CHAPTER II
LITERATURE REVIEWS

2.1 Ziegler-Natta Catalysts

2.1.1 The Composition of Ziegler-Natta Catalysts

Generally speaking, the o] ¢ atalyst is a complex formed by
reaction of a transition metal com & or alkoxide, or alkyl or aryl
derivative) of group IV-Vilistransiti 1 etal alkyl or alkyl halide of
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the latter the cocatalyst.
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containing titanium (Ti), vamadiut® (V). omium (Cr) and, in special cases,

Wi ;
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electron donors could greatly

2.1.2 Stereospecificity

Stereochemical control is one of the most important attributes of the Ziegler-

Natta catalyst.



2.1.2.1 Steric Isomerism and Tacticity

Steric isomerism is observed in the polymerization of alkenes whenever one
of the carbon atoms of the double bond is at least monosubstituted. The polymeriza-
tion of a monosubstituted ethylene, CH,=CHR (where R is any substituent group),
leads to polymers in which every other carbon atom in the polymer chain is a

pseudochiral center. Each pseudochiralygenter is a site of steric isomerism in the
A

' ain carbon-carbon chain of the

polymer -(C,-CHR)n- to_bé“siret v ully extended planar zigzag

conformation, two differe possible for each pseudochiral carbon

since the R group may be sijuéf e either side ~'» e[4].
The regularit r_ Coffig sration \ ceessive pseudochiral centers

h
determines the overall*ordér of tasticity &f the mer Chain. If the R groups on

successive pseudochira are”ta r dist d on the two sides of the

planar zigzag polymer i ‘termed atactic. An isotactic

polymer structure occurs wh enter in each repeating unit in the

polymer chain has the same configi
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ais case, all the R groups will be

located on one side ofigh

polyier chain. A syndiotactic

polymer structure oc ;ﬁr‘._, <@ chiral centers alternate

from one repeating unm to the

v groups_located alternately on the

opposite sides of the polym%:hain plane.[4]¢see Figure 2.1). For polymerizations of
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Ziegler-Natta catalysts provided for the first time stereochemical control of

the polymerization process. By carefully selecting the combination of catalyst and

cocatalyst, one is able to produce polymers with the desired steric structure.



The polyethylene produced in Ziegler-Natta polymerization is linear, which is
characterized by the absence of long or short chain branching. For a-olefin polymer-
ization, polyolefins of isotactic or syndiotactic structure can be obtained by using
special Ziegler-Natta catalysts. There are even more choices in steric structures for
polydienes; polydienes of the 1,4-cis-, the 1,4-trans-, and the 1,2-structure, as well as
the 3,4-structure in the case of substituted dienes, can be produced with proper

Ziegler-Natta catalysts[5].

2.1.3 The Mechanism of Zi

2.1.3.1 The Cos

Cossee propo 'or Ziegler-Natta olefin

polymerization in the { this proposal have been

generally accepted.[1,2,6

The Active Center & in Ziegler-Natta catalysts is the
al complex, which is formed by the

interaction between twg ts of the e The active complex has

to contain at leastiopne MT-C bond Ol | X(MT: transition metal).

oLc pre%ﬂ or formed during the
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Two-Stepql'Iechanism - Polyglerization tal'(=e‘s place by tw%}teps: (1) com-
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migrator)qinsert the complexed monomer to the bond between the transition

Furthermore, an openﬁ;or :

reaction.

metal atom and first carbon atom of the polymer chain. Repetition of the processes is

responsible for the chain growth.



hs ’d, ted alkenes [4]
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Figure 2.2 Cossee mechanism for Ziegler-Natta olefin polymerization [7]



In the Cossee mechanism (see Figure 2.2), a vacant coordination site is
generated initially, followed by olefin complexation. Formal migration of the polymer
chain, P, and formation of the metal-carbon bond occur concertedly through a four-
center transition state. This recreates a vacant coordination site at the site originally
occupied by the polymer chain and the process continues; the growing polymer chain

terminus flips from site to site.[7]

The termination of i tly caused by chain transfer
reactions, including tra nd to the transfer agent, and
also caused by the ter involving (B-hydrogen
elimination. In many eliberately introduced into

the polymerization syst oL of the Mol /eight of the product. Figure

Y |

The main cort ns, the catalyst precursor,

'['

L]
is the Group 4B transi w. metallocenes (titanocenes, zireonocenes and hafnocenes),

which are charactenze(f two_ bulky %eyclopentadie Cp) or substituted
cyclopentadien lug m% nﬁ ﬁ se metallocenes are
shown in Flgure 4.
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TRese molecules have C», symmetry. The two Cp rings in the molecules are
not parallel. The Cp,M fragment is bent back with the centroid-metal-centroid angle 0

about 140° due to an interaction with the other two & bonding ligands.[8]



(a) by S-elimination with H-transfer to monomer
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(b) by hydrogenation

AUINENT N
QTR ST s

The chiral ansa-metallocenes, that is, metallocenes with two Cp' ligands
arranged in a chiral array and connected together with chemical bonds by a bridging
group, were first synthesized by Brintzinger and coworkers.[9] The molecular
structures  of the two famous Brintzinger catalysts, Et(Ind),ZrCl, and

Et(H4Ind),ZrCl,, are depicted in Fi gure 2.5.



These two metallocenes have C, symmetry. An ansa-metallocene can have
G, Csor C; symmetry depending upon the substituents on the two Cp' rings and the
structure of the bridging unit. A large number of ansa-metallocenes have been
synthesized by changing the transition metals (Ti, Zr or IIf) and substituents on the
Cp rings, as well as the bridging groups. There are a wide variety of substituted Cp
ligands. Among them methylcyclopentadienyl (MeCp), pentamethylcyclopentadienyl
(MesCp), indenyl (Ind), tetrahydroindenyl (Hylnd) and fluorenyl (Flu) ligands are

complex, but also dictatesstt staice °EN he fransition metal atom and the Cp
ligands and the bes

stereospecificity.

m _
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It is belieyed that a steric intefaction of thesCp type ligandsisurrounding the

active cﬁeWiﬁ]iﬁlﬁnﬂnq(w ;M%la ’raeﬂ tB s’tq-aegivity of the
polymeriZations with these horhogeneous catalysts. Changing the steric structure of
the ligands in the metallocenes leads to the changes in steric structures of polyolefin
products. Poly(a-olefins) of any steric structure (isotactic, syndiotactic and atactic)

can be obtained simply by tailoring the stereorigid metallocene (catalyst precursor),

basically according to the local symmetry.
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2.2.2 The Methylalumoxanes (MAQ)

MAO is the most important cocatalyst which activates the group 4B
metallocenes in homogeneous Ziegler-Natta polymerization. Before the discovery of
the MAO cocatalyst, the homogeneous Ziegler-Natta catalyst Cp,TiCl, was acti\{ated
with alkylaluminum chloride which led to poor catalyst activity. The use of MAO

cocatalyst raised the catalyst activity by several orders of magnitude. There are some

other alumoxanes which can also a etallocenes, such as ethylalumoxane

ethyl and isobutyl analogous and"is mosipre

MAO is form ; (TMA). The controlled

hydrolysis of TMA w S| OFned b he e action Of TMA with crystal water of

CuS04.5H,0. Later, A SQ ~fhydratcs as the water source for the

reaction, in order to pregeny thie “coptamin
1,12 il
pounds.” ™ In recent y€ars #Some,ps Nty €

the reaction of TMA withdi hy A
EEESL

il A O from Cu(I) alkyl com-

AO could be made through

MAGO is an oligomer with 620 1;{- ‘ epeat units. A higher degree of
oligomerization of M -: c};w*;k I‘alyst activity. The exact
structure of MAO re v‘- ;\ cd that MAO might exist

in a linear and/or a cyc H form.

o B IN YN SHENNT o e

recently indicateajthat there appears t@ be no logicalstructure for MAO with > 4, in
which Qaw;ﬁ}ﬁ%@moﬁ%qaaﬂoﬁrﬁllﬂ nHlber of 4. A
possible structure is shown below as proposed by Sugan Fo et al.[14] The presence of
some three-coordinate aluminum sites is to be expected and their Lewis acidity will

be enhanced by the electronegative effect of adjacent oxygen atoms (see Figure 2.6)
[15].
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Figure 2.6 A proposed structure of MAO with a coordination number of 4 [15]

Recent studies reveal thz tive species in metallocene/MAO

systems are cationic metallogene alkyls, d° 14-electron complexes. The

formation of the catalytica ple series of reactions between

metallocenes and MAO™FOT the -  ogert-contal m allocenes, a rapid alkylation
of metallocene by MA: ¢ /ﬁ/r {irst, \-\\\.\-\\ pecies arises from a methyl

transfer reaction bety md “MAO. The active species

formed from these reacii® n combinati ith a poorly coordinating

2.3.1 Bridged thetallocene with rac-Cs-symmetry

Z. v

2:3.1.1 Catalysmand polymerization mechanisjB.

e B AN S NN D T i

enantioselective polymerization catalysts has beenecarried out in geveral ways. The
most oQoWé’rq aoauﬂ %‘m’%% g}%sﬂ &L{;}ﬁ)&ds isotactic-
selective @atalysts is a substitution of the Cp rings resulting in a chiral, C,-symmetric
coordination environment of the transition metal. Typical precursors can be described
in terms of the two structural types (I) and (IT), with suitable substituents on the

aromatic ligands (and usually with Mt=Zr).

The bridge connecting the two Cp rings prevents their rotation and locks them

in a chiral configuration. In most cases, -X- is -Me,Si-, -Me,C- or -CH,CH,-,
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although a number of other examples have been reported [16,17,18]. For type (I),
highly enantioselective catalysts can be obtained when (preferably bulky) substituents
are present at positions 3,3' or 4,4". In type (II), the role of such substituents is played
by the benzene rings of the l-indenyl moieties, although additional substitution,
particularly at positions 4,4', is highly beneficial. In all cases, ancillary substituents at

positions 2,2" result in a higher average molecular mass of the polymers produced.

The stereoselectivity of safalyst dgrived from such complexes is well

understood, and detailed mole ar mechanic ‘ ations have been reported [8] for

models of the active speCies “iike tk‘ rﬁm Figure 2.7 for a simple
representative of typem,_— . The catalytic complex is

pseudo-tetrahedral an 0 -- p simulating the growing

polymer chain and I \ -. 1g coordination site. The
aromatic ligand is in t possibilities (not shown) are the
mirror (§,5) configurationgan 1etric (R,S) configuration. Real
catalyst precursors are”us 51,0 \ R.,R) and (S,S) species (rac-
complex), and should be"fre neso-complex) which is non-

enantioselective.

As is apparent h Bg_PoWinier chain must adopt a
Wy
conformation that mf -‘* Of the two Cg rings of the

irst C-C bond, in particular, is bént to one side, and this in

turn strongly favors the 1924nsertion of pro (ﬂpi ioface that brings the
methy]l substltuﬂ u Hﬂ% Cﬂi]‘ la )-catalytic complex,

bis-indenyl moiety. The

si-face for the eﬂntlomorphom (S, S}complex) insertion, on ghe other hand, is
e ARANR TR %dc%’}f}%fm@ Hhjine womai
rings.

At the completion of each insertion step, the principle of the least-nuclear-
motions suggests that the growing chain will reside at the coordination site
previously occupied by the monomer (chain-migratory insertion mechanism
[16,17]). If that is actually the case or not is immaterial for the stereoselectivity of
this specific catalyst class, because the C, symmetry ensures the equivalence of the

two active sites, which are homotopic (i.e. prefer the same monomer enantioface). As



13

a result, chain propagation is expected to be isotactic and site-controlled, with

occasional ...mmmmrrmmmm... stereo defects.

Figure 2.7 Model of a (R'R “eation (Mt = Zr), with a re

h*-coordinated propene €gQ
2.3.1.2 Polymer confi

The 100 MHz "C_} isotactj _polypropylene sample
prepared with the cz tiw—m: d O at T= 80°C, [C3Hg]
= 5.7 mol/l is shown in lH o . a\ﬁ

peak corresponding to the mmmm pentad, and much

is simple, with a strong
weaker ones arising from the
mmmr, mmrr a ‘;1 Imy T, i int 19,41y agreement with the
hypothesis of mgoimm z;m)ﬂ:]ntjcomrol. Additional
small peaks are Iq(Imiue to regioirreguli sequences #48ee following Ej:tion). The

st R N S LRSI B

model [Z(ﬁ, and the conditional probability ¢ in the stochastic matrix MES has a best-
fit value of 0.97.

orphic-site

The 150 MHz '*C NMR spectrum of a second polypropylene sample,
obtained with the same catalyst system and at the same temperature (80 °C) but at a
much lower monomer concentration ([C3Hg] = 0.08 mol/l), is shown in Figure 2.9. It

is easy to realize that the polymer is much less stereoregular than that of Figure 2.8;



14

as a matter of fact, the experimental stereosequence distribution is still in reasonable
agreement with the enantiomorphic-site model (see again Table 2.1), but the best-fit

value of the ¢ parameter is as low as 0.845.

This puzzling dependence of the stereoregularity on monomer concentration is
unexpected on the basis of the chain propagation mechanism. The existence of a

general trend of decreasing stereoselectivity with decreasing [C3Hg] for the C,-

symmetric metallocene catalysts w usico and Cipullo [21], who proposed

that it results from an in ) epimerization of the growing
wtion. This explanation was

(c at a significant fraction of the
\\\\

stereoirregular units i ro p § ~.~ ade with a number of C,-

polymer chain, which co
validated by Leclerc an

symmetric zirconocen result of an isomerization
process. Although the Ot et completely clarified,

considerable experiment _\ 26] evidence has been accu-

heme 1.
\ \

© stereoselectivity of rac-Me,Si(1-

mulated in favor of the épimeriz .u ,,,, W

In Figure 2.10, the' def .ﬂ"“" .
Ind),ZrCI,/MAO on propene O] hole range from infinite dilution
in toluene to liquid ~ fonomer at 80 s compated with Ithat of the substituted
homologue rac-Me, y:,‘! A '1 ough the two curves are

qualitatively similar, it l be seen that the competing effe€t of chain epimerization is

g} 21
e BRI 'inﬁa‘%sl*%q YN Bt

Increasing] the temperature favors (in relative sense) chain epimerization over
monomer insertion [24], and results in a decrease of enantioselectivity of the latter
process (particularly for ansa-metallocenes of lower stereorigidity, as are those with

the conformationally flexible -CH,CH,- bridge) [16,17].
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Figure 2.8 100 ic polypropylene sample

prepared with the catalyst s AO at T= 80°C, [C3Hg]

=5.7 mol/I (in toluene). I ces of the four main pentads

in regioregular sequences Minor peaks arising from

stereoregular (@) and stereoirrc d 2,1 units, 3,1 units (m) and propyl

end-groups (A ) are algo in
T )
Table 2.1 Steric penta i distributic : om the two °C NMR spectra of
" d

Figures. 2.8 and 2.9, ;long with best-fit calculated ones in terms of the

: h"ﬂ £, s
TTREHANANINENNT

Pentad Qic.H ) =51M [C:Hsl = 0.08 M

7 255 8.6 8.0
a=0971 a= 0845

* According to the enantiomorphic-site statistical model.

® Too weak for accurate integration.
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Figure 2.9 150 MHz 2@

70°C; chemical shift s 1pfppr viifie 'M f a predominantly isotactic

etrachloroethane-1,2-d, at

polypropylene  sampled puparall * w ¢, catalyst system rac-Me,Si(1-

%

Ind),ZrClo/MAO at T = 809€ HE:He] = 0:08 m*\ toluene). In the methyl

2o\

\ s (m), and from propyl (A)

region, the resonances® of gioregular sequences are

explicitly assigned. MingF pgaks ‘_. '»

CHy "ol ;
z,.-" ) {.. o‘) ,' | z"- H

— T
H H '3
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Figure 2.10. °C NMM/ iads, [m] for polypropylene samples
prepared at 80°C in th ata l \ N e>Si(1-

Ind),ZrCI,/MAO (m) an 2ZICIL/MAO (@), as a

function of propene conc
In view of all th of stercoselectivity for a given C,-
symmetric metallocene wit merization conditions makes little
sense. Indeed, in all cases the e monomer dilution is nil (atactic
polymer); the highet Wm;—-- ‘\ e cases is not reached
even in liquid propeng; " ) l‘f n monomer insertion.

i

Importantly, 1rre§'p“1ve of _the (wro nantioselection or
somerization ‘N TR THIT ) T b i
Bernoullian and i accordance with the enantiomorphic site model. &his is a classical

e @A, 15 B TN s s o

a framew@rk within which it is possible to describe polymer chains having particular

sequential characteristics, regardless of how these chains were produced".

A number of C,-symmetric metallocenes with remarkably high stereo- and
enantioselectivities at practical polymerization temperatures (T > 70 °C) have been
disclosed in recent years. Polypropylenes with [mmmm] > 0.95 (conditional

probability ¢ > 0.99 in matrix Mgs) and melting temperature Ty, > 150 °C can be
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obtained with catalysts belonging to both structural types (I) and (II, e.g.: rac-
Me;Si(2-Me-4-t-Bu-Cp),ZrCl, [28], rac-Me;Si(3-t-Bu-Cp),ZrCl, [29], rac-Me,Si(2-
Me-4-Ph-I-Ind),ZrCl; [30], rac-H,C(3-t-Bu-I-Ind),ZrCl, [31] (Bu = Butyl).

Also interesting for applications are 'softer’, lower-melting polypropylenes
with [mmmm] in the range 0.80-0.90, that can be obtained with high productivity in

the presence of specific metallocenes formally deriving from structural type (II), with

he indenyl moiety (e.g. rac-Me,Si(2-

a further benzene ring fused in po W
Me-Benz-[e]-1-Ind),ZrCl, 3 é

, | =

2.3.1.3 Chain cy :

On average, C,-, i -t allo cedingly regioselective in
propene polymerization, ()0 P\\ es prepared with such catalysts
have a content of rcgi01rré ch u; COLS 1T \\ \ of 0.3-1.0 mol%; however,
the regioselectivity is ‘ v~. % \ all changes in the ligand
framework [16,17]. Just d ‘ ﬁ,s :"i’; Yo ex 'emes, polypropylenes with up to
20 mol% of regioerrors can' belBbtarmed, th rac-C,Hy(2,4-Mey-4,5,6,7-Hy-1-

Ind),ZrCl, [33], whereas rac-H ;,E" ,___;,{J is one of the few catalysts for
which the propene/etene-[1-"C] meth: od faile d to det st/regioirregular propene
Sl Mttt X

enchainments (whic "vl'!_

o= o M I O R S N
ﬂUEJ’JVliJ‘KJﬁWEJ’lﬂ‘i

QRIRINTRUMANLAY

-~C—C-C-C—C-C
Chart 2

¢
+=C~C~C~C-C—G—-
c
Chart 3
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“C NMR end-group analysis proved that the predominant monomer insertion
mode is 1,2. In particular, the first insertion into a Mt-"CHj; bond gives rise to a —
CH,CH(CH3)-"CH; end-group; it is interesting to note that this insertion is not
enantioselective (Scheme 2), which confirms the crucial importance of the first C-C

bond of the growing chain for the onset of the stereocontrol [34-37].

The occasional 2,1 propene misinsertions tend to remain isolated. °C NMR

gave evidence for the two head-to;he ad e
39]. This indicates that: (i

preferred enantioface is op

ainments shown in Chart 2 and 3 [38-

enantioselective (though the

NOSIt insertion); (ii) the subsequent

regioregular insertion o y, and in some cases (e.g.
metallocenes with a r.

rac-C,H4(1-Ind),ZrCl,

ie transition metal, such as

preciable amounts of the

A growing pol hatn | th 2 lastsi ed 2,1 unit is sterically
hindered, and undergoes : o C rate (ksp) which, for the most
crowded C,-symmetric met be p to 103 times lower than the
'normal' specific rate ky, [38,41}.-T} ercfore fY.ca bappen that, alternatively to chain
propagation, this 'dogas b fess congested structure in
38,42]. The commonly
accepted mechanism :IJ this isomerization, very similaﬂ; that proposed for chain

epimerization (Scheme 1)fissshown in Schenie.8 [42].

AU BN
awﬁ@ﬁ%ﬁu TS v

Scheme 3

which the last-insert ‘V

In general, the total amount of 2,1 and 3,1 units in polypropylene samples
produced with a given C, symmetric metallocene at a given temperature is constant,
but the relative amount of 3,1 units increases with decreasing monomer
concentration, because this obviously favors the intramolecular rearrangement (as

already noted for the competition between monomer insertion and chain
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epimerization) [38]. The trend is apparent on inspection of the two NMR spectra of

Figures 2.8 and 2.9.

Increasing the polymerization temperature effects the regioselectivity both in
absolute sense (increase of total regioerror content) and in relative sense (increase of

3,1 over 2,1 enchainments) [17,38].

2.3.1.4 Structure of the en

catalysts have mainly 2-methylsprop-l*enyl (vinylidene) chain end-
groups. Elegant kinetic. . fer by intramolecular B-H
elimination (Scheme 43 ~ ' by the monomer (Scheme
* nd substitution at positions
2,2 (e.g. with methyl go ‘ : c complex in its equatorial

belt. As a matter of fact, is 1100 e 2 s in a l0-fold increase of

Additional saturated been observed by *C NMR [17]

are iso-butyls, whic _‘,.--—-‘—,--‘--,—-e--——e--,--»-~-—-.—fr,-=-,-=<=,==,;-;,iﬁf e3 in equilibrium with
e T

MAO (when used; S Wine and,"may reveal low amounts
of butyl-2-enyls (viny ]l ies), most probably arising from' (monomer-assisted) B-H
elimination at a last-insef{e@?. 1 ). urprisingly-prop-1-
enyls (vinyls). ﬁTu‘EJ 1nﬂﬁ1§éﬁ Ejli]ﬂ ﬁmed via B-methyl
elimination (Sche e 4¢) and/or allyligfactivation.

ARIANNTUNNIINYAY

In‘the presence of H, (which is a well-known molecular weight regulator in
coordination polymerization catalysis), the chain ends that are formed can also be
apparently non-trivial. Indeed, in addition to propyl and iso-butyl groups, expected
for a polymerization process with high 1,2 regioselectivity (Scheme 5 a and c), butyl
[41,43] and - in some cases - 2,3-dimethyl-butyl ends are also observed. The former,

however, are easily understood if one considers that H,, similarly to ethene, is much

faster to react with a 'dormant' site than propene (Scheme 5b) [41,43]. 2,3-dimethyl-
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butyl end groups, in turn, are a clear indication that propene insertion into an initial
Mt-H bond is not highly regioselective (Scheme 5d) (in accordance with the outcome

of recent mixed quantum-mechanics/ molecular mechanics investigations) [44].

¢ ¢
+=C~C~C~C~C~C~C—-

(a)

(b)

(©)

o AUBPENINGING,
A1aenTaim Thenay

Me
e p-Me transfer
(e) LMt D p > LMi—Me
H \
///\p

Scheme 4.
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2.3.2 TiCl; and MgCl,/TiClg-based systems
2.3.2.1 Catalysts and polymerization mechanism.

The 25 Mt of isotactic polypropylene consumed in the world in 1999 were
practically all produced with technologies relying on heterogeneous catalysts that are

a direct derivation of those discovered in the laboratories of Karl Ziegler and Giulio

Natta in 1953-54. | ”y/

The first generatio 0 e cataly ased on TiCl; in one of its

: .\\x

'violet' modifications wi

halide (e.g. AIEt,Cl)

bination with an alkyl-Al-

est that the active sites are

located on the thin, ¢ n,l e \\ » of the platelet-like TiCls
crystals, and to relate t ‘ he § \ atoms with the stereoselectivity
[46]. With some adaptati 3 F ACHiy chain propagation (Figure
2.11) is still consider , hasis” fon %«\- ion of the polymerization
process; its key points can'be 46,47].

Figure 2.11 Possible propene insertion path for Ti-based Ziegler-Natta catalysts,
according to Cossee [46]
(i) The Ti atoms in the bulk of 'violet' TiCl, crystals are chiral; indeed, each of

them is bonded to three neighboring ones by double ClI bridges, which results in an
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octahedral tris-chelate coordination with A or A configuration (Figure 2. 12-top).

(1) Plausible lateral terminations of the structural layers are obtained by
breaking one out of three double bridges around the Ti atoms on the cut (e.g. parallel
to the (110) or (100) crystallographic directions; Figure 2.12-bottom). This generates
linear racemic arrays of enantiomorphous Ti centres with two cis double Cl bridges

directed towards the crystal interior, and one unbridged CI ligand (as a remnant of the

coordinate to the remai

bond.
(iv) Monomer 1ns i {108 * 1€ 1o site control, and opposite
ﬂljd i
monomer enantiofaces atTi-ce \.\ osite chirality.
v # ‘

At the time of the origi .J{n u‘.l 1] pint (iv) was rather weak, because
the steric contacts involved in- the &'l 4?. al _ ion were not clearly identified.
However, the first '}€ANMR characteri: zations of the polym érs confirmed the site-

V—f Y
controlled origin of theé Iecular mechanics studies on

|'|
models of catalytic spec " es pointed out the key role of-

asymmetric mductlcﬁ

e growing chain in the

Thenineans
Two suchqllnodels which refeggto (100) and 10) cuts of a gtpuctural layer of
'violet' ’Qﬁ quﬂﬁnﬁgﬂi mu quq %Eé}ﬁ 1&*} a local G,
axis relatés the two coordination sites available at each surface Ti atom, which
implies their equivalence. In each of them, a growing polymer chain experiences
repulsive non-bonded contacts with one of the Cl atoms of the surface (dashed in the
figure); as a result, the first C-C bond is conformationally constrained and chirally

oriented. In turn, this favors
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Figure 2.12 Schematic dra 18 \» iolet' TiCl3, before (top) and

after (bottom) a cut along the ection.[48].

the 1,2 insertion of ne mole indied to the other site with
the enantioface that N Hes t ;“—? id C-C bond.

This mechanism o?stereocontrol 1s szgly analogous to that discussed for

e Conmmes G A4 BRI W ) 7. 0 i o

surface is played§By the aromatic hgand framework) In both cases a growing chain

N RO N (VD b

1S not enantioselective.

An analogy with Cj-symmetric metallocene catalysts can be invoked instead
for the model of catalytic species on a (110) cut of TiCl3 (Figure 2.13b). Indeed,
according to molecular mechanics calculations [49], the absence of one of the two
surface Cl atoms required for the orientation of the growing chain makes propene

insertion at 'step (i + 1)' non-enantioselective. Therefore, chain propagation is
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expected to be hemiisotactic if the mechanism is of chain migratory type, whereas a
predominantly isotactic control can be obtained if monomer insertion occurs in
preference as shown at 'step (i)'; recent experimental data indicate that the latter is

actually the case.

In the late 1960s, 'activated' TiCl; catalysts (in some cases, containing minor

amounts of AICls in solid solution) with specific surface areas of the order of 150

g of TiCl3; when used i
values >0.90, DSC melii

e polymers have [mmmm]
»st completely insoluble in
s (<5% by weight) of by-

er productivities, but also

high-boiling solvents sug
products of lower stereg
(much) lower stereoselectigiti S, jaré ‘ \\ cocatalyst is an Al-trialkyl
d ed with TiCl3/AlIEt,Cl systems

is that it contains nonnegligible tesidiial ‘ame ' hydrolizable Cl, which requires
gHEIDIETEIAUDAL QRS q

such as, e.g. AlEts.
The main problem of e,‘ rop pyle

expensive procedures: of catalyst deashi . In order to ing ‘rease the productivity

Wl w >

(referred to Ti), atte compounds (usually, TiCly)

on inert matrices. Gooﬂsults were obtained only with matrices structurally similar

to 'violet' TiCls, such as - icular — 50]. The first simple MgCl,/TiCly-
AlRj systems hﬂauﬂ 3 w%cjen f}ﬁﬁne per g of catalyst
(roughly correspﬂldmg to 500 kg per g of T1) but the poorl«,tactic' fraction

o) 4] % BRI o

stereoselegtivity were obtained by the addition of suitable Lewis bases to the co-

catalyst (external donors) and/or to the solid catalyst (internal donors).
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step (/+ 1)

Figure 2.13 Possible m / {ic Spe “ s o a (110) (A) or (100) (B) cut of a
structural layer of 'violet#Ti The ' pation | a\ ed as step (i) and (i + 1)
correspond to consecutivVe Atermediates, in the hypothesis
of a chain migratory pro ases, the configuration of the
active Ti centre is A; howev is C; for species A, C; for species
B. According to molecular 2 intemal energy maps shown),
at the two homotopie:attive ene Coord natlon (and subsequent
1,2 insertion) is enan ’.(' e \ between one of the two

dashed Cl ligands and t‘ rowing polymer chain, which*must bend to one side. This
g g gp

favors, in turn, ene csoﬂmatl wn), which orients
the methyl grméf; Hh’} my ﬂgﬁ E‘Jﬁ hain propagation is
predlcted to be is tactzc On the otheghand, the absence of one of the said crucial CI
s QAT R U W RN PIBIAR o 1

this would lead to hemiisotactic propagation in case of a regular chain migratory

mechanism (adapted from Ref. [49]).

TiCls chemisorption takes place at coordinatively unsaturated side faces of the
platelet-like MgCl, crystals. Corradini and coworkers and, more recently, Barino and
Scordamaglia showed how epitactic coordination of TiClg units to (100) and (110)
cuts of MgCl, structural layers can give rise to a variety of catalytic species, some of

which are practically identical to those previously proposed for 'violet' TiCl; (Figure



27

2.14). It seems likely that the Lewis bases used as catalyst modifiers are able to
‘poison’ the most 'open’ of these Ti species, that would be unable to exert a strong
stereocontrol on the polymerization, and/or to change them into stereoselective

species by providing the necessary steric hindrance.

The last generations of MgCl,-supported high-yield catalysts, modified with

aromatic diesters or 1,3diethers as internal donors and alcoxysilanes as external

(b) !

¢ a o/
Figure 2.14 Mﬂ:lﬂ ﬁiﬂaéﬁiw ?ﬁﬂq ﬂﬁ\ral layer of 'violet'
1o chemisorbed e

TiCl3 (a), and ofya 6 Sspecies pitactically on the (100) cut of a

TR sal I INgat

2.3.2.2 Chain configuration.

The multi-site nature of Ziegler-Natta systems (either TiCls-based or MgCl,-
supported) results in the fact that the polypropylenes produced are complicated
mixtures of macromolecules with different tacticity (from highly isotactic to poorly

isotactic (isotactoid) and — even — predominantly syndiotactic) [47].
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A rough but practical method for evaluating the stereoregularity of a given
polymer sample is to measure the weight fraction that is insoluble in a certain solvent
under certain conditions, and as such is conventionally referred to as ‘isotactic'.
Although it is well known that polymer solubility depends on the molecular mass as
well, it is commonly assumed that in the range of average molecular masses of
commercial grade polypropylenes this dependence is only marginal, and that the

fractionation is mainly governed by tacticity [45].

procedures are extraction with

boiling heptane and fractiona ati@omplete dissolution in hot
(>130°C) xylene. The s tact is the weight fraction of
polymer insoluble in action of polymer which

crystallizes from xylene

(XI) [45].

ad, is called xylene index

Polypropylene samp, th indy 1l cata lysts are characterized by I1
and/or XI values higher tHan §5% j45). “C NMR confirms the effectiveness of the
fractions (i.e. heptane- or xylene-
insoluble) have valugs of [mumntm} an ex _ 90; however, in most cases the
spectra also reveal lowa: ‘m%? their insolubility to the

fact they are chemicall{-hot

| K

The polymer fra(fiﬂ- oluble i il or.in xylene at room
temperature, inﬂuiﬂa %ﬁdﬂ%ﬁﬁpﬂt}j it has long been
recognized that this notation is not appropriate. Indeed, no truly atactic chains are
found iQSIW ’f}ﬂn& \ﬂcﬁmly %e’zq ’gén E}t’zz’q{ﬁ(i&lactoid) and
syndiotacfic sequences. 'Atactic' fractions rﬁade with MgCl,-supported systems have
a certain stereochemical variability; in particular, the use of an 'external' donor tends
to increase the relative amount of syndiotactic sequences, which in a few special
cases can even become predominant [52]. Quite surprisingly, recent high-field '*C

NMR investigations proved the presence also of isotactic sequences, occurring in the

form of short stereoblocks (which largely prevents their crystallization) [53].
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The above indicates that the difference between ‘isotactic' and ‘atactic'
fractions is less clearcut than has long been assumed, and that the mechanisms of

stereocontrol leading to their formation are intimately related.

A high-field *C NMR study of a polypropylene sample obtained with the
catalyst system MgCIly/TiCly — 2,6-dimethylpyridine/AlEt; has been recently
reported [53]. This system is peculiar in that it affords polypropylenes with relatively

cguences both in the 'atactic' and in the

'isotactic' fraction; therefore, i the statistichl*an®lysis of chain configuration, it can
be assumed that the average Iength of s ﬁs high enough to neglect the

presence of block junc( isotacticpart that would represent a major

source of complicatio \

Figures 2.15 andg?. he ¢ ' R Sp .. ira of the 'isotactic' (xylene-
insoluble) fraction and o 7_ luble/pentane soluble) sub-
fraction, respectively. _ « n, along with the normalized
stereosequence distributi . ulation. The latter could be
reproduced satisfactorily only ‘?:‘f-"-"j’-o ar combination of three statistical
models: enantiomorphic-site : /4 in_migratory with diastereotopic
sites. This required eight ad parameters: condition: probabilities o of matrix

\7
Mgs and P, of matrix M vicm-ci; mixing coefficients

v
.. i
1d WCE (of course, wCM ca=1-wgs™ weg).

ﬂ‘UEJ’JVIEJ‘VI’ﬁWEJ’]ﬂ'i
ammnmummmaﬂ

(weight fractions) wgs 4
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Figure 2.15 Methyl (top) and methylene (bottom) regions of the 125 MHz '*C NMR
spectrum of the xylene-insoluble fraction of a polypropylene sample prepared with

the catalyst system MgCl,/TiCl,-2,6-dimethylpyridine/AlEt;[54].
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Figure 2.16 Methyl (top), methylene (centre) and methine (bottom) regions of the 150

Lol o] o o

48.0 ars

MHz *C NMR spectrum (recorded in tetrachloroethane-1,2-d, at 70°C; chemical shift
scale in ppm downfield of TMS) of the diethyl-ether-insoluble/pentane-soluble
fraction of a polypropylene sample prepared with the catalyst system MgCl,/TiCly -
2,6-dimethylpyridine/AlEt;[54].
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According to this interpretation, the two fractions comprise the same three
configurational 'building blocks' (Chart 5): highly isotactic (enantiomorphic-site-
controlled — A); syndiotactic (chain-end-controlled —C); isotactoid (B). The latter
have a configurational statistics very similar to that observed for predominantly
isotactic samples obtained in the presence of Cj-symmetric ansa-metallocenes
particularly revealing is the substantial absence of consecutive stereoerrors (.. .mrmr.

. sequences, Chart 6), in spite of a rather poor average stereoregularity, and the trend

- \\ ’fy} concentration [55].

three  constituting st( ; ¢ Xylenc-soluble fraction contains
ic (wcg = 0.47) blocks,

of increasing isotacticity with decr

-

predominantly isotactoi
whereas the xylene-in

(wes =0.51).

highly isotactic blocks

Qualitatively, the abgve e a general validity for TiCl; and

= A 1
MgCIy/TiCly catalysts, although the 1€, nature of the catalyst system has
profound effects on the quantit3 --'? Spects: olymer configuration. For MgCl,-
supported catalysts, in particulaf, the madif vith different Lewis bases may

result in largely diffetent polyme:

As an examplem polypropylene sample preparemwith the catalyst system

MgCl,/di-(iso-but thaﬁtﬁ‘ 1Cl I-t Also in this case,
the conﬁguratxﬁ ij %‘I ﬂ%}(ﬁmﬂ? fractions can be
described in term of the prev1ously discussed thregssite model; however, relative to
that of ta Wﬁ ﬂ-WlN‘l%eql@ w&; ’t-lleae&] an internal
donor coupled with a more effective extemél donor resulted in a drastic decrease in

the proportion of syndiotactic and isotactoid sequences, and also in an increased

stereoregularity of the latter.

This configurational description of Ziegler-Natta polypropylenes fits nicely

with their physical properties [53]. In particular, it provides a simple explanation for
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the fact that such polymers melt invariably at higher temperatures than those prepared
with metallocene catalysts and containing the same average fraction of
stereoirregularities indeed, it is easy to understand that a random distribution of
stereodefects corresponds to a lower average length of perfectly isotactic sequences,
compared to the case in which such stereodefects are segregated in isotactoid blocks.
On the other hand, it also accounts for the (otherwise surprising) observation, in the

X -ray diffraction spectra of heptane-soluble (‘atactic') fractions, of weak isotactic

crystallinity [53], which can be traced \ ”y/mounts of highly isotactic blocks.
_ \\

Chart

. OdﬂUEJ’JVIEJ‘VI‘ﬁWEJ’lﬂ‘i

catalytic species consistent with the said configurational statistics

JUC A T6AL D (101D

substltutlon of the two coordination positions labelled in the figure as LI and L2,
known to be crucial for the onset of site control in terms ofthe 'growing-chain
orientation' mechanism (see also Figure 2.13), are invoked to explain the three
observed types of chain propagation. In particular, this would be highly isotactic
whenever (bulky) ligands (e.g. ClI atoms, Al-alkyl or Lewis base molecules) are
present at both positions (with a resulting C, or pseudo-C, symmetry and homotopic

active sites); isotactoid, when one of the two positions is vacant (C; symmetry and
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diastereotopic sites); syndiotactic, when both positions are vacant, so that site control
is lost and chain-end control can become influent. A variety of surface Ti complexes
corresponding to one of these three basic structural types can be envisaged, in

particular for MgCl,-supported catalysts.

Ligand exchanges at the two coordination positions can result in reversible

switches between the different types of stereocontrol, with the formation of

stereoblock chains. 'Second-order'y effécts fsuch as the conditional probability of
monomer insertion at the wedkly enantios SiiVeqactive site of the C-symmetric
species, and therefore the averag @egulaﬁties in the isotactoid
sequences) can be related i ®"ligand(s) involved in such
equilibria, and in parti st modifiers.

More detailed st ' o L lalion are, unquestionably needed in
| \ NMR characterizations of

3¢ ution fractionation (TREF)

order to complete the pic
polypropylene samples Subj
have not been reported, a atlable (which is not enough for a
realistic configurational andly tE:' olet" TiCl; and for MgCly/TiCl,
catalysts, fractions of ‘tﬁ{:jé,k _ : arity ([mmmm] > 0.98) were
isolated; it seems i |\.:‘_,.;....:_';.:.;...-.;......_n...;'_uu;#‘,....:_pa' of stereodefects is not

random even in such

h ]|

ﬂﬂﬂ?ﬂﬂﬂ ININT

o, o

Qﬁi*ﬁﬁﬂJ W?ﬂﬂ%ﬁﬂ

rs

(a) (b (¢}

Figure 2.17 Schematic models of active species for highly isotactic (a), isotactoid

(b), and syndiotactic (c) propagation in heterogeneous Ziegler-Natta catalysts (see

text). (o) = Ti; (¢) = Ti or Mg; (o) = CI; (®) = Cl or donor (adapted from Ref. [53]).
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2.3.2.3 Chain constitution and structure of the end-groups.

Most heterogeneous Ziegler-Natta catalysts are highly regioselective in
propene insertion. The *C NMR spectra of raw polymers usually give no evidence of
regioerrors, which means that their concentration is below 0.1 mol% (indicatively).
Occasionally, traces of head-to-head enchainments were detected in the spectra of

xylene-soluble or heptane-soluble (‘atactic') fractions.

The “C NMR analysi rmed in the presence of '*C-
enriched Al-alkyls proved ' i w insertion mode is 1,2 [34].
This is also consisten

(vinylidene) structures ' - assisted) BH elimination.

When H; is used apsfera '\ ‘mostly propyl, iso-butyl and butyl
| | 5) The amount of butyl
structures often exceeds 6:b0tyl On ; whi '\\' been taken as an indication
of a significant 'dormanc the i ; ainu to occasional 2,1 propene

=" . T
misinsertions. From the fraction‘éf Bty en

bs 1 Hs-terminated polymers, it is
possible to estimate a lowe : egioselectivity; values comprised
between 9.8 and 999994 can be desumed for typieal MBES=dupported systems [58].
Recently, the pre f?* r“. oups, particularly in
of low stereore_gu arity, has alse been documented; this

L’Il’iifiﬂiliﬁﬁéj AR o
qmmnmwﬁwmé’ﬂ

polypropylene fraction

121610325
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(@ (c)
MMP L \/k

(d)

2.4 Characterization o *Ta icit, lvent Extraction

One of the fasCin 901yprops _e‘is the possibility of
stereoisomer formation. . Naita di \1 guished three possible
stereoisomeric sequences i ymmetric nature of the
tertiary carbon atom in the lit. Sequences of monomer units
of uniform configuration were letme ; I{', iereas sequences of alternating
configuration were , ne 2! and random- Jarrangements  were

)

designated atactic.

i

However, it was swiftly realised that although catalysts were available which

coud prodce i fob i Yhdid aifhd Dhfde e s potymeries

samples were rarﬂy stereochemicallyfure and conﬁted of mixturwf isotactic (or,

syndiotaﬁicwé'r‘lm ﬂ%’a ic jnf %ﬁ]ﬂ}ﬂﬁ ﬁ‘canﬂere initially

separated By procedures based on solvent extraction and characterized on the basis of

their X-Ray diffraction patterns [66]. The fundamental distinction between the
different tacticities centres on their relative facility in crystallization. Thus isotactic
polypropylene crystallizes readily, whereas, the atactic samples are obtained as

amorphous materials.

As a consequence, effectively all of the early characterization methods were

based on the measurement of parameters related to the crystallinity of the material
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and only indirectly related to the actual tacticity. Such parameters include solubility.
IR absorbance, density, melting point, and X-Ray diffraction. Experimental methods

employing these techniques have been briefly reviewed elsewhere [67].

NMR studies of polypropylene revolutionized the determination of tacticity
when it was realized that the relative steric configuration of neighboring units

affected the chemical shifts of both proton and carbon atoms in the propylene

repeating unit. It now became possible titatively determine stereo-sequences
within the polymer chain. For “purpose ive analysis it was necessary to
introduce a nomenclature to m-.-..:': twq’hst ments known as diads [68].
An isotactic diad (symb re the neighboring unit has
the same stereochemis ‘ 1L, whereas, a syndiotactic diad (symbol

r) represents a neighb

high field proton NMR itted the distinction of longer
stereosequences as first tri ntly heptad sequences became
resolved. The nomenclatur, ences are based on the diad

definition, for example, f its. three distinct triads may

be specified: isotactic (m hetereotactic (mr) where the
symbols refer to the configuratity ~“of the, ROOFing units relative to the specified
unit. Analogous desigrations ar '-»---—--’—=-'-§--—.~~e-v= dces. These developments

have been reviewed i

Elucidation of the ﬁml lene sam mponant from two
viewpoints. Fi u&J a i/moﬂ ngly becoming an
important tool f%l' understanding npchamsms o&cham growthgand the stereo-
regulanﬂ wq Mﬁ %w g*%lq IQF%BQ a &l: material is
of commefcial significance, the determination of tacticity is of crucial importance in
evaluation of catalyst efficiency with respect to the formation of the isotactic product.

This latter aspect is of particular relevance today, amidst the search for catalysts of

ever higher activity.

Whereas, unquestionably the NMR method provides the most rigorous and
fundamental evaluation of polymer tacticity yet the technique is specialized, time-

consuming and requires expensive instrumentation. Consequently, secondary methods
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employing relatively simple and rapid evaluation techniques are still widely used and

continue to make an important contribution to propylene polymerization studies.

The differential solubility of isotactic and atactic material proved to be of
inestimable importance in the initial characterization of these polymers. Natta and
coworkers [70] subsequently postulated an isotactic index which was equivalent to the

percentage of a given sample insoluble in boiling n-heptane. This index is still widely

utilized in evaluation of PP stereor bsequently, a more detailed correlation
between isotacticity and solubi n_ swisspublished [71]
Table 2.2 Data of Natta {7 ol mto stereoregularity.

Insoluble le 4 x‘j \ MPt. %

in g FF tallini °C Irregularity
e npeglnd B 2B ] 106-114 26.1-29.5
n-pentane n-hex i If_:, 25 110-135 17.3-27.8
n-hexane n-hepta U EEE 4 147-159 17.2-12.2
n-heptane 2-ethyThex j.,:P 2 | 158-170 2.5-34
2-ethylhexane n-octane == =4" 4-175 0.4-0.8
n-octane ' — == /REE 0.4-0.8
Trichloroethylene | m @Ll 76 0
-~

The validiﬂouiﬁlﬁowgemuiwﬂ‘%a 5[72] In comparison

with alternative ’Aethods for determaning PP crysgllinity, e.g., bUensity and IR
methodﬂl w 510& &ﬂﬁem%m%t%ﬁa ;ﬁwﬁ a consistent
measurement of crystallinity, as judged by X-Ray diffraction measurements, the
heptane insolubility index was somewhat dependent on the molecular weight of the

sample and did not give a reliable guide of crystallinity.

Subsequently, in seeking to refute conclusions as to the effect of the nature of
the base metal-alkyl on the stereospecificity of the catalyst, Firsov et al [73] showed
that the isotacticity index based on solvent extraction did not correlate well with IR

and X-Ray measurements. In particular their work showed that the extent of




39

extraction was dependent on mollecular weight as well as stereospecificity.

Recently, during the course of the synthesis of low molecular weight
polypropylene samples [74] we have confirmed the validity of the above criticism by

comparison of the stereoregularity of samples through solvent extraction and '*C-

NMR measurements (Table 2.3).
Wulan’ty from "C-NMR and solvent
——

Table 2.3 Comparison of po
extraction measurements. .

lypro
——1 — 0 D)
| R \‘ actic (mm)
AN

Sample ¥ [Znk

5 Whole 0.79
HI 0.89
S 0.39

11 Whole 0.83
HI 1.00
S 0.77

6 Whole ) ] 0.87
HI M —————— ——— " 0.98
s -7 L 0.83
a) Whole sample; b%.Type 1.1/AliBu, catalyst; c) W@ measured by tritium tracer

e - : il ey e
technique; d)% insoluble m‘bcﬂng n-heptane; e)tr&glsotac icity by NMR

s ciar fih el ] B BN F) s e st

index as deduced by solvent extraction does nofsgive meaningful results. Thus,
whereasﬂe%ﬁt@@ﬂ%%ﬂe%ﬁeﬂr%% &h’i}xaygmrations of
transfer agént appears to be reduced from 71% to about 30%, the NMR measurements
show that in fact the overall stereoregularity of the samples increase from about 79%
to 87%. This is presumably associated with the deactivation of the less stereospecific,
more exposed sites by interaction with the transfer agent. Examinations of the
molecular weights of the insoluble and soluble fractions show clearly that the latter
are very much lower than the former and that this effect is accentuated as the overall

molecular weight of the sample is reduced. It might be supposed that the molecular
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weight of the atactic polymers are intrinsically lower than the isotactic fraction.

This suggestion is not unreasonable since sites producing atactic polymer are
probably more open to chain transfer with metal alkyl. However, it is plain from the
results cited in the table that for low molecular weight samples the soluble fraction is
quite stereoregular (mm = 0.77-0.83), This clearly shows that the solubility in boiling

heptane is dependent not only on stereoregularity but also on molecular weight.

%N’MR tacticity from the data of
.-‘
—

Table 2.4 Comparison of s
Martuscelli et al [75].

Sample

Mn Crystallinity

Code %Hepta : j/?/‘“\’\\ 10* By X-Ray (%)

HY-97.5 >.8 68

LY-97.5 ///ﬁﬁmk\ 5 64
FTTR% P\

W\
HY-96 96.0 l I ‘ﬁ u\‘\\ 68

HY-90 90.0 l o \\ 57

VHY-97.5 Pi1a3 7.2 65

Admittedly the above.d c.case with low molecular

weight polypropylen yﬁ)— SO —of—the : soluble versus NMR

stereospecificity taken fie better correlation (Table 2.4).

index as determined by solvem extraction agrees within
about 2% that d ﬂ ﬁ for high molecular
weight highly i rﬂ ﬁﬂmmﬂ% s::s a good indication
of isotacticity. ThlS is perhaps nét altogether sing sindé/ pure isotactic
oM NN TN D BT AR e

boiling n- ﬂeptane which has a boiling point (98.4°C) which is lower than the melting

In this case the isotact

point of the isotactic material. Thus the top point of the isotacticity index is likely to
be coincident by extraction and NMR methods. However, even in the absence of
molecular weight effects the two measurements are likely to diverge increasingly as
the true isotacticity decreases. This follows since the solubility in n-heptane is
actually a function of crystallinity and this parameter is not directly proportional to

isotacticity as is discussed subsequently in this paper. It should be borne in mind too,



41

that the effect of hot solvent extraction is not only to remove less isotactic material

but also to anneal the residue, and thus increase the crystallinity of that material.

In summary, solvent extraction Is a useful semi-quantitative technique which is
capable of ranking samples in order of isotacticity providing that the molecular

weights of the samples are comparable.
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