SolyPer-
L]aWLon Zas sWarWeG Ey LnMeFWLon oI WKe FaWalysW soluWLon 
ZLWK a PeWalloFene FonFenWraWLon oI 1�5x10- 6 Pol�/. 
7Ke reaFWLon Zas TuenFKeG Ey aGGLWLon oI 5 P/ +&l�
eWKanol. 7Ke oEWaLneG SolyPer Zas sWLrreG oYer nLJKW 
ZLWK GLluWeG KyGroFKlorLF aFLG. $IWer SKase seSaraWLon, 
t he  or ga ni c  pha s e  w a s  w a s he d t hr e e  t i m e s  w i t h w a t e r  
anG reGuFeG Wo 50��0 P/ aW WKe roWary eYaSoraWor. 7Ke 
SolyPer Zas SreFLSLWaWeG usLnJ eWKanol, filWereG oII, 
ZasKeG ZLWK eWKanol, anG GrLeG unGer YaFuuP aW �0�& 
unWLl WKe SolyPer ZeLJKW EeFaPe FonsWanW.

7Ke oEWaLneG FoSolyPers Zere FKaraFWerL]eG Ey 1�C -
N05 reForGeG on a %ruNer $YanFe �00 8lWrasKLelG 
sSeFWroPeWer. PolyPer saPSles Zere PeasureG aW 
100.�2 0+] anG 100�& usLnJ 200 PJ oI SolyPer Ln 
2.� P/ oI 1,2,��WrLFKloroEen]ene (7&%) anG 0.5 Pl oI 
1,1,2,2�WeWraFKloroeWKane�G2. &KePLFal sKLIWs are re-
por t e d r e f e r e nc e d t o C 2'2C l � (G ��.2� SSP ). 

)or 1 +�N05, WKe saPSles Zere SreSareG Ey GLssolY-

Figure 8. Structure of in this work used vinyl ethers. (a) allyl 
ethyl ether (AEE), (b) allyl propyl ether (APE), (c) hexcenyl 
butyl ether (HBE), (d) decenyl butyl ether (DBE), (e) 2,7-oc-
tadienyl methyl ether (MODE)
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LnJ WKe SolyPer (10�20 PJ) Ln a PL[Wure oI 1,2,��WrL-
FKloroEen]ene (7&%) anG oI 1,1,2,2�WeWraFKloro-
eWKane�G2 (7&(�G2)  anG PeasureG aW 120�&. $ll 
FKePLFal sKLIWs Zere reIerreG Wo WKe solYenW oI 7&(�G2 
aW 5.�� SSP. 

'LIIerenWLal sFannLnJ FalorLPeWry PeasurePenWs 
Zere SerIorPeG on a 0eWWler 7oleGo '6& �21 LnsWru-
PenW unGer a nLWroJen aWPosSKere. $ll saPSles Zere 
SreSareG Ln KerPeWLFally sealeG Sans (5�� PJ�saPSle), 
anG Zere PeasureG usLnJ an ePSWy San as reIerenFe. 
C a l i br a t i on w a s  m a de  us i ng i ndi um  f or  t he  e nt ha l py 
s t a nda r ds  a nd n- oc t a ne  a s  a  s t a nda r d f or  pe a k t e m -
SeraWure WransLWLon. 6aPSles Zere PelWeG aW 200�&, 
TuenFKeG IroP 200�& unWLl �200�&, anG KeaWeG IroP 
�200�& Wo 200�&, aW KeaWLnJ raWe oI 20�& Ser PLn. 7Ke 
PelWLnJ WePSeraWure (7 m ) Zas WaNen IroP WKe seFonG 
WKerPal FyFle e[FlusLYely. 

+LJK�WePSeraWure Jel SerPeaWLon FKroPaWoJraSKy 
(*P&) PeasurePenWs Zere SerIorPeG Ln 1,2,��WrL-
FKloroEen]ene aW 1�0�& usLnJ a :aWers *P&V 2000 
LnsWruPenW ZLWK +7 10�, 10�, anG 10� c FoluPns. 7Ke 
i ns t r um e nt  ope r a t e d w i t h a  c om bi ne d r e f r a c t i ve  i nde x 
a nd vi s c os i t y de t e c t o r  uni t , w h i c h a l l ow e d t he  c a l c ul a -
WLon oI aSSroSrLaWe 0arN�+ouZLnN FonsWanWs Ior eaFK 
SolyPer. &alLEraWLon Zas aSSlLeG usLnJ SolysWyrene 
sWanGarGs (P66).

7Ke saPSles Zere SlaFeG Ln an elePenWal analy]er 
FonneFWeG Wo a Pass sSeFWroPeWer. 6uEseTuenWly, WKey 
Zere FoPEusWeG aW 10�0�& anG WKe Jas Zas SusKeG 
WKrouJK an o[LGaWLon Fore. 7Ke Jas resulWLnJ aIWer 
c om bus t i on yi e l de d i ons  t ha t  i n a  s t e p f ur t he r , w e r e  
analy]eG usLnJ an ,506 Pass sSeFWroPeWer. 7Ke Lons 
w e r e  s e pa r a t e d  ba s e d on t he i r  c ha r ge  a nd c om pa r e d 
aJaLnsW Pass. 

RESUlTS AND DISCUSSIONS

)or WKe SolyPerL]aWLon oI eWKene anG allyl eWKyl eWKer 
WKe ]LrFonoFene >(&+�)26L(,nG)2@=r&l2 anG 0$2 Zere 
useG. 7aEle � sKoZs WKe SolyPerL]aWLon resulWs.

7aEle � sKoZs WKaW LW Ls SossLEle Wo FoSolyPerL]e 
a l l yl  e t he r s  w i t h good a c t i vi t i e s  by m e t a l l oc e ne  c a t a -
lysWs. 7Ke aFWLYLWLes are Yery KLJK Ior loZ eWKer Fon-
FenWraWLon (��,�00 NJ FoSolyPer�Pol ]LrFonoFene Ln 1 
Kour) Ln WKe sWarWLnJ SKase EuW GeFreases KarGly LI WKe 
c onc e nt r a t i on de c r e a s e s  a l t hough t he  pol a r  m onom e r  
Zas WreaWeG ZLWK WrLLsoEuWyl aluPLnuP (7,%$) as a 
FoPSle[aWLon aJenW. 7Ke PoleFular ZeLJKWs oI WKe Fo-
pol ym e r s  de c r e a s e  w i t h a n i nc r e a s i ng c onc e nt r a t i on, 
Woo. $llyl eWKyl eWKer Zas LnForSoraWeG ZLWK WKe KLJK-
esW Yalue oI �.2 Pol� ZKLFK are aEouW � ZW�. 7Ke 
i nc or por a t i on i nc r e a s e d w he n t he  pr e s s ur e  of  e t he ne  
Zas GroSeG Wo 1 Ear. $ FoSolyPer ZLWK 1� Pol� oI 
$(( Zas oEWaLneG Ey usLnJ >(&+�)26L(2�&+����NaSK�
,nG)2@=r&l2 as ]LrFonoFene. $s e[SeFWeG, WKe PelWLnJ 
SoLnWs oI WKe FoSolyPers GeFreaseG sWronJly IroP 1�0 
�& Ior Sure SolyeWKylene Wo 10��& Ior a FoSolyPer 
ZLWK �.2 Pol� oI $((. %y WKe saPe SolyPerL]aWLon 
FonGLWLons, LW Ls Pore GLIfiFulW Wo LnForSoraWe WKe lonJer 
FKaLneG allyl eWKers +%( anG '%(. Very KLJK aFWLYL -
WLes oI 5�,000 or ��,000 NJ FoSolyPer�J =r.K Zere oE-
WaLneG Ey WKe FoSolyPerL]aWLon oI +%( or '%( (0.01 
Pol�/) Ln WKe IeeG ZLWK eWKene. 7KLs Yalue GeFreaseG 
Wo only 5�0 NJ FoSolyPer�J =r.K Ey a FonFenWraWLon oI 
0.05 Pol�/ oI '%(. 7Ke GeFrease Zas noW so sWronJ 
Ior +%(.

7Ke soluELlLWy oI WKe oEWaLneG FoSolyPers Zas Soor 
anG PaGe a sWruFWure FKaraFWerL]aWLon GLIfiFulW. $ WySL-
Fal +�N05� sSeFWruP Ls sKoZn Ln )LJure �. 

$ sLJnLfiFanW oEserYaWLon Ls WKe FoPSleWe aEsenFe oI 
a  s i gna l  r e f e r e n t  t o t he  vi nyl  gr oup of  t he  pol a r  m ono -

Table 4. Copolymerization of ethene with AEE, HBE, and DBE by 4 bar ethene pressure, 60°C, 400 mg MAO, 200 ml toluene, 
[Me2Si(Ind)2]ZrCl2 = 5x10-6mol/L, Al/Zr = 2 500, activity: kgPE/molZr.h 

Comonomer Concentration 
(mol/L)

Activity Molecular weight (g/mol) Incorporation (mol%) Melting point (°C)

AEE 0.02 5 000 530 000 1.1 123

AEE 0.04 3 500 450 000 2.0 110

AEE 0.05 1 600 420 000 3.2 108

HBE 0.01 54 600 194 000 0.14 139

HBE 0.025 1 400 105 000 0.60 132

DBE 0.01 79 300 117 000 0.1 137

DBE 0.02 3 760 125 000 0.3 131

DBE 0.03 2 440 130 000 0.3 132

DBE 0.05 540 346 000 0.6 126
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Per EeWZeen 5.�� anG 5.0� SSP, suJJesWLnJ a FoP-
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t he  t e m pe r a t ur e  e f f e c t , e xpe r i m e nt s  by t e m pe r a t ur e s  of  
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t i on r a t e  w a s  t he  hi ghe s t  by t he  hi ghe s t  t e m pe r a t ur e , 
but  t he  i nc or po r a t i on of  t he  pol a r  m onom e r  w a s  l e s s , 
esSeFLally LI WKe aPounW oI 0$2 KaG an LnÀuenFe on 
WKe SolyPerL]aWLon aFWLYLWy, ZKLFK Zas YarLeG EeWZeen 
200 anG �00 PJ. :LWK an LnFrease Ln WKe 0$2 Fon-
c e nt r a t i on, t he  c a t a l yt i c  a c t i v i t y r a pi dl y r e a c he d a p -
Sro[LPaWely WZoIolG oI LWs LnLWLal aFWLYLWy. 7KLs resulW 
Zas also oEserYeG Ior WKe FoSolyPerL]aWLon oI eWKene 
anG +%( anG '%(.

Inc or por a t i on r a t e s , m e l t i ng poi nt s  a n d m ol e c u -
l a r  w e i ght s  s t r ongl y de pe nde d on t he  t e m pe r a t ur e  of  
WKe reaFWLon. 7Ke PoleFular ZeLJKWs YarLeG EeWZeen 
5�0,000 anG 125,000. :LWK an LnFrease oI WKe FoPo-
noPer WKe PoleFular ZeLJKW GeFreaseG. 7Ke saPe 
t r e nd w a s  obs e r ve d w i t h a n i nc r e a s i ng l e ngt h of  t he  
alNyl JrouS oI WKe YLnyl eWKer. ,n Jeneral, aW �5 �& WKe 
LnForSoraWLon oI $(( sKoZs a Pa[LPuP. 
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lyl SroSyl eWKer ($P() Zas FoSolyPerL]eG ZLWK eWK-
ene anG FoPSareG ZLWK WKe resulWs Ior $((. )or WKLs 

FoPSarLson a Pore EulNy ]LrFonoFene suFK as (raF�
>0e26L(2�0e���(1�NaSK),nG)2@=r&l2) Zas useG.  

6urSrLsLnJly, WKe aFWLYLWLes Ior WKe FoSolyPerL]aWLon 
ZLWK $P( Zere KLJKer WKan WKose Ior $((. $W an eWKer 
FonFenWraWLon oI 0.05 Pol�/ Ln WKe IeeG Ior $PP Zere 
oEWaLneG 12,000 NJ FoSolyPer�J =r K, ZKLle WKLs Zas 
only �,500 Ior $PP. 7Ke GeFrease oI WKe aFWLYLWy ZLWK 
WKe eWKer FonFenWraWLon Ln WKe IeeG Zas KLJKer Ior $P( 
WKan WKaW Ior $((. 7KLs resulW suJJesWeG WKaW WKe Sres-
e nc e  of  one  m or e  m e t hyl e ne  gr oup i n t he  e t he r  s t r uc -
Wure oI $P( FoulG reGuFe WKe neJaWLYe LnÀuenFe on WKe 
Solar JrouS on WKe FaWalyWLF aFWLYLWy. ,I, KoZeYer, Pore 
m e t hyl e ne  gr oups  w e r e  pr e s e nt  i n t he  e t he r  s t r uc t ur e  
lLNe Ln +%( or '%( WKe aFWLYLWLes GroSSeG aJaLn FoP-
SareG Wo $(( (see 7aEle �).

)LJure 10 sKoZs WKe GeSenGenFe oI WKe LnForSora-
t i on r a t e  of  t he  e t he r  w i t h i t s  de pe nde nc e  t he  e t he r  
FonFenWraWLon Ior $(( anG $P(. 7Ke LnForSoraWLon 
LnFreaseG as e[SeFWeG Ior $P( ZLWK an LnFreasLnJ $P( 
FonFenWraWLon Ln WKe IeeG anG reaFKes �.2 Pol� aW 0.1 
Pol�/ $P( FonFenWraWLon. )or $(( WKere aSSeareG a 
m a xi m um  of  t he  i nc or por a t i on r a t e  a t  a n e t he r  c onc e n -
WraWLon oI 0.0� Pol�/.  7Ke PoleFular ZeLJKWs oI $P(�
e t he ne  c opol ym e r s  de c r e a s e d w i t h t he  i nc or por a t i on 
raWe oI $P( anG are 1�2�& Ey 2 Pol�, 110 Ey �.5 

Figure 9. 1H-NMR spectra of allyl ethyl ether (AEE) monomer ( top) and AEE/ethene copolymer (down A,B,C)
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Pol� anG �5 Ey �.2 Pol� oI $P( Ln WKe FoSolyPer.
7o ZLGen uS WKe SossLELlLWy oI IunFWLonalL]aWLon oI 

c opol ym e r s , e s pe c i a l l y t o ha ve  a  doubl e  bonds  f or  
ot he r  r e a c t i ons  i n t he  c opol ym e r , e t he ne  w a s  c opo -
lyPerL]eG ZLWK 2,��oFWaGLenyl PeWKyl eWKer (02'() 
Ey GLIIerenW PeWalloFene�0$2 FaWalysWs. ,n WKLs Fase 
a ga i n t r i i s obut yl a l um i ni um  w a s  us e d t o pr ot e c t  t he  
f unc t i ona l  e t he r  gr oup by i ns ul a t i ng t he  f unc t i ona l  
JrouS IroP WKe aFWLYe sLWe GurLnJ WKe FoSolyPerL]a -
WLon reaFWLon. 7Ke oEWaLneG SolyPers Zere FKaraFWer-
L]eG Ey *P&, elePenWal analysLs, '6&, N05 (1� C  a nd 
1 +) anG )7�,5. 

7Ke yLelGs anG aFWLYLWLes oI WKe FoSolyPerL]aWLon oI 
02'( ZLWK WKe FaWalysW 0e26L,nG2=r&l2�0$2 are 
sKoZn Ln 7aEle 5. 

8nGer WKe LnYesWLJaWeG e[SerLPenWal FonGLWLons, WKe 
FaWalyWLF aFWLYLWy Zas JreaWly LnÀuenFeG Ey WKe Sres-
enFe oI WKe FoPonoPer. 7Ke eIIeFW oI WKe reaFWLon 
t e m pe r a t ur e  w a s  a l s o obs e r ve d us i ng t he  s a m e  c a t a l ys t  
sysWeP. $n LnFrease Ln WKe SolyPerL]aWLon WePSeraWure 
FauseG a GeFrease Ln WKe FaWalyWLF aFWLYLWy. 7Ke FaWalysW 
aFWLYLWy aW �5�&, aW WKe saPe 02'( FonFenWraWLon Ln 
IeeG (runs 1 anG 2), Zas 1 orGer oI PaJnLWuGe KLJKer 
WKan WKe FaWalysW aFWLYLWy oI WKe reaFWLon aW �0�&. +oZ-
e ve r , i n bot h t e m pe r a t ur e s  s t udi e d, i t  w a s  obs e r v e d a  
de c r e a s e  i n t he  c a t a l yt i c  a c t i v i t y w i t h t h e  pr e s e nc e  of  
WKe SroWeFWeG IunFWLonal PonoPer. 7Ke FaWalyWLF aFWLY-
i t y de pe nde d e xt r e m e l y on t he  pr e s e nc e  a nd c onc e n -
WraWLon oI WKe Solar PonoPer. 7Ke KLJKer WKe FonFen-
t r a t i on of  t he  pol a r  m onom e r  i n t he  f e e d, t he  l ow e r  
Zas WKe FaWalysW aFWLYLWy. 7Ke KLJKesW leYel oI LnFor-
SoraWLon Zas �.� (ZW �) Ln WKe SresenFe oI WKe FaWa-
l ys t  s ys t e m  [ Ph 26L(2FW+)lu)(,nG)@=r&l2�0$2, Iol-

loZeG Ey WKe FaWalysW sysWeP >(&+�)26L(,nG)2@=r&l2�
0$2 ZLWK �.1 (ZW �).

7Ke SKysLFal SroSerWLes (PelWLnJ SoLnW, PoleFular 
ZeLJKW anG SolyGLsSersLWy LnGe[) oI WKe oEWaLneG Soly-
Pers are suPParL]eG Ln WKe 7aEle �.

7Ke SKysLFal SroSerWLes oI WKe FoSolyPers seeP Wo 
Ee WePSeraWure GeSenGenW. $W �5�&, LW Ls Flearly oE-
s e r ve d a  de c r e a s e  t r e nd i n bot h m ol e c ul a r  w e i ght  a nd 
PelWLnJ SoLnW ZLWK LnFrease Ln FoPonoPer Ln IeeG. 
&oPSarLnJ WKe resulWs ZLWK WKe reaFWLon aW �0�&, WKe 
c opol ym e r  di s pl a ye d t he  s a m e  m e l t i ng poi nt  be ha vi or  
as aW �5�& ZLWK sysWePaWLFally loZer 7 m  w i t h i nc r e a s e  
Ln Solar PonoPer IeeG. 7Ke SolyGLsSersLWy LnGe[ Zas 
aEouW � ZLWK an LnFrease Ln WKe FonFenWraWLon oI IeeG 
Solar JrouS. 

$GGLWLonally, LW Zas oEserYeG WKaW WKere Zas noW 
s t r ong de pe nde nc e  on t he  m e l t i ng poi nt  of  t h e  ob -
WaLneG SolyPer ZLWK WKe SolyPerL]aWLon WePSera-
Wure. +oZeYer, aW WKe saPe FonFenWraWLon oI WKe Solar 

Figure 10. AEE and APE incorporation (wt %) into the copo-
lymer in dependence of the ether concentration in the feed

Table 5. Ethene polymerization with Me2SiInd2ZrCl2/MAO in 
the presence of  MODEx

Run CMODE

(mol/L)
Temperature

(°C)
Yields
 (g)

Activity  (kgPol/
molcat.h.Cmonomers)

1
2
3
4
5
6
7
8
9

0.025
0.03
0.04
0.05
0.06
0.015
0.025
0.04
0.05

45
45
45
45
60
60
60
60
60

2.9
1.7
1.6
0.97
0.59
0.79
0.86
0.34
0.28

509
313
304
182
114

1000
1060
406
326

xPolymerization conditions: ethene pressure 4bar, toluene volume 
200mL, polymerization time 1h, [Me2Si(Ind)2]ZrCl2 = 3x10-6mol/L, co-
catalyst 400 mg MAO; MODE/TIBA = 1:1, precontacted for 30 min.

Table 6 .Characterization of MODE/ethene copolymer of dif-
ferent polymerization runs (see Table 5)

Run CMODE(mol/L) Tm (°C) ∆H (J/g) Mw (Kg/mol)
6
7
8
9
1
2
3
4
5

0.04
0.06
0.10
0.13
0.07
0.08
0.10
0.13
0.15

133
136
117
n.d.
141
134
132
131
128

121
123
122
n.d.
152
148
148
126
n.d.

182
161
157
n.d.
108
102
75
113
n.d.

Polymerization conditions: ethene pressure 4bar, toluene volume 
200mL, polymerization time 1h, cocatalyst MAO; MODE/TIBA pre-
contacted for 30 min. CMODE: concentration in feed, Tm = melting 
point, ∆H= melting enthalpy, n.d. = not detected
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m onom e r  i n t he  f e e d, t he  m e l t i ng poi nt  w a s  hi ghe r  a t  
KLJKer SolyPerL]aWLon WePSeraWures. $ GeFrease Ln WKe 
m ol e c ul a r  w e i ght  of  t he  obt a i ne d c opol ym e r s  w a s  ob -
serYeG aW WKe saPe WLPe. 

$ SrelLPLnary 1 + N05 oI WKe oEWaLneG SolyPer, 
)LJure 11, sKoZs a SresenFe oI SeaNs WKaW are Fon 
sLsWenW ZLWK 02'( LnForSoraWLon į �,��SSP (&+��� 
PeWKyl JrouS) anG į �,��SSP (&+2�2� PeWKylene 
JrouS) , WKLs eIIeFW Zas FonfirPeG Ey 1�& N05.

7Ke LnForSoraWeG IunFWLonal JrouS FonWenWs Zere Ge-
WerPLneG Ey elePenWal analysLs. 7Ke FonFenWraWLon Ior 
02'( Ln WKe FoSolyPer Zas 1.�ZW� (run 1), �.�ZW� 
(run 2), � ZW� (run �), anG �.1ZW� (run �, Ln 7aEle �). 
7KLs KLJK LnForSoraWLon raWe oI a EulNy Solar PonoPer 
w i t h a  m i ddl e  s t a ndi ng doubl e  bond w a s  c ons i de r e d a  
Ney Ior IurWKer LnYesWLJaWLons ZLWK suFK a FoSolyPer.

CONClUSION

7Ke GeYeloSPenW oI PeWalloFene�PeWKylaluPLno[ane 
c a t a l ys t s  h a ve  s t r ongl y i nc r e a s e d t he  know l e dge  of  
WKe olefin SolyPerL]aWLon FaWalysLs. 7KLs NnoZleGJe 
Kas PaGe LW SossLEle Wo finG neZ EulNy anG ZeaNly Fo-
orGLnaWLnJ FoFaWalysWs suFK as SerÀuoroSKenyl�EoraWe 
anLons anG Eoranes. 7Ke GeYeloSePenW Ls noW FoP-
pl e t e d f or  ne w  t r a ns i t i on m e t a l  c om pl e xe s  a c t i va t e d 
Ey 0$2 or oWKer FoFaWalysWs. ,W ZoulG Ee an LPSor-
WanW sWeS Wo GeFrease WKe aPounW oI 0$2, neeGeG Ior 
WKe aFWLYaWLon. 6uSSorWLnJ WKe PeWKylaluPLno[ane on 
s i l i c a , a l um i na  or  on ne w  or ga ni c  pol ym e r s  c oul d be  
one Zay Ior WKLs.

0eWalloFene�0$2 anG oWKer sLnJle sLWe FaWalysWs al-
loZ WKe synWKesLs oI WaLloreG Solyolefin sWruFWures Ln 
a Zay WKaW Zas LPSossLEle Ln WKe years EeIore. 7Ke 
know n de pe nde nc e  of  m e t a l l oc e ne  ba s e d pol ym e r s  
f r om  t he  c a t a l ys t  s t r uc t ur e  a l l ow s  t he  m ode l i ng of  
WKeLr reaFWLon NLneWLFs anG WKe SolyPerL]aWLon SroFess 
>50@. 5eaFWor PoGels FoulG Ee GeYeloSeG usLnJ Pass 
a nd e ne r gy ba l a nc e s  a nd t he y de s c r i be  t he  pol ym e r  
c om pos i t i on a s  w e l l  a s  r e a c t or  ope r a t i ng c ondi t i ons , 
reTuLreG Ior a JLYen SolyPer arFKLWeFWures. ,W ZoulG Ee 
SossLEle Wo GesLJn Solyolefins ZLWK WaLloreG PoleFu-
l a r  w e i ght , c om onom e r  c ont e nt , l ong a n d s hor t  c ha i n 
EranFKLnJ >51@, anG FoPonoPer GLsWrLEuWLon LnGeSen-
GenW anG FonWrolleG. 0orSKoloJy FonWrol Ls SossLEle 
Ey susSensLon, FasFaGe or PulWL]one reaFWors LPSroY-
LnJ PelW YLsFosLWy anG SroFessLnJ. 

Polyolefin nanoFoPSosLWes oSen uS WKe aSSroaFK Wo 
ne w  c l a s s e s  of  m a t e r i a l s  w i t h gr e a t  pr ope r t y c om bi na -
WLons. $ soIW Solyolefin PaWrL[ Fan Ee FoPELneG ZLWK 
ha r d i nor ga ni c  pa r t i c l e s  or  s t r ong l a ye r s  of  s i l i c a t e s  
or JraSKene or ZLWK fiEers oI e[WrePe KLJK WensLle 
sWrenJWK, suFK as FarEon fiEers, FarEon nanoWuEes or 
SolyPer fiEers. $n easy Zay Ior WKe SreSaraWLon oI 
suFK Solyolefin nanoFoPSosLWes Ls WKe Ln�sLWu SolyP-
erL]aWLon usLnJ nanoSarWLFles or fiEers aFWLYaWeG Ey 
PeWalloFene�0$2 or oWKer sLnJle sLWe FaWalysWs. 0aWe-
r i a l s  w i t h hi gh ga s  ba r r i e r  r e s i s t a nc e , hi gh t he r m a l  a nd 
e l e c t r i c  c onduc t i vi t y , a nd hi gh f or m  s t a bi l i t y c a n be  
oEWaLneG as Zell as a JooG GLsSersLon oI WKe nanofillers 
Ln WKe SolyPer PaWrL[. 

$ loW Fan Ee Gone Wo WaLlor WKe PLFrosWruFWure oI Fo-

Figure 11. 1H-NMR spectrum of a MODE/ethene copolymer
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SolyPers. 7o GesLJn WKree GLPensLonal FrysWallL]LnJ 
Solyolefins Ior PaWerLals ZLWK sSeFLal SroSerWLes suFK 
a s  c a ge s  f or  c a t a l ys t s  or  m e m br a ne s , e l a s t om e r i c  a nd 
aGKesLon SroSerWLes, WKe FonWrolleG selI�orJanL]aWLon 
Ey Solar JrouSs FoulG Ee one Zay. ,PSorWanW Ior WKLs 
anG Ior SolyPer ElenGs oI Solyolefins ZLWK oWKer Soly-
m e r s  s uc h a s  pol ya m i de s  or  pol ye s t e r s , i s  t he  e a s i e r  
synWKesLs oI Solyolefins ZLWK Solar FoPonoPers >52, 
5�@. Polar PonoPers LnForSoraWeG Fan FonWaLn Ky-
Gro[yl, FarEo[yl, eWKer, esWer, sLlo[y, or aPLno JrouSs. 
In t hi s  w or k c oul d be  s how n t ha t  i t  i s  p os s i bl e  t o c o -
SolyPerL]e GLIIerenW YLnyl eWKers suFK as allyl eWKyl 
or  pr op yl  e t he r , he xe nyl  or  de c e nyl  but yl  e t he r , a nd 
oFWaGLenylPeWKyl eWKer ZLWK eWKene. 7Ke LnForSoraWLon 
of  t he  c om onom e r  i n t o t he  po l ym e r  c ha i n de pe nds  on 
WKe SolyPerL]aWLon WePSeraWure, WKe FoPonoPer Fon-
FenWraWLon anG WKe useG PeWalloFene FoPSle[. %lenGs 
c ont a i ni ng s m a l l  a m ount s  of  s uc h f unc t i ona l  m e t a l l o -
c e ne  ba s e d c op ol ym e r s  a r e  t oughe r  a nd s t i f f e r  t ha n not  
FoPSaWLELlL]eG SolyPers >5�, 55@. 

7Ke GeYeloSPenW anG FoPPerFLalL]aWLon oI PeWal-
loFene�0$2 anG oWKer sLnJle sLWe FaWalysWs KaYe MusW 
sWarWeG anG KaYe alreaGy e[SanGeG WKe Solyolefins 
ranJe oI SroGuFWs. NeZ GesLJneG FaWalysWs ZLll en-
larJe WKe Solyolefin LnGusWrLes anG WKe aSSlLFaWLons oI 
SolyPers.
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