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Paoro CORRADING

OPENING REMARKS

Professor Vesentini, the President of the Academy, has not been able
to reach Rome from Turin in time for the opening of this meeting. So
he asked me to say a few words in his place.

We celebrate this year the centenary of the birth of Professor Giulio
Natta, who was Professor of Industrial Chemistry at the Politecnico of
Milan, Academician of the Lincei and Nobel Prize in Chemistry in
1963.

He was born in Porto Maurizio, which is now Imperia, on 26 Feb-
ruary 1903,

The discoveries made by Professor Giulio Natta have given a strong
impetus to the progress of science and have made available a whole
series of new materials that we are using now to the benefit of man-
kind. An example is isotactic polypropylene.

Its production, which started from zero in the Fifties, amounts now-
adays to more than 25-million tons per year worldwide, we have reached
probably 30-million tons per year with an average consumption of the
order of magnitude of 4 or even more kilograms per year per inhabitant
of the earth.

Propylene may be obtained cheaply and in large quantities from oil.
The possibility to obtain a crystalline polymer from propylene, the poly-
mer that was then called isotactic polypropylene, was discovered by
Giulio Natta and his collaborators in March 1954.

I have a photograph of Professor Natta to project on the screen.
On the photograph that 1 received from Professor Natta he has writ-
ten: “Al mio caro allievo ¢ collaboratore, Paolo Corradini, affettuosa-
mente”. Professor Natta has a huge model of a polypropylene mole-
cule on the back. (The photograph is displayed as fig. 1 in the report
of Paclo Corradini at the “Round Table” of this meeting). Well, that
may be sufficient,

In fact, the macromolecules of isotactic polypropylene are character-
ized by the presence of long sequences of monomeric units, which have
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the same configuration. In the solid state, such sequences give rise to
helicoidal molecular conformation. :

The first two memoirs on the subject were submitted for publication
at the Accademia dei Lincei in December 1954, 1 have two copies here,
but I see they are also being distributed outside. Of the memoirs, which
Natta gave, the first was given here at the Academy.

The discovery of the stereospecific polymerization has opened an
entirely new field in macromolecular chemistry. Its interest is not only
scientific, but also practical. The industry of plastics, of elastomers and
of fibers has been strongly influenced.

In 1963, Professor Ziegler and Professor Natta together received the
Nobel Prize in Chemistry. Professor Fredga, in the presentation speech
for the Naobel Prize, said that our epoch is witnessing the gradual re-
placement of traditional materials such as glass, porcelain, wood, metals,
bones and horn with synthetic materials such as plastics, which can be
obtained by polymerization of small molecules.

Professor Ziegler invented an entirely new method of polymerization,
in particular of ethylene, obtaining the growth of polymeric chains com-
pletely linear through the addition on metal-carbon bonds.

This catalytic addition is much softer than the one known previously.
which occurred starting from free radicals and which gives rise to side
chains and other anomalies along the chain, If, instead of ethylene, we
polymerize propylene, propvlene may originate chains with a large side
group (CH,), every two carbon atoms. This group may be oriented on
the right or on the lefr along the main zig-zag chain.

When the orientations of the CH, groups are randomly distributed,
the chain has an especially irregular configuration. Professor Natta found

that certain types of Ziegler catalysts led to stereoregular macromole-:

cules. That is macromolecules with uniform structure in space.

In such chains, all the side groups point to the right or to the left of
a zig-zag chain — this configuration being called isotactic. The molecular
environment of the metal atom in the catalyst, at which new units are
stuck on the chain (as mentioned before) is so shaped that it permits only
a definite orientation of the side groups.

These statements by Fredga, and analogous statements by Professor
Natta in his Nobel speech, may be considered prophetic in respect to
the scientific findings and certain conclusions, which have been obtained
much more recently.

In the motivation by Fredga we read more. And the more recent
acquisitions we will hear in this meeting, of course. In the motivation by
Fredga we read: “Isotactic polymers show very interesting characteristics,”
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Thus while ordinary hydrocarbon chains are zigzag in shape, isotac-
tic chains form helices with the side groups pointing outwards. Such
polymers give rise to novel synthetic products such as fabrics, which are
light and strong at the same time, and ropes which float on the water
~ to mention only two examples,

“Nature synthesizes”, says Fredga in the motivation for the Nobel
Prize, “many stereoregular polymers: for example cellulose and rubber.

This ability has so far been thought to be a monopoly of nature,
operating with biocatalysts known as enzymes. But now Professor Natta
has broken this monopoly™.

The discovery of stereoregular polymers has produced and is stll
producing important consequences in the field of pure and applied sci-
ence. During this meeting for the “Celebrazione del Centenario della
nascita del Professor Natta”, which we are holding now, we are going to
hear (as in the program) many well-known professors and researchers,
Italian and foreign, who have been recent “primsi attori” (as we say in
ltalian) in the comprehension of the mechanisms of the stercoselective
catalysis of polymerization and the discovery and exploitation of new
catalytic processes and their technologies and in the study of the struc-
ture and use properties of the polymer.

In the round table of recollection, this afternoon, some moments
will be dedicated to the discovery of isotactic polypropylene and numer-
ous other stereoregular polymers by Professor Natta and his direct col-
lahorators, as well as the impact of research which has been conducted
also in other fields of chemistry and more generally in science, technol-
ogy and teaching, ‘

We are pleased and honored by the presence of so many distin-
guished participants in the meeting, and also of so many distinguished
scientists.

We are going to hear first Dr. Ewen, who will give a report on
“Polypropylene through the eyes of a metallocene”. As you may know,
Ewen made the fundamental discovery of homogeneous catalysts for the
stereospecific polymerization of propylene. Professor Brintzinger then,
who made and prepared the chiral catalytic molecules and studied them.

The chiral molecules which are such important catalysts for hcmnge-_
neous polymerization and which have cleared up the mechanisms of
stereospecificity, in a sense.

And then we will hear Guerra and Galli, speaking on polypropylene.
And Resconi and Morini, We will have the round table and then we
will have, from the laboratory of Professor Ziegler, Gerhard Fink. And
then Walter Kaminsky, who discovered the very important cocatalyst,
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methylaluminoxane, MAQ. And we will hear of many other polymers.

Professor Lotz for the structure and Professor Allepra. And we will fin-
ish tomorrow at about half past noon, 1 believe.

So, now 1 will give the word to Professor Pasquon, who was an
important co-worker of Professor Natta and who, together with me, es-
tablished the helical structure, of many polymers different from polypro-
pylene, but isotactic also, in the Fifties, soon after their discovery.

[TaLty Pasguon

[ am from Politecnico di Milano and an unforeseen commitment has
prevented the Rector of our Politecnico from participating in today’s
meeting dedicated 1o Giulio Natta. And Professor Giulio Ballio has asked
me to bring vou his apologies and his salutes. T bring, too, the salute of
the President of Istituto Lombardo, Accademia delle Scienze, Professor
Emilio Garri.

Giulio Narta has worked in the Politecnico di Milano as Professor
of Industrial Chemistry and as Chairman of the Institute (nowadays
Department) of Industrial Chemistry for thirty-five vears (from 1938 to
1973). But Giulio Natta’s association with Politecnico di Milano has even
deeper roots. In fact, he graduated in Industrial Chemical Engineering
from Politecnico in 1924, when he was only twenty-one,

At the same Institution, he continued also his activity as a researcher,
His First scientific publication on the stability of alkaline chloride
solutions dates to 1923. He was a student at that moment. He started
his career as a Professor in the Institute of General Chemistry in Milano,
which he left in 1933 after winning the Chair of General Chemistry of
the University of Pavia at only thirty vears of age. In 1935 he proceeded
to the Chair of Physical Chemistry in Rome and then in 1937 to that of
Industrial Chemistry in Torino, before returning to Milano in 1938. Here,
thanks to the facilities of Politecnico and to the support of the
Montecatini Company (support in money and researchers), he developed
researches which made one of the most eminent chemists of our age.



Hans-Hersert BRINTZINGER

CATALYST MODELS AND THE EVOLUTION
OF ANSA-METALLOCENE CATALYSTS
FOR THE STEREOSELECTIVE POLYMERISATION OF «-OLEFINS

1. EARLY STUDIES ON METALLOCENE CATALYSTS

Shortly after Natta, Pino and coworkers [1] and Breslow and Long [2]
had independently reported in 1957 that soluble, titanocene-based cata-
lyst systems polymerise ethylene in a manner similar to thar of solid-
state Ziegler catalysts [3], a series of in-depth investigations led to plau-
sible and largely correct descriptions of the course of homopgenecous ole-
fin polymerisation catalysis [4-7]. Essential parts of the Cossee model
for solid Ziegler caralysts, which are still considered valid today, are
based on these early studies on homogeneous catalysts [8],

The discovery of stereospecific polyolefin formation by Nata and
Corradini [9], on the other hand, did not find an early counterpart in
homogeneously dissolved catalyst systems, from which plausible stereo-
chemical models could have been derived. While a remarkable vision
— that an asymmetric metallocene catalvst might stereoselectively interact
with a prochiral olefin so as to favour concatenation by one particular
enantioface (Fig. 1) - was proposed already in 1958 by Patat and
Sinn [10], this proposal remained buried in the literature for more than
two decades, since metallocene catalysts capable of polymerising olefins
other than ethene were not known at that time,

Possibly for this reason, it took abour twenty five years until a con-
vincing model for stereocontrolled polyolefin formation — chain-segment
mediated catalytic-site control — was advanced by Corradini and experi-
mentally verified by Zambelli and their respective coworkers [11, 12].

' Fachbereich Chemie — Universitit Konstanz - D-78457 Konstanz (Gemany).
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Fig. 1 — Enantiofacial preference for coordination of an w-olefin to an unsymmetnical catalyst,

proposed by Patat and Sinn in 1958 [10],

2, CHIRAL ANSA-METALLOCENE CATALYSTS

Stereoselective olefin polymerisation by homogeneous caralyst sytems
became known as a research topic to the author of this report in the
carl}f seventies by discussions with Charles Overberger, then at the Uni-
versity of Michigan. Overberger, who had investigated the polymerisa-
tion of styrene by titanocene-based catalysts without obtaining definitive
smrmlchemi-:al results [13], was acutely aware of stereochemical prob-
lems in polymerisation catalysis and, through his former association with
Herrmann Marks at Brooklyn Polytechnic, possibly even of the proposal
by Patat and Sinn. In 1974 the author received from Overberger an
unpul:n]'.ishf:d manuscript “Ziegler-Nata Catalysts and Polymerizations”
written by the just-deceased John Boor, and was impressed by the con-
cluding paragraphs of this posthumously published and frequr.;:ml}-' quot-
ed book [14], which expounded the necessity to find homogeneous cat-
:ilﬂysr systems capable of inducing stereocontrolled a-olefin polymerisa-

n.

rShnn]y thereafter, the author submitted to Deutsche Forschungsge-
memsr:rha&, for a special programme supporting research in homogeneous
catalysis from 1974 to 1979, a proposal to prepare chiral, configuration-
ally stable metallocene complexes with substituted ring ligands linked by
mter'amrllnr bridges for use as stereoselective catalysts. In a workshop
hearing on the programme projects, Sinn, one of the programme coordi-
nators, made the author aware of his and Partat’s early proposal and
cautioned that it might not be possible to activate titanocene complexes

il

for the polymerisation of a-olefins, Walter Kaminsky, one of the pro-
gramme participants, expressed optimism, however, that this obstacle
might eventually be overcome.

While preparations of the first ring-bridged [15], chiral ansa-ti-
tanocenes were still beset by the formation of regio- and stereoisomers
[16, 17], reliable and relatively short synthetic routes to the rac-isomers of
C,H.bridged bis-indenyl and bis-tetrahydro-indenyl titanium dichlorides,
rac-C.H.(ind), TiCl, and rac-C,;H,(thind),TiCl,, were found in 1982 by Fer-
dinand Wild [18], who then set out to prepare also the analogous zir-
conocenes [19], since reports of o-olefin-polymerisation by methylalu-
moxane-activated zirconocene complexes had just appeared in the litera-
ture [20, 21].

In the fall of 1982, we discussed possible uses for chiral anmsa-ui-
tanocenes with visitors from the United States and suggested to them to
make the availability of these complexes known to colleagues interested
in potential applications. This information may thus have reached the
Exxon laboratories by diffusion through the American scientific network
or directly from our publication in ]. Organomet. Chem. At any rate,
the ability of MAO-activated rac-C,H,(thind}, TiCl, to produce isotactic
polypropene under catalytic-site control at sub-ambient temperatures was
observed there already during 1983 by John Ewen and reported soon
thereafter [22].

In the meantime, Ferdinand Wild had prepared also the analogous
ansa-zirconocenes and successfully persuaded Klaus Kiilper, one of Ka-
minsky’s graduate students, to study their stereoselectivities as polymeri-
sation catalysts, which was thus found to be excellent also at ambient
temperatures [23]. With the stereoselectivities of the ansa-titanocene and
zirconocene catalvst systems independently established by two research
groups, the scene was set to elucidate the mechanisms by which these
and many other ansa-metallocene complexes prepared thereafter [24] con-
trol the enantiofacial orientation of an olefin inserting into a metal-poly-
mer bond.

3, ORIGING OF STEREOSELECTIVITY AND STEREOERRORS

Two experimental studies, one in Zambelli's group at the University
of Salerno [25], one in Pino's group at the ETH Zirich [26], gave
essential - clues on the mechanisms by which chiral ansa-metallocene
catalysts control the stereochemistry of growing polyolefin chains. By a
UC-labelling strategy analogous to that employed to study solid-state



polymerisation catalysts [11], Zambelli and coworkers showed that inser-
tion of an w-olefin into a rac-C,H,(thind), Ti-alkyl bond is stereo-selective
only for Ti-bound alkyl units with at least two C atoms and conclud-
ed that the chirality of the coordination site 15 transmitted to the in-
coming olefin by way of the orientation of the Clu).CiR] alkyl seg-
ment, as had been proposed before for solid-state polymerisation cara-
Iysts [12].

This proposal was supported by studies in Pino's group, which
made use of resolved ansa-metallocene enantiomers. After several com-
mon meetings of Pino's research group with ours, Ferdinand Wild
went to Pino’s laboratory in 1986 to prepare isolated enantiomers of
C,H,(thind),ZrCl, for this purpose, When MAO-activared C;H,(1,1"-R-
thind),ZrCl, was used to catalyse the hydrotrimerisation of propene in
the presence of H,, the preponderantly formed stereoisomer was found
to be that expected from a 12-insertion, where the olefin substituent is
oriented away from the Cla)-C(R) chain segment, while the latter is
placed into the open quadrant Q. of the metallocene ligand framework
(Fig. 2).

Q1 Q2

Q-1 Q_QJ

ig. 2 - Preferred enantiofacial approach of an a-olefin controlled by the orentation of the Jast-
nserted polymer chain segment in the least-crowded quadrant Q; of 11"R-C;H,fthind),Zr-pal*,
us derived fram the absalute configuration of a hydrotrimerisation product by Ping e 4/ [2],

—

This qualitative picture was corroborated through molecular-model-
ling studies by Corradini, Guerra and coworkers (Fig, 3) [27, 28], who
showed that the concept of chain-segment mediated catalytic-site control
applies to isospecific polymerisations with C;-s;._munetri-:: ansa-metallocenes
as well as to syndiospecific polymerisations with the Cy-symmetric com-
plexes prepared and studied by Razavi and Ewen [29],

Even though correct in its predictions, this model was furthet mod-
ified by the concept of a-agostic interaction [30, 31]. Following a tripar-
tite discussion session with Malcolm Green in Oxford, hydrocyelisarion
experiments in John Bercaw's group at Caltec and hydrodimerisation
studies in the author’s group at Konstanz were done in parallel with
deuterated dienes and alkenes, respectively [32, 33]. Significant stereo-
kinetic isotope effects gave first evidence [34] that agostic interaction of

re

Ay

Fig. 3 — Enantiofacial preference for a-olcfin coordination 1o homotopic (top) and enantiotopic
ihottom) catalyst sices, mediated by the osientarion of the last-inserted chain scgment, from
molecular-model caleulations by Corradini, Guerra ef ol [27, 28],
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one of the a-C-H bonds of the growing chain with the metal centre
facilitates insertion of an w-olefin into a Zr-alkyl bond. This notion, that
a tilting of the Zr-bound alkyl group must precede insertion of the ole-
fin into the Zr-Cla) bond, was portrayed by simple Extended-Hiickel
calculations with astonishing clarity (Fig. 4) [35], which was reached
much later also by high-level molecular-dynamics calculations [36].

That actual polymerisations with ansa-metallocene catalysts are like-
wise stereocontrolled by a-agostic interactions was shown by Margarete
Leclerc by use of deuterium-labelled propene isotopomers (Fig. 5) [37].
The requirement to lock the Cla)-C{f}) chain segment into an orienta-
tion which is compatible with the extension of the ligand framework
thus reduces the conformational analysis required for the model shown
in figure 3 to a choice between two possible Zr-Hia) interactions (Fig. 6,
which clearly discriminates between stereoregular and -irregular inser-
tions.

In addition to explaining the high stereoselectivity of metallocene-
catalysed olefin polymerisations, this study also helped 1o clarify the or-
igins of sterecerrors in metallocene-catalysed polymerisations. At the
STEPOL Symposium held 1994 in Milano, Margarete Leclere presented
a poster on her results with propene isotopomer polymerisations, while
Vincenzo Busico and Luigi Resconi reported independently that stereo-
error frequencies in isotactic polypropene increased at low propene con-
centrations [38, 391; a phenomenon thar was proposed to arise from an
isomerisation of the last-inserted chain segment [38]. Discussions in the

Fig. 4 = Insertion of ethene into o ZeCH; bond under a-agostic assistence. Phase 1: tiking
of the CH; group by formation of a Ze-Hlu) agostic bond; Phase 2 formation of the new
C-C bond, Extended-Hilckel MO calculations by Prosenc o af. [33]

(E)—1-d—propene 8—H |trensfer Mey,
—_— 4
R
— DH HDDH
(Z2)-7—d—propene B—H |tronsfer

Fig. 5 - Stercokinetic isotope cffects, due to a-agostic interactions, on the rates of polyolefin
chain growth, determined by use of propene isotopomers by Leclerc er al. 1371,

Regular Zr-H Interaction Irregular Zr-H Interaction

Fig, 6 — Zr-Hie) agostic bonds reinforce the orientation qu the Er-!:n}lund chain segment
{in front) and thereby the stereochemistry of the olefin inserion (in rear) [351.
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poster hall led to the agreement that in polypropene prepared from
1D-propene, the mmmr stereoerror pentad signal should arise from
CH,D rather than from CH, groups, especially at low monomer concen-
trations, if such an isomerisation does indeed cause most of the stereo-
errors. Subsequent investigations by Margarete Leclerc verified this hy-
pothesis and provided also convincing evidence that chain-end isomeri-
sations cause, in addition, the main part of the chain-growth termination
reactions which limit chain lengths in polyolefins produced by awsg-zir-
conocene-catalysts [40].

A curious observation made on this occasion concerned the ob-
servation of the characteristic splitting pattern due to CH,D groups not
only in mmmr pentad signals caused by sterecerrors, but also in mmmm
sipnals due to stereoregular Me groups. This observation implied that
the polyolefin ligand in an isomerisation intermediate of the type
Zr(H)* - polyolefin can flip a the easily from & to re coordination and
vice-versa. A model for this conversion, derived from density-functional
calculations by Marc-Heinrich Prosenc [41)], pictures a transition state
with the polyolefin ligand held by the metal through agostic interactions
with its terminal C(1)-H bonds (Fig. 7). Chain-end epimerisations of this
kind were recently verified by double-labelling experiments in John Ber-
caws group [42], and by direcc NMR smdies on “working” catalyst
systems in the group of Clark Landis [43],

In another development, aimed ar an extension of the range of
accessible polymer chain lengths, effects of substituents in 2-position
of the indenyl ring, i e. of a lateral extension of the ansa-zirconocene
complex, were studied at the same time in Walter Spaleck’s group at

Fig. 7 - Teansition state for the enantioface interchange of a polyolefin chain end bound 1o
a zirconocene hydride cation, from DFT caleulations by Prosenc er af. [41].
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Hoechst as well as in our group at Konstanz in a BMBF-sponsored
collaboration with Rolf Miilhaupt’s group at Freiburg and with Giinther
Schweier's polyolefin-research group at BASF [44, 45]. Effects of mono-
mer concentration on polymer chain lengths were most plausibly ex-
plained in terms of a transition state model for B-H transfer to a
coordinated olefin, which extends substantially in lateral direction in
the mid-plane of the zirconocene complex and is hence apt to collide
with laterally placed Me substituents in 2-position of the indenyl ring
ligands (Fig. 8). ]

This picture induced us to study the effects of ring substituents on
other reactions which require an uptake of extra ligands in the metal-
locene mid-plane. Anion-displacement reactions in particular, by which
the counter-anions of reactive metallocene cations are relegated to an
outer-sphere association, were found to be greatly retarded by substi-
tutents at the metallocene ring ligands which interfere with the associa-
dive formation of a five-coordinate reaction intermediate (Fig. 9) [46].

The anion-displacement model represented in figure 9 is in accord
with the stereoselective course observed for these ligand exchange re-
actions, which leaves the alkyl group in its original coordination posi-
tion [46]. It would thus explain why the growing polymer chain bound
to a syndiospecific ansa-zirconocene catalyst might remain at the same
catalyst site even if re-coordination and renewed displacement of the
anion by the olefin substrate would occur before each successive inser-
tion step.

Fig. 8 = Steric hindrance for 8-H transfer from a growing polyolefin :!min to u coordinated
monomer by CH, substituents in 2-pesition of the indenyl ligands [451
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Fig. 9 - Five-coordinate intermediate [or the displacement of an anion X° by a newtral
ligand Y. derived from kinerics of outersphere jon-pair formation by Schaper et of [48].

To which degree of completion an anion displacement has to pro-
ceed before an olefin can insert into the metal-polymer bond [47], how
frequently displacement and re-coordination of the anion does in fact
occur — in a fast pre-equilibrium, after cach olefin insertion [48], or as
the terminal event in the growth of each polymer-chain - and which
role ion quadruples and higher-order ion aggregates (Fig. 10) [49, 50]
play with regard to anion and/or polymeryl exchange between individu-
al cationic species as well as to catalyst degradation reactions remain
open questions at this time,

For ion pairs of the type Cp,Zr(p-Me),AlMe,* MeMAO", formed in
zirconocene catalyst systems at high AIMAQO):Zr rados [51,52], diffusion
rate measurements by pulsed field-gradient NMR indicate huge dimen-
sions of the anion (Fig. 11) [53]. This would suggest that the metal cen-
tre of a cationic metallocene species cannot approach the surface of the
MeMAQ" anion directly and that this circumstance might contribute to
the particularly useful properties of MAO as an activator.

Similarly challenging, in view of great practical implications, remains
the task to develop appropriate model pictures for the structures and
typical reaction patterns of reactive species formed by MAQ™ or borate-
activated metallocene catalysts on the surface of solid supports. In re-

Fig. 10 - Ion quadruples us intermediates for anjon exchange between zirconocene contact
ion pairs, from pulsed-field gradient NMR diffusion rate studies by Beck er ol [49],

254

Fig. 11 — Size relation between {CsHy)yZeim-CHp AICH, )" cation and its Hc-[‘v‘l."k'[]' coun-
teranion, from pulsed-field gradient NMR diffusion rate studies by Babushkin et &l [33].

gard to these and related questions, grear advances can be expected 1o
materialise within the next few years.
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Gaerane GUERRA '™

IMPACT OF NATTA'S DISCOVERIES ON INDUSTRY
AND USES OF PP IN EVERY DAY’S LIFE

This presentation is aimed to describe the major impact of the Nat-
ta’s discoveries on the polymer industry and more in general to the
chemical industry. Of course, a substantial part of this contribution will
be devoted to isotactic polypropylene (i-PP), which is presently the high-
est volume industrial polymer product.

For centuries mankind has used natural polymers for clothing and
shelter. Manufacturers used these polymers as bases for new materials in
the nineteenth century. Generally these polymeric materials obtained from
chemical modification of natural polymers are defined as artificial poly-
mers,

A first milestone of artificial polymers is the discovery in 1839 by
Charles Goodyear of the process of vulcanization of the natural rubber.
In fact, he discovered that by treatments of natural rubber with varying
amounts of sulfur it is possible to control its toughness and elasticity.
The natural rubber, which till then was only used to produce minor
products, like e.g. erasers, became extremely relevant for several techni-
cal applications. Frederick Schoenbein in 1846 discovered cellulose ni-
trate by procedures involving treatment of cellulose with nitric acid.
However, this material was marketed as celluloid only in 1870 when
John Hyartr discovered thar cellulose nitrate combined with camphor can
be shaped and hardened by the application of heat and pressure. The
production of the first artificial fiber (Rayon), obtained by dissolution
and spinning of cellulose, started in France in 1889. In 1905 begins
marketing of cellulose acetate, obtained by reaction of cellulose with
acetic acid. This artificial material fully replaced celluloid for production
of plastic films as well as for several other applications.
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The industrial history of wholly symthetic polwmers, that is of mareri-
als obtained from polymerization of small molecules, begins on 1909,
when following the discovery by the Belgian scientst Leo Backeland, in
the United States starts the production of Bakelite, a thermoser resin
obtained by reaction of phenol and formaldehvde. This kind of industri-
al product, presently named as phenolic resin, remains at the beginning
of this new millennium the mostly produced thermoser material.

The first industrial production of a synthetic rubber begins in Ger-
many in 1915 with the poly(2,3-dimethyl-butadiene). However this kind
of rubber was soon replaced by polybutadiene, whose production began
in USSR in 1932 and mainly by copolymers of butadiene and styrene
(Buna-S was the name at that time, presently this kind of rubber is known
as SBR, which means Styrene-Butadiene Rubber), whose production be-
gan in Germany in 1934, As for fully synthetic rubbers, it is quite inter-
esting the impressive increase of production due to the needs of the
second world war. For instance the USA production which in 1942 was
close to 20 thousand tons increased up to nearly 600 thousand tons in
1945. For the sake of comparison, the US production of SBR, which is
also presently the mostly used synthetic rubber, has been in 2001 of
1.165 thousand tons,

The first industrial production of a synthetic thermoplastic, in parric-
ular of polyvinylacetate, was in Canada in 1925. However, the industrial
production of thermoplasties which presently are high volume commod-
ities starts in Germany in 1927 with polwvinylchloride and in 1932 with
polystyrene. An other important event is the start of production of poly-
ethylene by using radical initiators and high pressure plants, which was
in Great Britain in 1939. By this kind of process an highly branched
and poorly crystalline polyethylene was achieved, which presently “is
named Low Density PolyEthvlene (LDPE, scheme 1),

The history of fully synthetic fibers begins in USA after the discov-
ery by Wallace Carothers of polyesters and polyamides (nylons). In par-
ticular, in 1939 the industrial production of Nylon 6,6 obtained by poly-
condensation of adipoyl chloride and hexamethvlene diamine, starts, The
production of polyester fibers (polyethyleneterephtalate) starts in 1949 in
Great Britain. These two kinds of fibers remain, ar the beginning of this
new millennium, the mostly used syntheric fibers.

The decade between 1920 and 1930 saw also the birth of the mac-
romolecular science. In fact, in that period the same concept of macro-
molecule was defined and a quite important contribution was given by
the definition of the crystal structure of a macromolecular compound
(cellulose) by Meyer and Mark in 1928. An outstanding contribution to
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the field was also given by Hermann Staudinger, which received a No-

el price in 1953 [1]. ‘ o .
; Il:ossibly the most accurate synthetic description .ﬂf the [J(‘ll}"l‘l'lltr in-
dustry, before the discovery by Ziegler and Natta of organomerallic po-
imcri;a[inn catalysis, is just included in the Nobel Price lecture of Prof.

Staudinger (Table 1).

TapLe 1
Classification of macromolecular substances.

Sufstances ooolraig i walure

Hyvdrocirbons - rubber, guttapercha. balata, _ N
Polvsaccharides - celluloses, starches, glycogens, mannans, pecting, polyuronic acids,
chitines. ; _

Polynucleotides (aucleic acids).

Proteins and cnzymes,
Lignins and tans {transition from low- to macromolecular substaneces).

WA =

Il Conversion products of natural substances
Vulcanized rubber, rayon, cellophane, cellulose nitrate, learher. palalith erc.

IT, Synehetic materials

Plastics formed by

polymerization - buna, polvstyrene, polymethaendic ester.
polycondensation - bukelite, nylon, Petlon, Tervlene.
polvedditon - polyurethane,

In order to understand the relevance of the Ziegler's and Natta’s
discoveries, it is also worth recalling that after the 2* world war a
major change was occurring in Chemistry. In fact while untl that time
the main source of raw materials was coal, a gradual shift toward oil
occurred, making available large quantities of aliphatic hydrocarbons,
mainly ethene, propene, butene and butadiene.

In this framework, in 1953 there was the discovery by Prof. Karl
Ziegler, in Mulheim (Germany), of organometallic catalysts which are
able to polymerize ethene at low pressure and low temperatures [© a
linear high crystalline polymer, which presently is named High Density
PolyEthylene (HDPE, scheme 1) (2], Only one year later there was :h_e
discovery by Prof, Giulio Nawa in Milan that this kind of catalysts is
also able to polymerize 1-alkenes to isoractic pﬁl}fﬂ]cﬁhns (3] Ftl:!r these
discoveries both scientists got a joint Nobel Price for Chemistry in 1963.
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In order to describe the impact of Ziegler's and Nartta's discoveries
on Industry, five different classes of new polymers from transition metal
catalyzed polymerization of hydrocarbon monomers will be considered
in the following: linear polyethylenes, stereoregular polyolefins, stereo-
regular polydienes, ethene/propene copolymers and polyacetylenes.

As for new polymers from ethene, beside the linear HDPE (Scheme 1),
also a new linear copolymer of ethene with minor amounts of 1-alkenes,
the so called Linear Low Density PolyEthylene (LLDPE). was discovered,

LLDPE presents physical properties and application fields very simi-
lar to those of the classical LDPE from radical polymerization, however
it has the advantage to be produced in low pressure swing capacity
plants, alternatively producing HDPE. In fact, LLDPE has gradually
assumed a growth rate faster than LDPE. In fact, since 1995 the pro-
duction growth has been for LLDPE larger than five percent per year
while it has been nearly null for LDPE,

The discovery of the Natta’s school which has given the highest im-
pact on the industry has certainly been the discovery of stereoregular
polyolefins and mostly of isotactic polypropylene. The original figure which
defined the new concepts of atactic, isotactic and syndiotactic vinyl poly-
mers, taken by the Nobel Price lecture of Prof. Natta is shown in Fig. 1.

Two models representing the ternary helix which is present in the crys-
tal structures of isotactic polypropylene are shown in Fig. 2. In particular,
on the left side there is the old-style bur highly accurate representation,
taken from a paper published by Prof. Natta with Prof. Corradini on the
“Memorie” of the “Accademia Nazionale dei Lincei” in 1955 [4]. On the
right there is the same helix as shown by a computed aided picrure.

T e W

A molecule of linear polyethyviene, or HDPE

p

A molecule of branched polyethylene, or LDPE
Scheme 1.

isoractic
syndictactic b
ArACTC c

Fig. 1 — Models of chains of head-to-tail vinyl polymers suppased arbirrarily SIIE.‘.IC]'bEd fmlha
plane, having, respectively, isotactic l(a), syndiotactic (b), and awmctic (e}, successions of the
F t ' (3 : ]
monomenic units.

Fig. 2 - Models representing the ternary helix of the cevsral structures of isotactic polypropylene,

Also taken by the Natra's Nobel lecture, in the fr:rﬂn::wling are shown
the first crystal structure of an isotactic pﬂ!ymt‘:r ¢i$mnct1c polystyrene)
[5] (Fig. 3) and a Table 2, including an impressive list of X-ray data on
newly achieved isotactic polymers.
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Fig. 3 = Model of pacling of isoctic polystyeene in the crysalline state, projected on the
001 plane,

TanLe 2
Xeray data on some typical ssotactic polymers with different chain conformations.

Polymers Helix  Chain Usit celf Space
dpe M gz rA Brasip
Polypropylene 3 6.50 Monoclinic, 7=6.65 A
b=2096 A; b=920 C2/4
Poly-abutene 3 630 Rhombohedral, a=1770 A Ric or e
Polystyrene 3 6.63 Rhombohedral, a=2190 A R3c or B3¢
Poly-5-methylhexene- | 1 630
Poly-5-methylheprene-1 3 E.40
Poly-3-phenylpropene- 1 3 ~6.40
Poly-4-phenylburene 3 6,55
Poly-o-methylstyrene 4 810  Terragonal, 4 =19.01 A I4,ed
Poly-avinylnaphthalene 4, 810  Terragonal, 4= 21,20 A l4,ed
Palyvinyleyelohexane 4, 6.50) Teteagonal, « = 21,70 A& 40
Paly.3-methylburene-1 4 654
Paly-4-methylpentene. | 75 13,85 Tetragonal, o = 18.60 A P
Poly4-methylhexene-1 Ta 14.00 Tetragonal, a = 19.64 A
Poly-m-methylsyrene 11, 2134 Tetragonal, « =19.81 A

{al It is to be understood thar, besides the right-handed Xn helix, the lefi-handed X, .
helix alse esists.

ib) Modification 1.

USA production data from 1960 to Eﬂﬂﬂ of Ir].'tt‘ highest volume poly-
meric materials have been collected in ['al:rl:: 3. These data clt:lar]:y show
that i-PP presently is the highest production commodity resin. More-
over, since 1996 the production growth h.ﬂs b_uu-n for i-PP larger than
five percent per year Closely similar behaviors is (:_hsewed for the Eu.m'
market. It is also worth adding that, according to market special-

iy PP should remain for the next future the world's fastest-

ized journals, 1

wing polymer. i . ‘ _ _
nghe principal reasons of i-PP industrial strength are the very low

density associated with high stiffness and good tensile srlrength. but‘ al_'lsn
the inertness toward acids, alkalis and solvent and mainly g{}gd injec-
tion-molding characteristics and cost advantage. All these properties n'llﬂkc
i-PP particularly suitable for the Jarge-volume cost- and weight-conscious
mﬂl‘:;ﬂlit of principal i-PP uses, as reported by the l:,'.:{lr;"m!'ﬂmf Profiles
of the Chemical Market Reporter, is shown in Table 4. The main use of

TaBLE 3
USA production (1960-2000) (thowsand of werric fons)

Year
1960 19701 1980 [990 2000
LDPE S0 1923 33007 S 7042
HDFE 0 728 998 70 ?3—3.‘:
PP - i 1655 3773 7139
Fs 430 1075 1397 2273 31044
PV 390 1413 2451 4122 (351
Toal: 1700 F00 1 LOGO 1900 30100
Tasie 4

Uses of fsatactic polypropylene taken from Chenical Profiles
of Chemical Market Reporter (2001}

Injection melding 3l%
fiber and filament 3%
compounders 3%
film and sheet 1%
Blow molding 2%




i-PP is in injection molding applications (food containers, electrical appli-
ance, fumiture, etc.). It is particularly interesting to cite the i-PP appli-
cations in the automotive market, which is a typical large-volume cost.
and weight-conscious market. 1700 components on 5000 are made with
plastics, which correspond 10 10% by wi. land 60% by wt, of the inte-
rior of an average car), In particular, i-PP is used for instance for bar-
tery cases, bumpers. exterior and interior trim, fuel tanks. instrument
panels, under-the-hood applications. wires and cables.

An other high volume use of i-PP is in fibers and filaments, which
are mostly used for carpets, ropes and “non-woven” textiles (disposable
garments, diapers). Presently, as for the market of synthetic fibers, ole-
finic fibers (mostly based on i-PP} are produced in amount comparable
with polyamide (nylon} fibers and smaller only with respect ro polyes-
ther fibers,

Neatly one fourth of the i-PP production is used by compounders
which prepare special grades of the material by adding several additives
and making blends with other polymers. Quite relevant is also the pro-
duction of films for packaging and for coating of other materials (most-
Iy paper) to make them glossy or waterproof.

As for stereoregular polydienes. a quite impressive representation of
the chain conformations in the ervstalline phases of the four possible
stereoregular polymers of butadiene, all obtained by Ziegler-Nata cata-
lysts, also taken from the Nobel lecture of Prof, Giulio Narta, has been
reported in Fig. 4,

A high impact on the industry has also been given by the discovery
of stereoregular polvdienes. In particular, some stercoregular polvdienes
obtained by Ziegler-Natta catalysts are relevant for the rubber industry,
The most relevant is e¢is-1,4-Palvburadiene, bur also ¢i5-1 4-Polyisoprene,
which presents a chemical structure equal to the natural rubber, can
reach high volume productions. In the last decades the rubber industry
has also produced not negligible amounts of 1.2-Syndiotactic Polybuta-
diene,

As for the rubber industry, Ziegler-Narra catalysts have also been
relevant for production of Ethene/Propene Copolymers, which are com-
monly indicated as EPR, i.e. Ethene Propene Rubber, or EPDM when
minor amounts of Diene Monomers are copolymerized. In fact, the
production growth per vear of the rubber based on ethylene-propylene
copolymers has been in the last decade close to 6%, that is much
higher than for the other synthetic rubbers (2%). This fast growth is
prin'i:aﬁly due to excellent performance in the automotive and roofing
markets.

i

{a) 15) (el

Fig. 4 = Side and end views of the chain conformations af the i'rlwur stereoisomers of
polybutadiene: ta) trans-1.3: (bl a1 4; (€l syndiotactie- 1.2 1} igoracric-1,2

Last but not least, it is relevant to remind that pml'_-:acet}-le-ng was
firstly obtained by the Natta's laboratories, again by using the Ziegler-
Natta catalysts [6].

Studies on clectrical conductivity on doped cis and frans polyacety-
lene gave to Alan Heeger, Alan MacDiarmid and Hideki Shirakawa the
Nobel Prize in Chemistry 2000 [71, 5

As already occurred for the discovery of the Ziug!cr pnlj.fnmn_z:ltmn
catalysts, serendipity toke his role. Tn fact, it is interesting to read 1nhshe
Shirakawa’s autobiography that the formation of a polyacetylene h!lm.
which was an extremely relevant step to the achievement of conductive
polymers was obtained “through an unforeseeable experimental failure...
The catalyst concentration of a thousand-fold higher than I had

lanned...” [8]. =
: In the sin]:e autobiography it is possible to read_ that “the Immazl_
putpose of his study was to determine the polymerization mechanism of




polyacetylene using the Ziegler-Natta catalysts™. Hence, conductive poly-
mers can be included in the long list of technolagical relevant results
connected with polymerization mechanism studies like those reviewed in
some chapters of the present booklet.
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POLYPROPYLENE TECHNOLOGY:
A REVOLUTIONARY DEVELOPMENT,
UNIQUE IN THE HISTORY OF POLYMER MATERIALS

INTRODUCTION

The need for a continuous and dramatic process and product im-
provement has been a main driving force behind the entire innovation
“and growth of polypropylene. This need has pushed scientific research
“on catalyst systems and material structure property relationships to new
evels and is ultimately responsible for the dynamic and continuous
growth of the market,

When polypropylene was born and in the early stages of commer-
- cialisation, it appeared affected by two main limitations that threatened
its commercial success:

1) a complex production process that was difficult to operate consis-
tently, produced unreliable quality and which had limited flexibility or
versatility and

~ 2) products that had almost no utility since they apparently had lim-

Jited properties that were of practical use. This latter element was fur-
ther complicated by a lack of knowledge on how to control and use
these materials and basic structure-property relationships.,

- Those two critical issues are in fact strictly interconnected but they
_were in practice kept separated by a deep lack of understanding of the
bﬂc chemistry underlying production process technology and the rela-
mm between process and material property requirements of the mat-

HhrPuIWHM - Cemro Ricerche <G, Natan . Plazzale Donegani, 12 ~ 44100
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In summary, the first generation processes were complicated, expen-
sive, and inflexible with undesirable byproducts and high pollution risks
for the various operations.

Attempts to improve or to generate new product properties were
barred by the process complexity, rigidity and system constraints.

However since the potential was recognised by the scientists early in
its life cvele these difficulties did not get the upper hand!

On the contrary; the polypropylene story reallv represents a unique-
ness in material development. Fueled by a tremendous commitment to
understanding the basic phenomena involved in propylene polvmerisa-
tion and associated polypropylene product processing technology, the
problems were tackled with a spirit of innovation, creativity and a
professionalism that quickly turned by-products into highly desirable
materials of commerce.

At the same time the difficult challenges catalvsed a reaction, no
pun intended, that has become the main driving force for the develop-
ment of entire families of polyolefins and which crysmallized into a
strong robust industry over the last half century. Polverhylene, for ex-
ample, has benelited from the understanding and developments
achieved by its most demanding and difficult “travelling companion”,
polypropylene.

REVISITING THE PAST

Let us see what has happened since the very beginning of the PP
technology commercialisarion and what has been the ratonale for the
. intensive R&D developments of the following vears,

The bright promises of the early period:

I remember well the very beginning and early period of the novel
Ziegler-Narta technology. We were all shocked, admired. full of trust
and enthusiasm for the potential of the novel, revolutionary catalvsts.
able to generate new materials like polvethvlene (PE) and polypropylene
(PP] with a new, convenient, apparently easv technology and with a
New gamut of properties.

There was a lot of enthusiasm for the novelty of the catalytic system.
which was able to operate in mild, easy conditions. There was also a
deep curiosity for the new materials and their set of properties, a strong

SR |+ p—

expectation to have good and low cost materials, driven by readily avail-
able monomers and the expected low cost processes.

The enthusiasm and the push were on the scientists’' part, and also
the top management of several companies. In November 1955, in Mon-
tecatini, a large-scale pilot plant tor the polymerisation ol ethylene and
propylene started operating in the Ferrara plant in Ii-._nly,

In January 1957, a very first multipurpose BATCH polymerisation
plant for the production of the first high density injection moulding PE
{(“Moplen RO”) and PP started operating (Fig. 1.

THE VERY FIRST MULTIPURPOSE
POLYOLEFIN PLANT

TiCl, / AlEt, Jan. 1957; Ferrara (ITALY)

(LI 5]

|Fienfimr Frre
ST

Fig. 1 — The first multipuspose POL plane,

It was mainly dedicated to the production of PE; a larger scale,
more sophisticated plant fully dedicated to PP started operatng in Fer-
tara in November 1957 (Fig. 2),

Those plants were projected, built and started up in an extremely
short time at the cost of rremendous efforts, in terms of commitment,
on the researchers' and managements part.

They all made great sacrifices, pushed and supported by the great
E.nd'fuﬂiﬂ_sm based on the trust of the fluttering promises of the new
tamily of catalysts and materials.



FHE VERY FIRST POLYPROPYLENE PLANT

cRE ALY = Aol Nov. 1957; Ferrara (ITALY)

Fig. 2 = The first PP plane,

The hitter, tough commercial reality:

In spite of the bright expectations, the commercial reality very soon
turned out to be completely different:

The catalyst activity and selectivity were very poar, polymer morpholo-
gy did not even exist ar a concept level, the commercial plants were a
real nightmare w operate, the production costs very high, the properties
at best simple and poor and consequently the selling price... low.

In other words, as a business it was a downright disaster!

After many efforts in several different directions to dramatically im-
prove the process technology, it was clear that the only answer had to
come from a fundamental scientific understanding and development ap-
proach,

In particular, we did not recognise that the kev to the main com-
mercial plant issues was a largely ignored and misunderstood principle
of polymer morphology control which affected all the commereial plants,

heavily spoiling all cosmetic efforts made in order to improve quality
and cost.

L

THE TWO CONFLICTING NEEDS

Commereial
plant
operability
and
reliability

. =
~ Polymer granule dimensions & compactness

Fig. 3 = The two conflicting needs.

The situation was at a dead end because the solution had to resolve
an impossible compromise berween two conflicting needs to make the
‘polymer purification step effectnal and 10 make the comimercial plant
‘operability reliable, fast and cost efficient (Fig. 31, _
~ The life of the industrial plant was an adventure, or better, a night-
‘mate, in a continuous precarious balance berween conflicting needs, such
‘as product quality or plant operabilite. The plants always had to live
‘under *Damocle’s sword”, regarding the alternative to have to shitt in
‘berween a total plugging of the lines or not to be able w achieve a
‘decent quality of the materials in terms of purification from the catalyst
residual and undesired polymerisation by-products.

1) To make the overall operability of the commercial plant manage-
able, reliable and cost efficient:
@) it meant, and means, to obtain medium or large size and compact
~ morphology polymer granules, The granule porosity was a big is-
sue because it meant high polymer fragility during the plant oper-
, ations, which generated large amounts of very fine and irregular
- polymers, creating fouling issues.
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other operations in an economically and sustainably short time. depuration step, it made the extraction easier tor ]‘Iﬁll'll the catalyst re-

ST i siduals and for the polymeric by-products, waxes, atactic polvpropvlene

2) To make the polymer purification step effectual, manageable and wec. but it was 2 nightmare in all polvmer transfers. from one step to
casy;

another, in the filtration, centrifugation, drying, etc. Big polymer |h1lrti_:.'lu
morphology acted in the opposite way and worst of ‘}1] and not [r_:llrc--
quently was to deal with the irregular random mix of very small fines
and big particles together. ) |

To compound an already difficult situation, was the total un;n'-:_dtm-
ability of the phenomenon in the commercial plant and the lack of amy
possibility to react to or control the issue! _ - _

There was no simple and elegant solution for the issue if we tried to
cope with it in a direct way. The real, unigue, definitive and only Hul_u-
tion was, and is, to increase the catalyst activity and selectivity in order
to make all the operations of chemical material removal from the gran-
ule unnecessary. Easier said than done! It meant to be able 1o achieve a
breakthrough in the Ziegler-Nawa catalysis.

@) it meant to extract and remove the catalvst residuals and the poly-
mer bv-products in a practical low cost and time efficient way.
{By-products were waxes and low meolecular weight polymers, and
specifically, in the case of polypropylene, the atactic and svndio.
ractic polymers).

AL

it needed to produce polvmer granules of verv small dimen-
sions and /or very high porosity in the polymerisation step, in
order to allow an easy and manageable mass transfer process
in and our of the polymer granules, as specified in the previ-
ous point a),

The main difficulties encountered in the commercialisation of the
process were directly connected to the low catalyst activity and poor
selectivity and the inconstant, unpredictable and unmanageable morphol-
Oy of the ]m]:.-mur gt.'l]u['ﬂ[tn.! dLu'i:n_;:: the I?L‘Ih'lﬂl._‘l'j_:iu[iﬂ:‘ll

Those two drawbacks were in fact the cause of the following main
conseguences: s :

The totally unpredictable, random, polymer morphology (such as fine Ibe Catalyst System Development
particles, extra fines. or vice-versa, very big, porous, fibre like or pop-
corn like etc.) (Fig. 4) created insurmountable obstacles to the smooth
running of industrial operations. such as discharge from the reactors,
slurty or powder, transportation, filtration, purification, centrifugation,
drving erc.

THE PROACTIVE TECHNOLOGY REACTION

To cope with, and to solve such a difficult and “dead end” situa-
tion, a revolutionary jump in catalyst understanding had 1o be achieved
in order to obtain a major breakthrough in catalyst science. The heavy
commitment on the part of many companies all over the world in that
field obtained the result.

The intensive efforts in basic research on the caralysts in the 70s,
gimed at the understanding of the chemical and physical-mechanical
phenomenon linked to polvmerisation, brought abour the achievement
of two major breakthroughs in the catalvst activity and architecture, This
hﬂd a tremendous impact on polymer guality and morphology. culminat-
ing in the discovery of the current 4th generation Ziegler-Nata catalysts.
Most important, it was the beginning of a mewe way of thinking and
conceiving the catalyst, It was realised that it was mandatory to look for
4 catalyst showing an entive, complete. all enibracing set of properties.
Just one, even if an outstanding property, such as activity or selectivity,
Was not at all enough! It appeared that it was not possible to achieve a
complete success just by operating empirically, looking at the new cata-
lyst Properties, one by one.

Fig. 2 - Examples of bad polymer morphology



It became necessary to elaborate and to d-;:veiup the research in line
with a MODEL for the catalyst to achieve.

The Model for the “new dream”. the all embracing ideal catalys
was imagined and called “the extreme target: the ideal catalyst”, a c;im-.
lyst, that in addition to processing a verv high catalvtic activiey and
great selectivity, would have imparted the desired proper mnrphufugical
structure to the appropriate product, whether this was a polymer, a4 co-
polymer or a polymer alloy (Fig, 5). )

[THE ULTIMATE TARGET |
[THE IDEAL CATALYST MODEL:

 VERY HIGH

. CTROL F POLYMER MICROSTRUCTURE

- CONTROL OF POLYMER MACROSTRUCTURE |

rCDTDL OF POLYMER PROPERTIES

Fig. 5 - The "ideu] catalyst” model,

The discovery of the high activity “d"MgCl, - supported catalyst Tor
the olefins polymetisation in 1968, became the first of the two major
hregkthmughs which have revolutionised the development of the Poly-
olefin technologies in the tollowing 30 vears.

It brought about the elimination of the need of the removal of the
cami}*sth residues. This resulted in a significant simplification of the paoly-
merisation processes but did not satisfy the other parameters for an
Ideal system.

Nevertheless, in order to fully achieve the first rarget, eliminating all
the constraints gencrated by the catalytic system, it soon became neces-
sary to meanwhile also achieve a much better catalyst selectivity,

The target was achieved in 1975, with the introduction of the 3rd gen-
cration catalyst that gave for the first time high yield and high selectivity,

=

These high-activity Ziegler-Natta catalysts comprises MgCL TiCl, and
an “internal” electron donor and are tvpically used in combination with
uminium alkvl co-catalyst such as AlEt, and an “external” electron
r added in polymerisation.
Additional and impressive progress has been made over the vears to
and the function of donors and their structure has been designed
dingly, As a result, catalyst performances have been largely im-
., starting first from activity and stereoselectivity, by displacing the
henmﬁﬂn of internal/external donors lethvlbenzoate/aromatic es-
ith the couple diisobutyl phthalate/alkoxvsilane and, more recent-
with the introduction of diethers, typically a 2.2-disubstitured-1,3-
ethoxypropane, used without or in combination with an alkoxysi-
e. But in addition to activity and stereo-control, other catalyst ar-
es exist that need fine-tuning to drive product innovation and, in

I

4 bution (MWD), In this respect, whereas phthalate-based catalysts
characterised by high isospecificity, medium hydrogen sensitivity and
vide medium MWD polypropylene. diether-based caralysts are char-

progress is not at an end!

~ Quite recently, a very new catalyst system has been patented, based
‘on a particular family of internal donors, namely succinates, which looks
cularly interesting since it was found to provide both high polymer
gularity and broad polymer MWD.

R 0 R, R
% R0 R.RUL R 50
R&D g RyO,
‘R ] - RiZ YR R
R i, |
Rig
Phihalate Diether Succinate Silane

Fig. & — General formuli of intemnal and exrernal donors.

~ Thus, as a function of donor structure (Fig. 6, it is possible 10
‘modulate both catalyst performances and polymer structure, Actually
thre, -_fnmi_]im; of catalyst systems have been developed that are comple-
ntary 1o one another offering the best choices in terms of both pro-
' plant performances and final product property envelope finely

tuned towards the most demanding commercial needs (Table 1),
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TapLe 1
General p{'#;?f'.umucﬁ qf_ .f.f_:?';-F-ﬁ'{’.fn‘ elvetren-denor classes

. . 3 Yidd XL eime ]
Ca. 1 ID 2 ED ._i:ﬁpp,-:cLs i ren MR H, eiponse
A Phihalate  Silane TO40 9695 94.95 638 mediumdow
B Dhether Absent La0-100 DR 95.97 533 excellent

B Diether Silune 10070 98-99 97-99 433 excellenhigh
C Succinate Silane T 40 S5 95.949 Ll 15 tmedivm/low

LD, = Imernal Donor; ED, = External Donor

The ranges are mainly function of the strucure of ID, and ED, emploved,

Bulk polymerisation ut 70°C for 2 h, [AlEn] =25 mM. AVED, = 30 malar, [H:] = as
needed to obtain an intrinsic viscosite of 2 dl/g

In conclusion, the benefits achieved eventually brought abour the
elimination of the need of the removal of all the catalyst residuals and
the atactic fraction. This made a significant simplification of the poly-
merisation processes. The elimination of these constraints allowed 1 re-
markable reduction in investment costs and brought about several new
degrees of freedom (Fig. 7),

THE TARGETS AND THE IMPACT OF THE
“IDEAL CATALYST"

THE FIRST STEP

Catalyst — Elimination of the catalyst polymer
ys removal section: cost reduction,
activity improvements in process reliability
and product quality .
Catalyst SREEN LIGHT FOR OTH
selectivity ==
=T Elimination of the atactic polymer

removal section: cost reduction,
impravements in process rellability
and product quality EXPANSION.

Fig. 7 — The first step in the wav towards the achievement of the ideal cacalyst.
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From these discoveries, the “dream” of the “Tdeal Cutalg.-f.f as the
extreme target in the heterogencous catalysis started appearing as an
achievable reality. . _ ‘

" The elimination of the need of the removal of Irhc catalyst residues
and 1o a large extent, of the atactic polymer fractions, were not such
imoortant facts in themselves, but mostly because they became the start-
:E-.B—ant and the base for all the future rwulutianar}.: dm-elupmer_lts,
~ As a matter of fact, the most important event for all the furure
scientific, technological and commercial development was not just the
increase in the catalyst activity and selectivity, It was the green light to
conceive, with a toral freedom from any process constraints, the “DEAL
CATALYST” system.

It enabled us to maximise the technology versatility so as to have a
significant expansion of the product property envelope (Fig. 8,

THE TARGETS AND THE IMPACT OF
THE
“IDEAL CATALYST”

THE SECOND STEP

Catalyst
activity

15 Catalyst
=

Fig. 8 - The rargets and the impact of the “Ideal Caralyst”.

This fundamental research led 1o the second breabthrough: discovery
}. elopment of a wew dimension in heterogeneous catalvsis and of
Reactor Granule Technology” (R.G.T.) (Fig. 9).

s discovery and understanding brought about the complete control
the catalyst-polymer granule genesis and growth: The R.G.T repre-




THE NEW DIMENSION
IN HETEROGENEOUS CATALYSIS

THE COMPLETE UNDERSTANDING AND CONTROL
oF |
THE CATALYST-POLYMER GROWTH MECHANISM

Fig. 9 = The new dimension in heterogeneous catalysis,

| “THE SCIENCE OF STRUCTURAL VERSATILITY”

MAIN ACHIEVEMENTS:

sComplete selentife understanding and control of the pelymer groweh mechanism

in order to exploit the polymer/catalysi replication phenomenon.

*Tuning the tri-dimensional architecture of the catalyst granule, capable of

producing a controlled fragmentation In extremely fne, regular particles, in arder

to generate spherical polymer particles having controlled size. porosity and mechanical

strength.

“Selecting the most appropriate polymerization conditions [n erder to give the palymer
| granule its orlginal integriny/identity during the polymerization.

i 'IQ‘:ME‘.} ‘ % R Bl

Fig. 10 - Reactor Granule Technology. the main achievements.

sents a key

— e —

breakthrough result in the Science of structural versatility in
the Pul},rmcriﬁﬂliﬂl'l technology (Fig. 100 and a fundamental milestone in
the entire history of the process and product development (Fig. 11).

i '.',l: e s
ensive pelletization step, whic
1 quality of the polymer.
e all the extruder connected constraints and related
) r property limitations.
« Eliminate all the bounderies among the different polyolefin families:
PE- PP-EPR
« Create feasible specialty polymers and novel alloys unachievable
by eonventional methods or mechanical blending.
. * Dramatically extend the property envelope of polyolefinic
| materials,

Fig. 11 - Reactor Granule Technology, technical on economic achievements.

The role of the CATALYST THREE DIMENTIONAL ARCHITECTURE in the con-
trolled expansion of the polymer granule was deeply explored, so as to
rﬂd‘l an optimum equilibrium between the mechanical strength of the

a

growing granule and the caralyst polymerisation activity.

In the first step the catalyst has been combined and optimised with
4 unique process designed 1o capitalise and exploit the full potential of
the catalyst,

~ Catalysts with controlled spherical morphology were developed al-
lowing the full control of particle size and compactness of the related
Bpheuca.l form polymers (Fig. 12),
As a second step, under appropriate polymerisation conditions, poly-
MEr particles with an internal morphology ranging from compact o
can be obtained (Fig. 13).
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The polymer particle becomes the reactor itself in which polymerisa
Reactor Granule Concept tion OCCUTS, and by _r:h:m;.:m;: monomer it is ]‘::_'rﬁmh]c: to abtain :1E‘IIL':ThEr‘
lymer rimately dispersed within the mass of the solid granule of the
E:;triﬂ Tt became the basis to the “Reactor Granule Technology™ fully
exploiting the potential of the Spherical Form Catalyst 1o generate al-
loys, thanks to the capability of building different polymers components
A fere |
imside the same granule. _ . .

The most important fact 1s that now it is possible to achieve an
IDEAL mixing of different and even veny J;_ij‘}_-;-_[ ui components frside
the same granule, overcoming the difficulties of their mixing via the

i blending technology. In many cases. even the difficulty. or impossibility,
of handling incompatible products. that caunor bclps'-:*.-c-:—.-;geq alone be-
T — " cause of their M.W. (either too low or too high) sticky or oily products

Cata 'yst

The combination of a catalyst based on

e ol the reactor granule concept, |
atid ¥ re polymerivation process based on multiple stages reaction
contributes to a quantum leap in the polymerisation

is overcome (Fig. 141

fechnology.

EXAMPLE OF POLYMERIZATION WITH PERFECT
Fig. 12 - *Replicanon” phenomenon j-|[517;2 the polmenzaton REPLICA OF A SPHERICAL FORM CATALYST:
. ' FOUR PHASES HETEROPHASIC TETRAPOLYMERIZATION
- COMPOSITE MATERIAL

Second, Third
and Fourth
Polymerization

- Ste
Polymer Matrix(\) ‘ {Pu{;mer BC,D)

POLYMER ALLOY:
Polymer” A”- Polymer” ="
| Polymer” C”- Polymer” 5"

Fig. 14 - Four phases polymer alloy schievement,

. In this way, we have now generated a novel possibility of overcom-
ng the difficulties of miscibility of the different polymer phases, with 1
degree of freedom clearly superior to the one we may have via the
mechanical blending of the different polymer components and phases.

Fig. 13 - Diffcrent polymer morphologies from RG.T
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We are now approaching this new frontier, just entering the exciting
future of the full exploitation of such a tremendous potential.

In the development of the polyolefin technology, the discovery and
implementation of the "R.G.T." is roday considered, together with the
discovery of the high vield catalyst, based on active MgCl,, a fundamen.
tal milestone in the Polyolefin technology development.

The process development

The difterent catalyst generations developed from the 1st to the cur
rent 4th have allowed, or better still, have driven the development of 2
family of new and novel processes taking full advantage of the new
virtuosity made available by the various generations of catalyst families,
This made a complete revolution in the process concept, the polymer
properties and the market development.

All the new and most successful revolutionary generations of pro-
duction processes are based on the adaptation of the “cascade reactor”
technology: the tundamental prerequisite for that technology being «
good and reliable RG.T. tvpe catalvst,

The cascade reactor processes currently are based on the use of the
fourth generation catalyst. The most successful and famous is certainly
the Spheripol process, eventually followed by the Catalloy process, spe-
cifically conceived in order to further expand the polymer property en-
velop. These make it possible to generate multipolymers, multiphase al-
loys and blends direetly in synthesis, thus achieving materials not achiev-
able with traditional technologies.

All that, made it possible to expand the polypropylene and polyole-
fin properties obtainable in polymerisation from the straight homopoly-
mers or slightly modified copolvmers, to highly modified copolymers,
and to real polymer alloys without boundaries in the ratios between the
different comonomer introduced, number and type of phases and final
compositions.

The first impact of RGT is well represented by the implementation
of the first modern technology: the Spheripal process (Fig. 15). We may
take it as the first and very likely best example among all the PP pro-
duction processes.

The Spheripol process, the first modern, most known and utilised PP
process, has been designed to increase and exploit to the maximum the
efficiency of the catalytic system in the production of PP homopolymers
as well as random and heterophasic copolymers.

—

Fourth Generation PP process

| Hybrid bulk/gas process
4th Gen, Cat. |

-

P

PP RIWDER
T
Finiisan
BECTICH

MNETFHOGEN

L
BLO) o STEAM

GAS PHASE STEAMING DRYING

- BULK
POLYMERIZATION  CO-POLYMERIZATION

Fig. 15 = The fourth generanion PP process,

POLYPROPYLENE
PROCESS EVOLUTION AND
INVESTMENT COMPARISON

. Spheripol
| process

| Section EEEIECma e T |

Earrimaur

Total Comparative Investmant Cost

Fig. 16 - Investment cost comparison.
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It is a two-stage hybrid process as it consisis in the combination o
the bulk rechnology in liguid monomer for the production of home an|
random copolymers and of the gas-phase technology for the production
of heterophasic copolvmers,

Compared with the previous processes, the Spheripol process is dra
matically simpler and more versatile in terms of products achievable
This is thanks to the elimination of several redundant reaction steps
with the consequent reduction of investment and running costs, optimi.
sation of economics and, above all, the complete elimination of enviror-
mental risks due to the complete absence of effluents.

The progressive simplifications of the process technology brough
about a dramatic reduction of both: the carmaL costs (Fig. 16) and the
PRODUCTION COSTS connected, first of all, to the dramaric energy savings
(Fig. 17).

But, certainly most important, is the dymamic expansion of the puo
CESS VERSATILITY with the sharp and endless broadening of the poryims
PROPERTY ENVELOPE. This concept has broughr abour the development of
the Catalloy technology.

[EVOLUTION OF POLYPROPYLENE
PRO CESS PERFORM AN CE
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Fig. 17 - Evolution of polypropylene process in terms of energy saving,

oy Process represents the most recent advance: in the
ent of a new family of POLYOLEFIN ALLOYS

Catalloy process was designed to make maximum use of the
_or Granule Technology allowing the repeated introduction of dif-
—nt monomets during propylene polymerisation thus generating a
wse multipolymer alloy directly in the reactor. The sp{hermal free-
flowing resins obtained are fit for the subsequent conversion and are
I - with an extremely wide range of properties which cannot be
with any other process for pulypmpylunlc, ‘
Catalloy process is a multistage, highly flexible, mainly gas-phase
fechnology. - )
" The Reactor Granule based on the catalytic system usec!, permits _rhe
orporation of multiple polymer structures within a single particle
ing through the multistage process. |
Also in this case the growing particle itself becomes the polymeri-
on reaction medium thus eliminating all the previous process con-
and allowing the production of unigue reucmr-n-mdg resing with
es no longer limited from mechanical considerations of the

synthesis of polypropylene alloys directly in the reactor has de?a-
ted the capability of giving resins with unexpected new properties
ch could expand the property envelope of polyolefing and enable
y compete in properties with other non-olefinic plastic resins, such
n, PET, TPU, PS, PVC, etc. (Fig. 18 |
 physical- mechanical properties of products made via Catalloy
cover the field of elastomeric and very rigid materials signifi-
dy broadening the already rich polymer property envelope of Sphers-
pmms technology.

In particular, with this process, materials, which have been ob-
ied so far only via mechanical blends of different pre-formed poly-

~ The most impressive fact brought by the RG.T, based cascade reac-
or technology, has been the revolutionary expansion of the polymer
perty envelope, which has not just satisfied the existing market needs,
‘much more widely expanded the boundaries of the existing one
ted a novel wave of applications and markets,
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Fig, 18 — New application fields for polymers obrained from the Catuflos process.
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Fig. 19 = Impact Copolymer Technologies.

We would like to support this statement by quoting a third party;
Peter Bins and Ken Sinclair, who say in their last interesting mulii-
client study on PP "ULTIMATE PP MARKET POTENTIAL": “the new technol-
ugitﬂ were not of themselves ":-‘;1]11;11‘1'[‘. their ».'alluu-_hud to be ghr'x'ulnpunl
through and from the market”. Leaders of th_e 1979/83 rew.rn]urlmn such
"as Himont (then Montell, now Base!l{ Lheretc:rle devoted particular at-
tention to the identification and snlisiac[‘iun ot real market needs.

" The growth of polypropylene (PP} from irs commercial introduc-
tion in 1957 provides one of the best examples of market response to
the introduction of new technology. Demand growth expressed in ka/
‘capita for the first 25 years of the industry from 1957/58 1o abour
11982/83 could be fit quite well to a logistics curve moving toward a
fixed target of ultimate per-capita consumption. As illustrated in the
chart below (Fig. 20), indications in 1983 were that the marker was
‘maturing — approaching an upper limit of per-capita consumption —
and that future growth was trending toward growth in the economy in
‘general, Expectations of medium term growth were in the region of 4.
5% per year.

. These expectations, however, failed 1o take into account the structur-
al changes in PPs life cycle brought about by technological innovarions,

The Response Of The United States PP Market
To The Introduction Of New Technology
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Fig. 20 _ The response of US. PP market 10 o new technology inreduction




pﬂmcuiafly the development in the late 19705 of high-vield, highly
reoselective (HY/HS) catalvsts. This boosted PP demand Ijn vi 0
all markets world-wide. This led 1o a global consumption m“tl;m:hr
more th_an 10% per year through the 19580s, It became appg:u'e;:rll:: |1jlr
gF:TWth in all categories was following a new logistics curve withl[ ]l::
ulti -capi i y i ‘
- Emnre per-capita consumption two to three times the previous 1y
, The continuous development in the product properties has been, and
will remain, the fundamental pre-requisite to the endless mn1m1r1-ﬂ--!'l-1
SUCCess olr PO in general and PP in particular. As a matter of fac: LI!:
c?mmercml success of Spheripol process has been determined by i:slr;ff'“
cient .:E*:ch:?nlugy, but even more, by the capability of offering the h-ll-
flexibility in producing both highly crystalline ur'amnrphnus palvm g "
and lfomo-randﬂm. hetero-phasic co-polymers covering the broadest ey
mereial range of tailor-made properties, ' | e
The broadening -:_rf the key product properties offered by Spherspol
z:;_c:ic:l::: FE:ngl?jg‘ with respect to the previous generation rechnology is
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Fig. 21 - Spheripol process versatility vs. previous generation technology.
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The process is first of all extremely versatile. It may produce three
farnilies of materials:

wide range of highly crvstalline homopolymers (LL from 90 to
with a wide spectrum of molecular weights (MFR from 0.1 w
)0) and controlled molecular weight distribution (MWD from 2.7 to
random copolymers and terpolymers with a wide spectrum of co-
ers, malecular weights and a controlled molecular weight distri-
heterophasic copolymers with an excellent stiffness/impact balance,
range of ethylene content (up fo 25% by weight! as rubber
and copolymerisation not limited to ethylene.

adom copolymers represent an important class of materials partic-
it for films, needing a balance between good clarity. flexibility
chanical resistance. Recent market tends require products with
¢ Jower heat seal initiation temperatures.

The open porous structure or “onion structure” of the Reactor Gran-
allows to introduce verv high levels of two co-monomers inside the
e itself. and thus to produce copolymers and terpolymers with
e propertics.

the conventional technology. heterophasic copolymers are limited
vely low levels of the second polymer phase, particularly when it
‘a low melting amorphous rubber.

: the Reactor Granule Technology it is possible to produce a
. isotacticity homopolymeric phase in a first step and then 1
v polymerise the desired elastomeric material within this matrix.
s to RG.T. it is possible to incorporate over 30% of rubber in-
the granule without any risk of reactor fouling.

The catalyst is designed ro have polymerisation kinetics regular
h to allow a propylene/ethylene-propylene sequential polymerisa-

'@Wlﬂg to the fact that the elastomeric phase grows on the crystals
usly originating the homopolymeric phase, morphological struc-
:}ilgﬁﬂined directly in synthesis which is nearly ideal for the poly-
'11_115 control of the chemical structure of both the marix and the
meric phase as well as their individual malecular weights and mo-
- weights distributions, makes it possible to even control the com-
bility ar the interface for the production of optimum impact proper-
8 wide range of temperatures, In terms of properties and ap-




plications it has brought about the continuous development of the Pp
property envelope.

The P_P commercial situation started changing and changed dramay;.
cally starting from the years 1980s (Fig. 22), a change that is stil]

" - E =
namically in progress nowadays. &
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mFlexiral Modulus (Mp=) glzod [Mm ) g Transoarsncy (oioc]

1384 1354

Fig. 22 — Variation of properies for polvmers by different caralvst generstions,

‘ New materials previously not considered as PP conventional mate-
1'13.15_ have been created. Thanks to the R.G.T, these materials con-
taining large amount of ethylene-propylene rubber are today commer-
cially available. They represent the best compromise between stiffness

— N —

yact properties. However, other possibilities of further property
oo achievable thanks to the full exploitation of the RG.T. po-
still to be exploited. The new process and product develop-
iven by the possibility to obrain a product directly from the
or (PE, PP or PO alloys) that is a perfect replica of the catalyst,
~§t.pu§5ible to offer today, several additional significant advantag-
the customers. Some of them have not ver been exploited and

an interesting potential for future technology expansion in the
ture.

key driving force behind the dynamic polymer property expan-
again been and sl is, the dynamic and revolutionary catalyst
nent conjugated with the development of smart, tailor made pro-
Spheripol process and Catalloy process. The entire effort was
i runed to the development of new product properties, novel
s and applications.

23 offers an example of the challenges in terms of properties,
reactors and intermaterial competition choices offered by the
technology package available to a company, leader in the PP sec-
ch as BASELL.
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Fig. 23 — The Basell challenge,
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THE LATEST, MOST PROMISING
TECHNOLOGY DEVELOPMENTS

1 = The continuous .dynamic and revolutionary Z.N. catalyst family rejuvenation

2 - The new opportunities offered by the properly supported S.5.C. in the
IIEII.'I'I;IgI..'IlI.‘-I:II.lﬁ Processcs.

3 - The new technology opportunity of utilisation of the 5.5.C. In large size,
solution phase process planis

4~-The new ! novel opportunities offered by the R.G.UT. system:
* the continuous polymer property expansion via the cascade multi-reactor
Processes

* the nevel properties / materials achlevable with the Spherfzone . the ultimate

frontier of the R.G.T.

5 - The technical capability of building convenient, reliable, giant polvmerisation

commercial plants with the continuos improvement of the material cost/
performance balance

Fig, 24

in the convenient, large volume processes based on the heterogeneous
catalysts such as slurry, gas-phase or hybrid processes.

3) The new technology potential coming from the use of the S8C in
solution processes operating at high temperatures, is disclosing signifi-
cant opportunities in terms of generation of convenient, economic, large
volume commercial plants able to produce either commodity or special-
ty materials.

4) The Reactor Granule Technology system. in combination with the
cascade multi-reactor processes, is offering and already generating an im-
pressive new properties and new material innovation wave in the PO
material family in general. The ultimate frontier of the RGT in the cas-
cade reactor processes is represented by the novel Spherizone technology.

The Spherizone technology is today already experimentally confirm-
ing all the premises and bright expectations of a further generation leap
in novel properties and materials, more in general, of the achievement
of the last product cost/performance balance possible today (Fig. 25).

The further potential and hope of these new rechnologies based on
the RGT systems, stays in the possibility of the use the SSC or mixed
SSC+ ZN in the RGT itself.

Spherizone vs traditional PP commercial grades

The forecast for the future developments

In our opinion, the following five points are the summary of the key
rechnology developments with the potential to become the fumre mar-
ket driving force opportunities we envisage (Fig. 24),

1) The old, but continuously rejuvenaring Ziegler-Natta (ZN) family
of catalysts is far from having exhausted its innovation potential and is
bringing an endless, dynamic material property expansion to the marker,
It is particular in the field of polypropylene (PP) and of the PP-based
alloys (TPO & TPE), where new catalyst tvpes based on new families
of electron donors (ED) are creatng for the ZN family new tremendous
opportunities,

2) Single Site Catalysts (SSC) new families which offer additional
differentiation, after a long, difficult and commercially disappointing pe-
riod of their life, seem to offer interestng and prﬂmi:’-iﬂg results in their
supportation technology thanks to the improvement very recently
achieved, or still under achievement. This will certainly have a positive
impact on the possibility of achieving new properties and new materials

Property balance
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5) The demonstrated technical capability to build convenient, reli-
able, world scale production plants, maintaining an excellent material
quality standard, is offering the market expansion new challenging op-
portunities thanks to the significant continuous improvement in the ma-
terials cost/ performance balance (Fig. 26).

COST/PERFORMANCE BALANCE

CONTINUOUS IMPROVEMENT

- BULK, GAS, HYBRID PHASE PROCESSES: SIGNIFICANT
INCREASE IN PLANT SIZE (100/200.000 T/y __, > 400.000 T/y)

- BULK, GAS, HYBRID PHASE R.G.T. PROCESSES:
SIGNIFICANT IMPROVEMENT IN COST/PERFORMANCE
BALANCE VIA THE NEW R.G.T.

- SOLUTION PHASE PROCESSES: SIGNIFICANT NEW
OPPORTUNITIES OFFERED BY NEW CATALYSTS, HIGHER
OPERATIVE TEMPERATURES, BETTER COST/
PERFORMANCE BALANCE

Fig, 26

CoMNCLUSIONS

The technology advances will contribute 1o the significant expansion
of the polymer property envelope via the synergetic combination of the
new catalysts and process potentials (Fig. 27).

In the shorrest times the catalyst will remain the key plaver as the
novel, more revolutionary process technologies need more time.

The impact of the technology advances we see will be in the rwo
main fields of PO materials, PE and PP. are from expanding the cata-
lyst-process-property link (Fig. 28).

In the short-medium term, the development trend for the POs fam-
ily in general will be characterised by the three main approach direc.
tions as from Figure 29.

A b

POLYMER PERTY ENVELOPE EXPANSION

- NEW PROPERTIES FROM CATALYTIC SYSTEM
IMPROVEMENTS /NOVEL ACHIEVEMENTS

- NEW PROPERTIES FROM PROCESSES IMPROVEMENTS /
NEW TECHNOLOGIES

Fig. 27
TALY HE LA
IMPROVEMENT AND POLYMER PROPERTY
EXPANSION

- The continuous improvements in the Ziegler-Natta
based R.G.T. catalysts are driving a dynamic expansion
of the PP based materials property envelope.

- The achievements of a complete family of specific,
excellent “electron-donors™ has generated a decisive
jump ahead in Z. N. catalysts making them today even
more competitive with respect to any other family of

catalysts.

- The MCN catalysts are evolving but are currently
limited to narrow niche markets.

Fig. 28

In the longer terms we envisage the positive effect of continued chal-
lenging competition between the main development directions: via het_er—
ogeneous or homogeneous processes, and via new approaches in ZN
and SSC (Figs. 30 and 31).

Their competition will certainly generate and boost a dynamic, revo-
lutionary expansion of the material properties and a production cost
reduction which will supply the next wave of technology driven applica-
tions markets and volumes growth.



PO MATERIALS : SHORT/MEDIUM TERM
GENERAL DEVELOPMENT TREND

1. IMPROVEMENTS AND OPTIMIZATION

- The improved catalysts with higher productivity/ selectivity either of the R.G.T.,
ZN, catalvsls and new MCN,

= Significant opportunity of deamatic revamping of solution processes for PE,
mudified PE and ethylene/propylene/higher olefins co- and ter-polymers driven by
the MOCN catalysts.

2. INCREASE IN THE 51ZE
= Geas=phate, bulk, hybrid and solution plants from 200,000 (o over 400,000 mt'y,

i NEW TECHNOLOGY
= The R.G.T. based caseade reactor technolugies and their extreme frontier, the
Spherizong technology, making achievable new/improved materials with superiar
quality, new propertles, better ecanomics.

Fia, 2%

PROCESSES

NEW MOLECULAR
STRUCTURES

MATERIALS

CATALYTIC
SYSTEMS

The muin development directions lowards a new, lechnology deiven, market expansion wave,

Fig. 30
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SINGLE - SITE
HETEROGENEOUS i leheiis oo
' CATALYSTS ;

NON NON
SINGLE-SITE HETEROGENEOUS
HETEROGENEOUS SINGLE-SITE
CATALYSTS CATALYSTS
Fig. 31
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CONTROL OVER THE ENCHAINMENT MODES OF PROPYLENE:
FROM STIFF PLASTIC TO SOFT ELASTIC POLYPROPYLENE

In chain-growth polvmerization of olefins, a catalyst is required to
coach the sequential connection of the monomers in a regular fashion,
building a linear polyolefin chain (Fig. 1),

In the “simple” case of propylene homopolymerization, the same pro-
chiral propylene molecule can be placed within the polymer chain in

* "I 1I
Mi—. " "o T M
-|l|-| 'IF
Primuary, anti d-center transion choin migration Primary, anti
coordination state with cis opening caordindlion
of the double bond
E—=— ¥4
= L
v
LoMi—p

Fig. 1 - Schematic representation of chain-growtl polymerization of propylene (primary mono-

mer insertion only is shown). The question marks indicare the most important strucmural featu-

res of pulypmp}{mr_ the structure of end groups, the average number of enchained monomer
units (chain length), and the spatial relmionships between neighboring side proups,

W Basell Policlefine Iralia — Centro Ricerche «G. Nattus — Piazzale Donggani, 12 -
44100 Ferrara (Traly).



four different orientations (Fig. 2). This means that the catalyst reactive
site has actually four building blocks to choose from, while building the
polymer chain. The major achievement of Giulio Natta and his team
was to develop catalysts able to connect the propvlene molecules in
oply one and the same way — a process that led to the invention of
h_lghl:f isutaFﬁc polypropylene, a semicrystalline polvolefin whose mate-
rial properties continue to be developed still today, 50 vears after irs
first discovery,

The task of the catalyst chemist today is to design catalysts able to
connect these building blocks in the desited sequence, and to make con-
nection “misrakl?s” in a controlled way (Fig. 3), since varying the degree
of dwm regularity (stereoregularity) means controlling the crystallinity and
melting point of polypropylene, that, together with its molecular “;f:igh[,

Growing Growing
ohan enain
2 o -
.__H\!/ \x.-/'\-"'
L. _ 2
I > wZl
_.-*' '\.__ - .
si-propens mﬂﬂ‘_ﬂ

Frmary {1, 2) prapens coosdination

_‘-!1__ --.l.--""
e / \ B
1> w2 |l
- - =T
L ) o i
| ' [
TBpeopeng Slpropens I

Secondary (2, 1) propens: coardination

Fig. 2 — Tn the ~simple”™ o it

simple” cuse of propylenc homopolymerization, the catalyst can g :

d;aoalc among four building blocks from the same propylene molecule. Top: The twe n“ﬂ;

a pnﬁar}f propylenc insertion. Bottom: The two modes of secondary propylene insertion
= transition metal. The Mi-CH: group represents the growing polymer chain,

Fig. 3 — Most common propylene inserion errofs in isoLacnc pelrprogalens from single:

center catalysts, Top: primary insertion error: isospecific metallocene catalysts can be Jess

ctereaseloctive compared to heterogencous Ziegler/Natta caralysts. Botom: sacondary nsertion

error isospecitic metallocen: catalysts can be feas regraspesfec compared to heterogencous
Zicgler Natea catalyses,

define all its physical and mechanical properties. The stereoregularity of
polypropylene can be finely muned by altering the monomer enantioface
selectivity of the catalyst, which in turn can be altered by modifying the
chemical environment of its reactive sites. In the case of metallocenes,
this means changing the chemical steucture of the two cvelopentadienyl
ligands (Fig. 4). Metallocenes, and in general “single-center” catalysts, are
the most versatile svstems for the production of polypropylenes of diffe-
rent chain stereoregularity and molecular weighs,

One of the many challenges facing the catalyst chemist in the poly-
merization of propvlene with single-center catalysts, is to achieve simul-
taneous control over the stereoregularity and molecular weight of poly-
propylene, without having 1o pay a price in catalvst activity.

Fig. 4 - Space-filling model of the 8.8 enantiomer of Brintzinger's caralyst, nicemc-ethylene-
bist L-indenylZrCls. Yellonw: zirconium; green: eyclopentadienyl carbons; white: beneo carbons;
blue: hydrogens. The ethylene “strap” which locks the two indenyl ligands into their chiral

configuratien is not visible. The fwo chlorine atoms are removed for clariy.



Quotiﬂg from a recent review, “i the case of highly crvstalline i-PP
metallocenes are unlike to replace the newest beterogeneons F?}'IMQCL mmfwf;
in any foreseeable future (for the production of commodity polypl:npviﬁ:te}.
So, why use metallocenes to produce polypropylene? In one sentence, because
polypropylene properties can be tailored! For example, i-PP can be made from
fully amorphous to bighly crystalline and anything i between” [1].

Here, we will review some recent catalysts developments, which made
possible to produce flexible and elastomeric palypropylenes of varving
degrees of crystallinity, and with molecular weights in the range of indy-
strial applications, by the use of ligand structures that control the amount
of monomer insertion mistakes, The catalvsts deseribed are limited to tho-
se that produce highly regioselective polypropylenes, thar is polypropyle-
nes free fmf'.n 2,1-monomer enchainments, The amount of primary inser-
tion errors is measured by solution “C-NMR, a highly sensitive spectro-

scopic tezi]piqut able to “see” the steric environmenr of propylene se-
quences (Fig. 5) [1]. i

| r Rimmpr MRy
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24 22.0 216 21.2 20.% 20.4 204 19.6
ippm}

Fig. 5 - R!uding pulypmp}_-h:nc microstructure by C NME: regioregular polvpropylene with
stercoerrors, Note the rdnt:m'zlship_ semner = mimmrr = 2 werrm, the “fingerprint™ of sterenerrars
in site controlled polymerization.
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The catalysts described in the following, belong to three distinct fa-
milies.

The first catalyst familv is made of C.-svmmetric zirconocenes, bea-
ring 3-alkyl substituted indenyl ligands linked by a single-carbon bridge,
such as those shown in Chart 1,

Despite their structural similarity, catalysts 1-3 produce amorphous
(1), elastomeric (2) and high melting, highly erystalline (3} polypropyle-
nes. All have in commen a very high regioselectivity, and differ widely
in their enantioface selectivity (isospecificity). The ¥C NMR pentad re-
gion of polypropylenes from 1-3 are shown in Figure 6.

The properties of polypropylenes from 1-3 are compared 1o those of
atactic polypropylene made with an aspecific zirconocene, MeSi(Flu),ZrClL,
in Table 1.

The main drawback that prevented the development of aw-PP from
the simplest catalyst, Me,Si(9-Flul,ZrCl,, is the rackiness of atactic poly-
propylene, that precludes efficient homopolymer production in gas pha-
se or liquid monomer. In addition, purely atactic palypropylene shows
limited miscibility with #PP. The solution we sought was to introduce
short, crystallizable isotactic sequences into an otherwise amorphous
material. This approach met with success: isotactic amorphous polypropy-
lene {7am-PP), produced in liquid propylene with catalysts 1 and 2, have
mmmm pentad contents in the range 15 1o 30%, shows elastic proper-
ties (at room temperaturel, is not tacky, and shows improved miscibility
with PP,

These chiral C.-symmetric zirconocenes were made from inexpensive
and simple ligands, but have some limitations: in their synthesis, the

f \ H;g:j ZrCly

Me,C  ZrCls H,C ZrCly \ ,
1 i ]

Chart 1.
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obtained isomer ratio is rac/meso <1, and their catalytic activities are
not very high. In addition, sam-PP can be made with relatively high
molecular weights, but not high enough at industrial polymerization tem-
peratures (60-80°C).

The solution to the above problems can be found by moving to
even longer isotactic sequences. Several catalyst solutions have been pre-
viously demonstrated for making more erystalline, although still disorde-
red microstructures tsee Chart 2), such for example the catalysts develo-

‘ped by Rieger [4].

Our solution was to use zirconocenes bearing the {2-MeThienol,Cp
— indenyl ligand system (see Chart 3), which brings us to the second .
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Chan 2 — Merallocene catalysts for elastomeric or flexible polepropylens.
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of our catalyst families consisting of C,-symmetric zirconocenes whose
ansa-n-ligand system is based on combinations of substituted inde-
nes linked to the 2.5-dimethyl-7H-cyclopenta[l,2-b;4,3-b']dithiophene
(2-MeTh).Cp for short) ligand [2, 3]. These zirconocenes, of general
structure Me,Si(R, Ind)[(2-MeTh),CpIMtCl,, have been found to be highly
active in propylene polymerizaton: in liquid propylene ar T, =30-70°C,
they produce highly regioregular, low melting, low elastic modulus, mo-
derately isotactic polypropylenes with s triad content in the range 78-
95% and viscosity average molecular weight ranging between 100 000
and 350 000. These modified polypropylenes have meltng point T,
berween 80 and 145°C, enthalpy of fusion AH; in the range 20-80 J/g,
and are characterized by higher flexibility and transparency compared to
“standard”™ i-PP,

Molecular weight and crystallinity are strongly dependent on the
type of indenyl substituents. The microstructures of these polypropyle-
ne samples was investigated by “C NMR (C,D,Cl, 120°C), and defi-
ned by the mm triad values reported in Table 2. This microstructural
analysis proved also the high regioselectivity of these catalysts. since
no 2,1 units could be detected in the spectra of the polymers. Chiral
induction comes mainly form a weak enantiomorphic site control, pos-
sibly coupled with oceasional back-skip of the chain to the least hin-
dered site.

A selection of these complexes is shown in Chart 2, while the poly-
merization results are compared in Table 2. The catalysts have been
tested under the same or very similar conditions (liquid propylene, 50-
70°C, MAO cocatalyst, MAO/Zr = 300-1000],

These caralysts show in general good stability at high polymerization
temperatures, and quite high activities at low Al/Zr ratios (remarkable
that of 8, at above 300 kg/(g..xh), or 2x10° g/(mmol,, xh), at 70°C
and MAO/Zr of only 500 mol/mol). For the production of flexibie
isotactic-PP, the best catalyst structures are 7 and 8. The influence of

polymerization temperature on the performance of these C;-symmetric

catalysts is quite low on stereoregularity, while it is more relevant on
molecular weights. The values of the melting point (T,) and hear of
fusion (AH,) of polypropvlenes from all catalysts investigated are
plotted in Figure 7 as a function of isotacticity. There is a strong
correlation between the isotacticity of the polymer and its thermal
properties.

In Figure 8, the correlation berween melting point and sofmess is
shown. It is apparent that by changing the ligand structure, the whole
range of elastic properties can be covered.
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The third family of single-center catalysts includes indenyl silyl
amido titanium complexes based on /Bu-amide linked to indencindo-
le, indenopyrrole or 2-methylindenothiophene [3]. The indencindole
ligand precursors are especially simple 1o prepare in high yields by
the acid-catalyzed Fischer condensation of indan-2-one and the hydro-
chlorides of arvlhydrazines. All the Ti complexes were prepared as
their dimethyl derivatives by reacting the ligand, a 2-fold excess of
MeLi, and TiCl,. Some examples are shown in Chart 4, and a selec-
tion of polymerization results is shown in Table 3. Figure 9 shows
the correlation between melting points and stereoregularity in the
syndiotactic domain, while Figure 10 shows the "C NMR methyl
pentad region of three different polymers, from slightly to highly svn-
diotactic.
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Chart 4,

Catalysts 10, 11 and 12, produce syndiotactic amorphous polypropy-
lenes (sam-PP) of very high molecular weights, even at polymerization
temperatures as high as 80°C. Syndiotactic pentad contents range betye-
en 48 and 57% rrrr, and regioerrors are close to or below the detection
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Fig. 9 = Melting poine [sccond melt, scan rate 10°C min) 1:11- syndiotactic polypropylenes mace
with C-svmmetric caalysts, a5 a [unction of the & wiad content.

limit of the "C NMR analysis. These polvpropyvlenes show remarkable
elasticity, with tensile modulus <30 Mpa and elongation at break
=600%.

CONCLUSIONS

Single-center catalysts allow the synthesis of polvpropylenes cove-
ring the whole range of chain stercoregularity, molecular weight, mel-
ting point, flexibilitv. New organic and organometallic reactions have
been developed to prepare new and simpler ligands with broader ca-
talytic tunability. We have established (for i-PP) the correlations betwe-
en stereoregularity and melting point, and melting point and elastic
modulus. New Cp-amido complexes have been designed for the syn-
thesis of high molecular weight syndiotactic amorphous and elastic
polypropylenes.
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(GERHARD Fru '™

SOME INSIGHTS INTO MOLECULAR MECHANISTIC DETAILS
OF STEREOSPECIFICALLY WORKING CATALYSTS

“II convegno nel centenario della nascita di Giulio Naua” av the
Accademia Nazionale dei Lincei in Roma was for me a great event. |
thank that T could contribute with may lecture, This presentation was
very comprehensive because of the desire of the president to be under-
standable not only for the natural scientists bur also for other members
of the academy. ‘

However, it is not possible in this article 10 deal with the EL{]I com-
prehensiveness of the presentation. Hence, my written contribution can
only be a shortened and simple image.

Starting with figure 1 you see on the left side a stamp which was
printed in 1988 reminding on the 25th anniversary of the invention of
K. Ziegler and G. Natta. The spider in the stamp shall symbolize that
“the nature lost a monopoly”. ‘ :

The photo shows G. Natta and K, Ziegler during the dinner: while
Karl Ziegler is flirting with the Swedish princess. Guilio Natta }G?ks
like thinking about “the prediction of Namta”, This means his prediction
‘concerning the origin of the stereospecificity or in other words, how we
can synthesize polymers with a definite microstructure.

In the middle part one can see the microstructure of a strong alter-
nating copolymer consisting of propylene and ethylene. . .

Below is shown the model of a polyethylene molecule in solution.
Polymers in solution form a so called statistical coil. It ‘shuuld be em-
phasized that in solution this “spaghetti coils” are in motion and perma-
nently change the conformation.

Now the question arises: What is a {synthetic) polymer? Figure 2
demonstrates the different structures of a polypropylene polymer.

W Max-Planck-Institut fit: Kohlenforschung — D-45470 Miilbeim an der Rubr (Germany]
- fink@mpi-muelheim mpg.de
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What is a (synthetic) polymer ?
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On the righ[ side below is drawn an isotactic pD]}'pl‘Dp}’]E]‘iE chain.
The terminus “isotactic” means that along this propylene chain all me-
thyl groups show in the same direction. In the crystalline state (shown
in the middle part) this chain is oriented in a “helix-structure™ this
means the main chain (backbone! forms a spiral with the methyl groups
staggered in the periphery.

The left part of figure 2 shows the possible structure sequence com-
ing from the polypropylene chain via the 3,-helix to the crystalline chain-
folded lamella, The subsequent overstructure are globular sperulithes in
which the lamellae are radial directed. Finally. the granules are the basic
material — for instance - for bumpers and all the other applications.

Now. how we can generate polymer macromolecules? The term poly-
mer comes from the old greck language and means “many parts™. In a
process named polymerization many, many monomers are repeatingly
connected 1o some macromolecules. This polymerization is initated and
accomplished by a small amount of a substance, named “catalyst” and
the reaction process is called “catalysis™.

The terminus “Catalysis” is shown in the figures 3 and 4.

1836 original definition by J. J. Berzelius
old Greek dictionary

1. dissolution, putting down. esp. ol governments.
dismissal, disbanding of a body of men, breaking up of a ship’s
crew, dismissal of soldiers at a review
pacification.
end. termination.
setilement of disputes.
feebleness, impotence,

2. resting. lodging.
restingplace, guest-chamber, quarters, lodging.
pl.. hillets for troops

Fig. 3,
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1901 more precise definition by W, Ostwald
Oxford Minireference Science:

Catalyst: A substance that alters the rate of a chemical reaction
without itself being used up. Each caralyst affects only certain
reactions.

Webster's New World Dictionary:

Catalysis from xkamivog dissolution. xere down and Avaw to
loose.

The causing of speeding up of a chemical reaction by the addition of
some substance which itself undergoes no permanent chemical
change therebyv

Fig, .

It is interesting, in my opinion, how in the old greek language the
meaning of a word is changed, here from dissolution to resting. The
more precise definition by W, Ostwald leads 1o a positive sense of the
word catalysis,

Chemical catalysis plays an enormous role in our life and in indus-
trial processes. And again, a small amount of catalyst (e.g, 1g of poly-
merization catalyst) generates a big amount of product feg. 5000 kg
polymer per hour),

In the case of polymerization catalysts
how can the catalysts regulate
formed polymers,

Hence, in the last years the search increased
catalysts which should
erties of the formed
activity and selectiviry,

~ The metallocene-methylaluminoxane catalyst systems e.g, meet this
desires. In the case of propylene polymerization using stereorigid bridged

irconencenes the experiments proof that the molecular structure of the
catalyst determines the tacticity of the polymer (see figure 5).

another important question is:
he microstructure (e tacticity) of the

considerably for new
be capable to control better and better the prop-
polymers and simultaneously should have g high
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Fig. 5.

So. with catalyst I (left side top) isotactic Ptﬂ}"PI’ﬂp}:lEl‘lE (all methyl
groups are on the same side of the polymer chaini is formed, whereas
with caralyst IT (left side middle) syndiotactic propylene with altematltlg
methyl groups is formed. So. through a small variation in th?- catalvst
molecule (see arrows in catalyst IT, TIT an IV) the pu]ymerlmmrﬂstruc-
ture is changed from syndiotactic over hemi—isotaw’lc‘ il-::ft side !Jottorll:i
to isoractic (right side top). Quantitatively the tacticity is desclnbcd aﬂ:.r
means of the pentad distribution (see figure 6) which is experimentally
determined by “C-NMR-spectroscopy.

This pentad distribution is the relative position of the methyl qupg
in a sequence of five successive propylenes in the polymer chmu'ha'nl
gives knowledge abour the frequency of the different stereo errors w .IC'i
may occur. These stereo errors influence considerably the mechanica

ies of the polymer.
Pm:%i:r: the theum[:icjim description (see figure 7, on the next page} of
the caralysis course the Density Funcuonal Theory I.DF'I:]' is used to
calculate the transition states for the rate determining reaction step. lThr.;-
active species is here a zirconocene cation with a t«\?l’t.-bl;ll}’]ﬂl‘ﬂl.tp {simu-
lating the polymer chain) bond to the metal. The insertion of the coor-
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dinated propene occurs via a transition state consisting of a four mem-
bered ring (Fig. 7 left). For the exact description of the stereospecificity
we need four different transition states (Fig. 7 rightl,

The green tert-butylgroup bond to the metal atom can point at right
ot left hand side (R versus S) whereby the polymer chain can be directed
towards above or below (re versus sil. The blue propene then can coordi-
nate in four different orientations (Rre, Sre. Ssi and Rsi, in figure 7 right
side) and these four conformers have different energies. The relative ener-
gies of the four transition states can be calculated by means of DFT,
Supposing the single insertions occur independent from each other these
relative energies of the transition states can be converted via Boltzmann-
average in pentad distributions. On the basis of this model for the stere-
ochemistry of the Zirconocene catalyzed propylene polymerization we are
able to predict the stercospecific behavior of new analogous catalyst,

For industrial application now, these homaogeneous metallocene cara-
lyst have to be immobilized on a heterogeneous support, Industrial po-
lymerization processes are carried out as a slurry process, as a liguid
propylene process or as a gasphase process, see figure 8,

As catalyst support mostly spherical silica gels are used. These cata-
lyst carriers have 1o be relatively stable to aveid polymer fines but on
the other hand they have to permit the subsequent fragmentation into
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sub-micrometer range primary SiO. particles induced by the hydraulic
torces of the growing polymer. Figure 9 shows a scanning electron mi-
croscopic picture of a typical SiO,-supported metallocene/Mao-system.

silica - Methvlalumimoxane

The most important condition 1o initiate a polymerization is the com-
pletely homogencous distribution of the active species. This can be proved
by Energy Disperse X-Ray Microanalysis (EDX-analysis). This elemental
mapping concerning the elements Silicium (8i), Aluminium (Al and Zir-
conium (Zr) is demonstrated in figure 10, upper series, next page,

The two linescans below are showing a “bad” and a “good” catalyst
distribution. Looking on the aluminum distribution (green) in the lower
particle, there is a total homogeneous Al distribution throughout the
complete particle volume, The linescan of the particle above shows a Al
distribution only on the surface of the particle.

The kinetics of the S$iO.-supported metallocene catalvsts depend
strongly on the reaction process and the reaction conditions.

A high concentration of active species on and in the support, a high
monomer concentration in the suspension and high polymerization tem-
perature increase the activity, But for a detailed investigation of the ki-
netics we willfully choose soft reaction conditions (low temperature, small
catalyst concentration, small monomer concentration) in order to make
clearly visible the different stages and phases of the polymer growth
(see Fig. 11).

Catalyst svstem - elemental distribution
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The graph of figure 11 shows the polymerization rate normalized on
the propene concentration as a function of the polvmerization time. The
polvmerization process can be divided into four different sections. First
the polvmerization rate shows an initial maximum which results in a
coating of the catalyst particle surface with polvmer. After this, a period
of low activity occurs (induction period) as the coating limits the diffu-
sion of the monomer. When enough monomer molecules have reached
the inner polymerization active centers by diffusion through the polymer
coating the third section starts. The polvmerization rate rises and we
have polymer growth with silica carrier fragmentation. Finally, a broad
maximum of activity is reached and particle expansion starts. We want
o give you a more detailed description in the following:

The polymerization starts at the active centers on the surface of the
particle, because access to them is without hindrance. On the outer
surface of the silica support and 1o some degree below the surface (sub.
cutaneous) the thin polymer boundary layer is formed during this initial
stage. This thin cover consists of highly crystalline polvpropene with up
to 75% crystallinity Corresponding to this in figure 11a lighter region
represents silica, the darker region polymer, This polyvmer laver works as
a diffusion barrier for the monomer supply, so that the diffusion of
propene molecules through this laver becomes the rate determining step
of the polymerization reaction. As a consequence, the high initial poly-
merization activity decreases sharply during the first minutes and a peri-
od of relative low polvmerization activity is reached. The length of this
period can vary notably and is a function of some parameters like rem-
perature, monomer concentration and particle diameter. Polymer is grow-
ing from the outer shell towards the center of the carrier and gradually
breaks down the carrier more and more (Fig. 11bl. A continuous in-
crease in polymerization activity is observable in the kinetic profile. As
a consequence of the increasing activity the silica support gets fragment-
ed by the hydraulic forces of the growing polymer. This process contin-
ues towards the center until the whole support is fragmented and all
active sites are accessible for monomer molecules, In figure 11c only a
small core of unfragmented silica coated by a thick layer of polymer
with silica fragments is left. An interesting detail in figure 1lc is the
wavy surface of the polymer phase. This is a preparation artifact from
the sectioning process, due to differences in the degree of hardness of
embedding resin, polymer and bulk silica. This demonstrates thar we
have now a polymer matrix with fragmentized silica particles. Finally, in
figure 11d the silica support is completely fragmentized into particles in
the size range of about 50 nm and below. They are homogeneously

]
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distributed in the polymer matrix. Now, the maximum polymerization
activity is achieved and a significant particle expansion starts and lasts
much longer as shown in figure 11,

The size of the final SiO.-fragments which consist of agglomeration
of about 10 nm small spherical primary particles lies between 30 and
100 nm (see figure 12, top, left and the enlargement, top, right).

Particle expansion

The series in figure 12 demonstrates the increase of the volume of a
polymerizing catalyst particle by a factor of 40.000. The morphology of
the formed polymer particle in all phases represents a replica of the
starting catalyst grain.

The results of these extensive micro- and macrokinetic and micro-
scopic investigations led to a comprehensive modeling of the total poly-
merization process shown in figure 13 on the next page.

By means of this polymer growth and particle expanding model we
were able 1o design a mathematical simulation of the whole polymeriza-
tion process. For this mathematical simulation (see figure 14) we devel-
oped a “shell by shell” - fragmentation of concentric shells — from the
outside to the center of the particle.
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» ip(T) microparticle growth factor

it the ratio of the actual
nileroparticle radius and the
radius of the catalyst fragment

is the most Important factor for
the breaking off of the shell and
for the monomer access to the
active specles of the next inner
shell
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This has enabled us 1o determine the mathematical rate law and the
rate constants for the activation, propagation, transfer and termination
steps of the complex and multiparametric polymerization process. This
complete mathematical modeling is the prerequisite for the transfer into
the industrial slurry, bulk or gas phase process.

A verv useful and sometimes colorful investigation tool is the videomi-
cmscnpy.‘ This technique is a new and innovarive instrument and en-
ables the simultaneous detection of the individual growth of a large
number of catalyst particles. In addition to the visualization of the
growth of the polymer and of the morphology replication, it is pnﬁ_s.ih]E
ta obtain detailed information about the polymerization kinetics of nu-
merous catalyst particles. The particles act as discrete microreactors in
the industrial process. For this purpose special equipment was employed
which consists of an autoclave equipped with a glass window and a
connection to a vacuum system and a monomer supply. The autoclave is
located under a light optical microscope connected to a high resolution
digital camera. This camera takes pictures every 20 s‘;cnnds.

The catalyst system in study here is composed of a 4th generation
TiCl, Ziegler Catalyst with AlEt; and an external donor (see polymeriza-
tion start, figure 15).
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Because of the TiCl, component the starting catalyst grains are brown
colored. After a few minutes of polymerization (polymerization stage 1,
figure 16) these brown catalvst particles have a white circle (cover) of
polypropylene indicating the begin of the polymerization on the surface,
After further polymerization time (polymerization stage 2, figure 17) these
covering is broadened and the particles become lighter,

Ii: e
J 4 generation Ziegler cmalyvst - Polvinerizaion stage |
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After another time of polymerization (polymerization stage 3, figure
18) this process is increased and indicates the polypropylene growth
from the grain surface to the inner volume of the particle.

Hence; with this catalyst system, we could visualize directly our poly-
mer growth and particle expansion model.

. i 4% peneration Ziepler catalvsl - Polvmerization stage 3
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NEW POLYMERIC MATERIALS BY METALLOCENIC CATALYSIS

INTRODUCTION

Metallocene catalysts show in contrast to Ziegler-Natta systems only
one type of active sites (singe site catalysts) which produces polymers
with a narrow molar mass distribution [1-3]. They are soluble in hydro-
carbons or liquid propene.

These properties allow one to predict accurately the properties of
the resulting polyolefins by knowing the structure of the catalyst used
during their manufacture and to control the resulting molar mass and
distribution, comonomer content and tacticity by careful selection of the
appropriate reactor conditions.

Metallocenes, in combination with the conventional aluminumalkyl
cocatalysts used by Natta [6] and Breslow are indeed capable of poly-
‘merising ethene, but only at a very low activity, Only with the discovery
and application of methylaluminoxane (MAO) in our Institute in Ham-
burg in 1977 was it possible to enhance the activity, surprisingly, by a
factor of 10000 [7]. Therefore, MAQ plays a crucial part in the cataly-
sis with merallocenes. Methylaluminoxane is a compound in which alu-
minium and oxygen atoms are arranged alternately and free valences are
saturated by methyl substituents. It is gained by careful partial hydroly-
sis of trimethylaluminum and, according to investigations by Sinn [8],
Barron et al. [9], Ystenes et al. [10], it consists mainly of units of the
basic structure [ALO,Me.] which contains four aluminum, three oxygen
atoms and six methyl groups. As the aluminum atoms in this structure
are coordinatively unsaturated, the basic units (mostly four or three) join
together forming clusters and cages. These have molar masses from 1200
to 1600 and are soluble in hydrocarbons.

(4] Fachbereich Chemie — Institut fiir Technische und Makromolekulare Chemie — Uni-
versitit Hamburg — Bundesstrusse 45 — 20146 Hamburg (Germanyl,




If metallocenes, especially zirconocenes, are treared with MAO, then
catalysts are acquired that allow the polvmerisation of up to 100 tons of
ethene per gram of zirconium. At such high activities the catalyst can
remain in the product, The insertion time (for the insertion of one
molecule of ethene into the growing chain) amounts to some 10 s
only.

It is generally assumed that the function of MAO is firstly to under-
go a fast ligand exchange reaction with the metallocene dichloride. thus,
rendering the metallocene methyl and dimethylaluminum compounds, In
a further step, either ClI- or CH; is abstracted from the metallocene
compound by an Al-center in MAO, thus, forming a metallocene cation
and a MAO anion [11-13], The alkylated metallocene cation represents
the active center. Meanwhile, other weakly coordinating cocatalysts, such
as tetra(perfluorophenyliborate anions [{C,F,},B]. have been successfully
applied to the activation of metallocenes [14].

Polyolefins, with different microstructures and characteristics. can be
custom-made just by varying the ligands of the metallocene. By combin-
ing different olefins and cveloolefins with one another, the range of char
acteristics can be further broadened, The production of polvolefins with
tailored microstructures and of chemically uniform copolymers has not
vet been achieved by conventional heterogeneous caralysts,

Using metallocene catalysts, it was possible for the first time to pro-
duce polyethenes, polypropenes and copolymers with narrow molar mass
distributions [18], syndiotactic polypropene (in technical scale amounts
[19], syndiotactic polystyrene [20], optically active oligomers [21] and
composite materials of biomass, powdered metals with polvolefin [22].
Organic or inorganic particles (starch, cellulose, quartz sand, or pow-
dered metal) can be coated with a hydrocarbon soluble metallocene cat-
alyst and, in turn after polymerisation. with a polvolefin film of variable
thickness [23],

Metallocenes are useful catalysts for the production of cycloolefin
copolymers (COC), materials with special properties and a high poten-
tal as engineering plastics. Ethene/norbornene copolymers are of inter-
est because of the easily available monomers. Due to different incorpo-
ration values of the cyelic olefin in the copolymer, the glass transition
temperature can vary over a wide range independently from the used
catalysts. A copolymer with 50 mol % of norbornene yields a marerial
with a glass transition temperature of 145°C [24].

Alternating copolymers are obtained by some metallocene and other
single-site complexes. The melting point of the alternating copolymer
depends on the molar ratio of norbornene in the polymer while the

— e T

ass transition temperature is almost independent. A maximum melting

point of 320°C was reached. . = .
Fluorinated half-sandwich titanium complexes are in combination wi
MAO very active catalysts for the polymerisation of styrene and butadi-

2 3 o
ene. The microstructure of the polybutadiene (80% cis, 1% trans, and

19% vinyl) depends on the methyl substtution of the cyclopentadienyl
ring [23, 26].

ErsENE/NOREORNENE COPOLY MERS

Copolymers of ethene/norbornene [{.'.G*.Z:'I have been of great inter-
est to industry and science because of their excellent oprical. mechan-
ical, and electrical properties. With their high transparency to blue-
green laser light, they have potential application to hlghur-mp_mult}; CDs.
Most metallocene complexes are active for the cupul}'nln:rlsatmn but
the activity has to be increased. It is difl:icu?r to obtain copolymers
with high molecular weights, The constrained geometry catalyst
[Me,Sit3-BuCp)N="Bu)]TiCl, was investigated to produce copolymers
with high molecular weights (Tub. 1).

The activity rises with increasing temperature and rf_m-:ht:-s 30 000 kg
copolymer/mol catalyst in ane hour by 90°C. The maximum of ti_le Ef-
lymerisation rate is reached by about 50 mol% of narhornenclm e
starting phase. The molar masses of all copolymers are ELlI!'I!'JH'I'.'Il'izL'd. in
Tab. 2. The molar masses increase with increasing norbornene fraction
in the feed untl c, = 0,6. At higher norbornene fractions the mnlsir mass-
es decrease. For COCs prepared at 30°C, the molar masses increase
from 200 000 to 320 000, then decrease o 76 000 g/mol. . .

Recent publication describes the copolvmerisation of ethene with

TabLe 1
Polymerfution cemdgtions,

Caralys: % 10" mol/L
MAC SO0 mu
Ethene 0,237 molL
Morhomene 0-1,1% molT.
Solvent toliene
Temperature 30, 60, 90°C




Tasie 2
Ethene/norboraene copolymerizations by [MeSi3> BuCp)IN"Bu)JTiCLMAO ar 30, 60,
and 9°C, respectively. Molar masses determined by viscosimetry and molar fraction
norbornene fs the feed p,

- 0°C HFC g o
. Mpy [g/mwol] Mn [gfmol] My [g/mal
il insoluble nsoluble insaluble
0.2 200 000 B1 000 43 0011
04 230000 B3 0D & 000
0.6 32T 000 93 000 SRR
0.8 239000 &2000 AT 000
0.9 100 000 33000 22 000
0,93 B3 000 23000 20 000
0.99 Th oo 25000 20000

norbornene to show living or quasi-living character [27]. As shown,
molecular masses up to 320000 can be reached, With increasing tem-
perature the molar masses decreased, for example from 230000 to
85 000 to 48 000 g/mol with ¢,=04.

Obtained are random up to alternating copolymers. In contrast to
other alternating COC producing catalysts the constrained geomerry
catalyst, [Me,Si(3-"BuCp)IN""Bu)] TiCL/MAO produces alternating COCs
with mostly isotactic structures. The alternation is influenced by the tem-
perature if sufficient norbornene is present in the copalymerisation. Thus,
alternation up to 0,77 can be obtained with c.=099 and at a poly-
merisation temperature of 90°C. The norbornene incorporation, copo-
lymerisation parameters, microstructures, and glass transition tempera-
tures are barely influenced by the temperature, except for copolymer-
izations with very high molar fraction of norbornene in the feed
¢y =0,99, where with increasing temperature the norbornene incorpo-
ration increases, more alternating and NN sequences are observed and
the glass transition temperature is higher than expected. As assumed,

the temperature has great influence on the molar masses. Lower tem-
peratures increase the molar masses intensely.
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[2]
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Berwarn Lotz

SOLVING THE CRYSTAL STRUCTURES
OF ISOTACTIC POLYPROPYLENE:
A TALE OF NIGHTMARES, FRUSTRATION AND BEAUTY

1. INTRODUCTION

The first synthesis of isotactic polypropylene (iPP) in Giulio Natta's
laboratory in 1954 has been the start of an extraordinary technical and
‘economical achievement, as recounted in other contributions to this vol-
ume. It has also been, in the broad field of structural investigations, the
start of a scientific adventure and intellectual challenge that is not vet
ended. In this adventure. scientists from all over the world took their
‘part — isotactic polypropylene has indeed become a part of the world’s
heritage. In this adventure however, the lalian school of crystallogra-
phers plaved a major role. Some of the founders of the field are in this
audience and could give a better. first hand account of the same facts,
Major contributions to the field are due to several Italian colleagues
{the school in Naples and Salerno, or Valdo Meille and Sergio Briick-
ner), who would be equally qualified to present this account. It is there-
fore with a great sense of humility that I will cover some aspects of the
structure of iPP, underline the various contributions whenever possible
in chronological sequence, and put these contributions in perspective in
the broader context of structural analysis of crystalline polymers. For
obvious reasons, I will emphasize the information obtained by diffrac-
“tion techniques, either X-ray or electron diffraction. Needless 1o say, the
present contribution draws on material that can be found in different
reviews on the crystalline structure and polymorphism of isotactic
polypropylene [1-3].

Isotactic polypropylene is not the first synthetic crystalline polymer.

(*) Institur Charles Sadron (CNRS-ULP) — 6, ruc Boussingault = 67083 Strashourg
(France) — e-mail: lotz@ics.u-strasbg fr




Polyethylene, polvamides, aliphatic and aromaric polyesters were synthe-
sized in the 19305 and 40s. These polymers are linear polymers, with
no substituant attached to the main chain, As a result, the chain con.
formation is essentially stretched out or extended. Tsotactic polypropy-
lene is the first helical synthetic polymer the crystal structure for gt
least one of them!) has been solved [4], Palypropylene is a polymer
that bears a side-chain, in_this case, a simple methyl group- in firsg
approximation a sphere 4 A in diameter. This methyl group makes al|
the difference, and it will be a central theme duting the whole presen.
tation. In isotactic or syndiotactic polypropylene (sPP}, and contrary o
atactic polymers, the position of the methyl group is reguler, ie, is the
same (iso), or alternates (syndio) along the extended chain, Extended
chain conformations are impossible for iPP, since the diameter of the
methyl group exceeds the distance between the atoms of the main chain
(=25 fil to which neighbor methyl groups are linked. This steric en-
cumbrance forces the chain 1o adopt a helical conformation. Three res.
idues build up one rrn of the helix [4]. Another novelty lies in the
fact that since the chain has side chains, it is chiral; indeed, each car
bon atom that bears a methyl group has four different substituents;
one hydrogen, one methyl group and the two ends of the chain that
are of different lengths. This wondd im ply that iPP adopts helical con-
formation of only one sense — one band, either right-handed or lefi-
handed. However, on a local scale, the (usually large) lengths of the
two chain-ends cannot be “measured” and “compared” by the asym-
metric carbon, which has a major consequence: iPP is “chiral bur race-
mic” [4], which means thar the chain can adopt efither right-handed or
left-handed helical conformations,

The above elements set the stage for alf structural studies of iPP
Isotactic polypropylene exists in only one helical conformation, a three-
fold helix. This conformationa] “rigidity™ is at variance with many other
polyolefins [6], and the next member of the family, isotactic polv(1-Butene!
most prominently among them, the three crystal structures of which rest
on three different helix conformations. The structural challenge is there-
ore to identify packing schemes that rest on a single helix conformation
and yet, as seen next, generate strikingly different crystal structures with

different physical properties (melting point, modulus, impact resistance,
transparency, etc.).
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2, THE ALPHA PHASE OF ISOTACTIC POLYPROPYLENE

2.1, The wunit-cell of isotactic polypropylene, « pharse

As recounted on several occasions [ﬂ', the first synthesis of polvpro-
pylene in an autoclave polymerization of propylene Ial_crne produced a
solid material that Paolo Chini took to Paolo Corradini, IIacateJd on the
next floor of the Polytechnic Institute in Milano, to be investigated by
X-ray diffraction. Paolo Corradini was the crystallographer wllm,_ follow-
ing the advice of Alfonso Liguori, had joined the group of Giulio Natta
with the assignment to investigate the structure of ﬂ}e heterogeneous
catalysts and semi-crystalline polymers. The solid matcrl.,-al turned out to
yield X-ray reflections - actually was a cryvstafline FII'SIEITI'JTIII]. the first of a
long series of similar materials that, as a group, build up a new class of
crystalline, stercoregular polymers, of which isoractic polvpropvlene re-
mains the most prominent member.

It took only a few months to Paolo Corradini to solve the crystal
structure of the most common crystal phase of isotactic ‘]mly]::_rnpylgne.
later known as the « phase. Figure la represents the chain axis projec-
tion of the electron density map of ¢iPP, together wi‘th the same c axis
projection of the structure (Fig. 1b) as published in 1960 in Nwovo
Cimento [4]. The electron density map displays clearly the three-fold
symmetry of the chain, and makes it possible to I-:rr:ﬂ’Ee thF:- methyl
groups that “stick out” of the helix backbone. The chain axis repeat
is 6.5 A. The unit-cell is monoclinic with parameters a=06.65+0.05 A,
6=2096+0.15 A, c=650+0.05 A, #=99°20 = 1°, space group C2/c. The
structure is rather complex, since it is based on an Enrtimmf? mixing of
right- and left-handed helices, and alternation of orientations :;Jf .the
chains along the # axis (horizontal in Figure 1), Spt?tlf[(iﬂﬂj’, it is a
layered structure, with layers parallel to the 4 axis (vertical in Figure 1)
made of helices of one hand only, successive lavers along the & axis
being made of helices of opposite hand. This will be an important in-
gredient of the analysis of lamellar branching and the structure of the v
phase (cf. infra), _ _ j

The structure of the  phase of iPP is important in the hlstr.Tr}' of
structural investigations of polymers. It is the third belfs mnfar:‘rﬂm‘mrf_ of
polymers that has been established, only shortly ;%ﬁer the ¢ helix mnhz];-r-
mation of polypeptides and proteins due to Puulmg‘ and Corey, and the
double helix of DNA of Watson and Crick, More importantly, it is the
first complete crystal structure of helical polymers that has been solved,
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Fig. 1 — ta) The elecrron density map of isotactic polypropylens, it phase univcell, determined
by Natta and Covracini [4]. Conrours are. drawn every (15 e/A- The hrst line corresponds 1o
the 2 /A7 Jeve] Note the dear theee-fold smmeny and 1}

he location of the methy groups that
stick out of the helix main chain path. 4* axis vertical. & avie haczonral Reprinted from referen
e 1 with permission of the publisher; (b) Projection parallel 10 the chain axie of the strueture
of tsotactic polyproplens, o phase for the (2/c space group, similar to the electron density map
nf part Lai hI.‘;F" .II:I.E "'.!'."U-'III" I\.‘Ili:; 5 A |.'|.']~:'l.'~i|.':‘.|!,_'|.| m |-|J” apd Ll.l.‘\-f"i."l.l ]:i.l:'_|::_-iI 1-_;:\.].1|_-|_|;j\_'|_-:_-,_ Mo
that the methyl group positions are maintained. but the main chain aroms have slightly different
atomic coordinates. The arrowed plane & lmaged by AFM in Figure 2; (c) An artist’s rendering
-i1?- Fl‘.i_: t|‘.r¢.:-f.i.'¥]l.| |‘..|,-Ii.x- |1'.- iar'-r_1|\_"||,|; |n~|1_,-|-up|1-|1-.'§q~n|_-, fn|_'|1',-|.~5 in r'rn:‘.‘.' |‘|1- IE'I'L' f.;iﬂljn I\;i!:i;l H.u.‘:-.l,'u:l..'h
Center in Ferrsra (photograph courtesy of Pr Galli, Baselll. The bonds lengths and angles are
respected. The helical path has been underdined by o contineous helix that does neq exlst in the
structure, but undedines the right-handed helical hand of this PP chain,
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including the detailed organization of helices in the unit-cell. This is in
sharp contrast to the works on polypeptides and DNA, which estab-
lished only the chain conformation (this is not meant to dismiss the
fundamental importance of these two structures!l.

The structure shown in Figure 1 is based on a space group — (2/¢ —
that supposes some structural disorder. The structural disorder rests on
a distinction that has not been introduced so far: it deals with the ori-
entation of the helices in the crystal lattice. The methyl group is linked
to the main chain by a bond that is tilted to the chain axis, much like
the bones in a fishbone. A given helix can be orented “up” or “down”
depending on the orientation of this bond. For both orientations, the
positions of the methyl groups in the latice can be maintained, but the
positions of the “inner”. main chain atoms are slightly different, as illus-
trated in Figure 1b by the full and dotted lines. Such a statistical pres-
ence of “up” and “down” helices at every site corresponds to a “limit-
ing disordered structure”, described as the u, structure, and obtained ar
low temperature, Later studies have shown that for well annealed sam-
ples, additional reflections appear in the diffraction pattern, which indi-
cate an @, structure with lower symmetry (space group P2,/el. In other
words, the “up” and “down” orientation of the helices in «, is "not as
random”™ as in u,. This line of reseacch has been actively pursued by
several groups in the world (Hikosaka and Seto in Japan, the group of
Corradini in Naples, etc.). It turns out that the crystal structure of wiPP
can be best described as the stacking of bilayers made of parallel, all
“up” or all “down” right-handed helices and left-handed helices. The
relative orientation of the bilavers depends on a probability p that is
controlled by the crystallization/annealing conditions (Fig. 3) [6, 8]. It
is likely that with the development of polymers with improved tacticities
that crystallize at higher temperatures, even “purer” forms of the «

phase will be obtained - and are indeed suggested by the work of
Mait ef al. [9].

2.2, The lamellar branching of isotactic polypropylene, @ phase

The preceding section was devoted to the crystal structure of 6iPP
at the unit-cell level, that is, at a very local scale. Moving now on to
the next level of organization of polymers, we consider the lamellar or-
ganization. When they crystallize from the bulk or selution, polymer
chains fold back and forth in a hairpin fashion, and form lamellae that
are ten to several tens of nanometers thick, depending on crystallization
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conditions. The chains span the lamellar thickness, and are oriented more
or less normal to the lamellar surface, which is less organized since it
contains the folds of the chains (fold surface). Growth of the lamellae
proceeds by deposition of molecular stems on the lateral, thin edges of
the lamellae where the crystal structure “is apparent”. During this de-
position step, selection of the helical hand of each stem must take place,
thar will ultimately become a characteristic of the unit-cell.

Most or, for that matter, afl polymers crystallize from solution or
from the melt in the form of single lamellae, often generating screw
dislocations. The simplest form of these lamellae is therefore a single,
flat or tent-like lamella, several micrometers in lateral size, and only
<10 nm thick. The shape of the lamella often reflects the symmetry of
the underlying unit-cell, e.g. hexagonal for hexagonal or trigonal unit-
cells. Isotactic polypropylene in its phase has a very peculiar crystal
morphology. It does indeed produce single lamellae that are elongated,
lath-like. However, during growth, these lamellae branch repeatedly at a
constant angle. When crystallized from solution, the structures arc so
regular that they were termed “quadrites” by Freddy Khoury [10]. Sim-
flar branching takes place in thin films (Fig. dal, in the bulk, on S]Ji.l'llr
ning at relatively slow take-up rates, etc. This lamellar branching is
unigue to the v phase of iPF, and has been a puzzle for many years.
Geil [11]. Khoury in an extensive study [10], Keith and Padden [12,
13], all in the USA, Binsbergen and de Lange [14] in Holland, made
contributions to the analysis of this lamellar branching. Khoury [10]
suggested a mechanism of branching through the fold surface. Keith
and Padden [12] pointed out that the branching takes place on the
lateral edges of the lamellae, specifically in the ac face of the umit-cell,
and that the chain axes orientarions in mother and daughter lamellae
are 100° apart — exactly the B angle of the monoclinic unit-cell. Binsber-
gen and de Lange [14] were very close to the correct answer. They
pointed out that the pattern of methyl groups in the ac face is such
that it is possible to create two schemes of interdigitation of these me-
thyl groups for two successive layers. In one of them, the chain axes
are parallel, and in the other the chain axes are nearly 100° apart —
again the value of the B angle of the monoclinic unir-cell.

The origin of this lamellar branching is indeed purely crystallograph-
ic. and amounts to a case of self-epitaxy [15], also described, in crystal-
lographic language, as a rotation twin. It is best established whefa con-
sidering the organization of the methyl groups in the ac face of «iPP. as
revealed by epitaxial crystallization [16, 171. Epitaxial crystallization
makes it possible to deposit the chain axes of the polymer parallel to a



substrate that presents topographic similarities with a given erystallo.
graphic plane [16]. Epitaxial crystallization makes it possible to orient
the ac plane of wiPP parallel to the substrate. After dissolution of the
substrate, the topography of the contact face, now exposed, can be im-
aged by Atomic Force Microscopy (AFM) [17]. This technical feast re-
veals a lozenge shaped pattern of methyl groups (Fig. 2) consistent with
the crystal structure determined by Natta and Corradini [4). The kev of
the lamellar branching lies in this lozenge shaped ac face, that results
from the near-identity of the « and ¢ axes dimensions. Superposition of

["F’-- 2 = AFM image of the ac face of the o phose crvstal structuce. (PP wos e pitaseialls

enystallized on benzoic acid, which was then dissolved. leaving the ae contact face exposed

|l!:|t.|. Itl;',mf';' lor the AFM imoging. The methyl groups 6.5 A |.|j;.|:1 are darker and Jr,_-. r”-l--“-:

ged in a lozenge shaped pattern that is fully consistent with the crystal structure in Figure 1

Maore specifically, the face imaged here corresponds o an gc Lace with the lowes .l"np:s‘[:

Int’[}l'-'.l- Eroups, .un'cm'q:;.| 1§11 FiF'.Iru;' ]i". .-‘!“-q_-“ i_|'r|-,|,|.w|_i; 2 nm ]1!-' 2 am, R’ﬁ'pfil‘ltfli 1:[L'|1:|1 ;_-]-rtn:q-“'-tl'
17 lcorrection) with permission of the publisher
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Fig. 3 — Model of the scruciural disorder in @i The bilayers are made of isoclined vight

and lefi-handed helices (R and L), Tn the next bilayer, the helices may be oppositely onen-
ted (up-down, probabiliy pi or identically oriented (up-up or down-down, prn.il.il:uLt:- o).
A regular succession of anticlined bilayers would correspond 1o the more ordered o) struciu

1 " i | ! A B R I n T oe -
re, p=0.5 {statistical succession) corresponds to the less ordersd o, structure Reprinted [rom

reference 1 with permission of the publisher,

two facing faces, one made of right-handed helices and one made ol
left-handed helices results in a perfect interdigitation of the facing arrays
of methyl groups, which corresponds to the crystallographic packing [4].
However, a similar interdigitation can be made wbhen the facing lavers
are both wade of belices of the same band. The chain axes of one laver
is now oriented parallel to the a axis of the other layer, which creates
the new chain axis orientation, and is the seed for a new lamella, in
“branched” orientation relative to the parent one (Fig. 4b) [3]. This
mechanism can be repeated and thus generate several generations of
mother, daughter, grand-daughter, cte, lamellae [10, 17], every genera-
tion restoring the crystallographic orientation present in its grand-mother
one (cf. Fiz. 4a). In essence, the lamellar branching results from a mis-
take in the strict alternation of helical hands in successive ac layers, that
is. from a “stumble” of helical hands. Clearly, the specificity of the lamel-



Fig. 4 — ja) Lamellar branching in the u phase of isotactic polypropylene, a5 reveuled by thin
growth fram the melt. The “spherulite” center is in the lower left comer. Due to lamella:
branching, the odd (first, third, ete) generations of lamellne are radial, the even (second, four
th, ele) pencrations are nearly tangential Scale bar 3 um. Reprinted from reference 15 with
permission of the publisher; (b1 Model of the interdigitation of methyl groups for the facing o
indicated in Figure 1b, The topography of the faces is that of a lozenge array of bulges
ith{: methyl groups). Similar interdigitation is realired when the two facing lavers are made of
of opposite hand (in which case the helix axes remain parallel, and the structure corte-
sponds o the unit-cell shown in figure 1b) or when the facing layers are made of helics of
the same hand, In the litrer case, represented here, the chain weds of the depositing luyer is
parallel 1o the 4 avis of the substrate layer (shaded), and # new chain arientation is gencrared.
puui_ld 1o the 4 axis of the substrate liyer The relationship between the two layers is o
rotation twin (twin axis indicated), and the interaction may be described as 4 self-cpituxy or
homoepitaxy, Reproduced from reference 69 with permission of the publisher,
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lar branching stems from the very unusual high symmetry of the ac face
of wiPP (in the present case, of lozenge typel. Similar branching mech-
anisms could be envisaged for other polymers, but have not vet been
observed because their crystallography is less well or not adapred,

The analysis of the lamellar branching in molecular terms provides
also another insight, wnigue to aiPP In the structure determined by
Natta and Corradini [4]. the location and orientation of the right- and
lefi-handed helices have a unique relationship with the unit-cell axes.
Specifically, the crystal structure determination shows that when a single
methyl group is exposed in the ac plane fas in Figure 2), the path of
the helix that supports it (but which is burried in Figure 2) is parallel
to the fong diagonal of the ac plane or lozenge. In other words, it
suffices to know what is the ¢ axis orientation (easy to determine, since
it is nearly normal 1o the lamellar surface), and the orientation of the a
axis relative to that ¢ axis, 1o “position” all the chains in the structure.
This 1s precisely the information provided by the self-epitaxy and lamellar
branching. Indeed, the chain axis orientation in daughter lamellae indi-
cates the orientation of the a axis in the mother crystal relative to its ¢
axis, in other words the “dip” to the right or the left of this ¢ axis, or
the position of the P angle relative to the chain axis. This piece of
information is an essential one, since # finks the morphology with the
aystal structure at the unit-cell level [15, 3]. Indeed, it indicates the
orientation of the unit-cell in space, and more precisely if the unit-cell
has its b axis oriented towards or away from the observer (is seen from
the +6 or the -4 axis sense). This information in turn helps determine
the orientation of the right- and left-handed helices in the entire quadrite
lor spherulite), i.e. whether the helices point the “lone” methyl group
towards or away from the viewer (Fig. 5. As indicated, this possibility
to determine unambiguously the helical hand and to locate and orient
‘each and every helix stem in the entire crystalline entity (quadrite, spher-
ulite) on the basis of morphological indicators alone has wo equivalent
in polvmer science.

Finally, analysis and understanding of the lamellar branching helps
explain on a clear structural basis an otherwise puzzling morphological
feature of wiPP spherulites. When examined in a polarizing microscope,
these spherulites have very weak, negative or positive birefringence, with
the birefringence changing with crystallization temperature (cf. Figure 6).
Given the standard spherulite architecture, in which radial lamellae are
built up of chain-folded, tangential chains. the birefringence would be
expected to be negative. The positive birefringence is simply a manifes-
tation of the lamellar branching: the daughter lamellae have their chains




parallel to the radius of the spherulite, which means that their birefrin-
gence counteracts, or may overwhelm, the birefru'.tgﬂr_ice_genem:ed by
the tangential chains in the primary, radial lamellae (cf., Figure 4al [18,

é%i%%ii’é 191, Also, the change from overall pusirtive to negative birefringence of
=S5 2.8 the spherulite simply reflects the decreasing frequency of lamellar branch-
ecEf257% ing for increasing crystallization temperatures [19-21]. .

z-a=0% _ﬂé‘: To conclude this section, the 'crz.'s_tal_ structure dctcrnnnee;l'by Natta
€5 52 b :::;'L_i and Corradini for the a phaselnf isoractic pj::lﬂ]rr_npyler‘:e contains ;11_] tl'_u:
EEEgEZC ingredients needed to make this phase a unique investigation maten_n! in
=B pEgSS, polymer science. The fact that the structure is made of Iarl}f&rs.ﬂl is0-
£ : . 4 £ chiral chains, the alternation of antichiral ln}'cm‘. the near identity of a
—:"-E.;: :"':i z §=j..§ and ¢ axes t}:{IIt gene%ateﬁI a ]“TEHHE paucn':_n of 1;;2;1& ::o;;[:; 1;]111-: ‘:}}:;
EEEIETELE ral ingredients. The latter lozenge pattern in ; r
:é':E:f £ : ol '5' = ﬁtnr-zgtt;kes" 1gn the alternation of helical hands are possible. The lﬂ.lnﬂu{f.r
H g £=T ok -:._f branching of iPP is a most spectacular outcome of these mistakes. This
a2 :-; ;E %EE branching however comes only secu_nd m_thc structure ult; l:;c ¥t p:usr-:
=5 FErEs that will be examined in a later section, First, we deal with the p phase
IsE=4 S £ of iPP, which happens to have its own original fearures,
=§2Eszggd
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g_; s ;-E Z¥e 3. THE BETA PHASE OF ISOTACTIC POLYPROPYLENE

FSE=2 3 _p i

2 E_—'E' 205 g %E 3.1, The experimental challenge and structural puzzle

E : Egd %;:% £ Immediately after its ini}inI synthesis, isotactic pntyprnm-'ler}e_mras rec-
E EE_E ‘E‘EE "E‘:'; ognized as 3 rnaz:;- indusmal}dbr?jkthfnmﬁ};é ar;;ia dﬂ[;[:nur:}'i:; c;n E:Sﬂgﬂﬂ
SERE_E_2cC tions were devoted to it worldwide. ; i

g ;:E F% -E LT rcﬂpﬂsrt:.ﬂ on a new crystal modification of iPP, which Ei{ﬂ}' Cﬂj_lﬂd the 5
Ede —E 3§ F3 .% & phase [22]. It is easy to id;ntif}z since undt_:r the E:-oln_nzmg nm;lrmclr?tpz.
TS RgEEE B phase spherulites are optically negative, h!ghly birefringent spheruls :. .
wEIESECH easily distinguishable from the weakly birefringent @ phase ones (Fig. 6).
CEREEC L On the basis of micro-beam X-ray diffraction on such spherulites, Pad-
-;E : Ej_g é ; den et al. proposed an orthorhombic unit-cell with two chains p-crdceg
—EL:_E‘..ET: 182 with the “standard” three-fold helix symmetry and the by then standar
<s¥g_z3l 65 A chain axis repeat distance characreristic of the a p_hase [2%]~ Ad-
REE §=1_£ L2 dink and Beintema [23] proposed a simple hexagonal m;:t-u_:egdwlm n;:u:
g EEEA chain per cell. Turner-Jones et al, at ICI in England obtained samples

with significantly higher proportions of this p phase, and could analyze
clear powder patterns [24, 25], They established that the cei{_ must l‘:ﬂe
larger, and contain either three. nine, rwelve or sixm&n‘ chains. Thm'r
data were insufficient to rule out any of these possibilities, but consi-
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Fip. 7 - Elecoron diffsacdon pattern of a single covsaal of PP The eleciron beamy is paral-

lel to the chains, and the pattern shows only F#0 reflections. The hexagonal symmetsy of the

packing of the chains is evident. Note the presence of sharp spots corresponding 1o the true

unit-cell, and of diffuse reflections and sireaks thar indicare substaniial structural disorder in
the packing of chains.

dered the rwelve chains unit-cell as accounting best for the then available
data. When a relatively poor electron diffraction pattern of PiPP be-
came available, they opted for a e chains unit-cell [25]. In addition,
they had determined that the packing of the chains was a relatively
complex one. In particular, they noted that the reflection labeled 003
{which, on a fiber partern, would be meridional) was weak, which indi-
cated that the chains in the unit-cell were at different levels along the
chain axis. Were these chains at the same level (as in a one chain cell),
this reflection would be strong,

Attempting to decipher the structural puzzle of the B phase of iPP
has been a frustrating experience for many years — actually 35 years!



Indeed, wnch was known about the structure: the chain conformation
(the three-fold helix), the hexagonal symmetry of the packing. the unit.
cell dimensions {or a possible set of those unit-cells). At the same tme,
key elements were missing. In particular, no fiber pattern was available,
since the B phase is metastable relative to the « phase, and converts 1o
this a phase when strerched. Also, establishing a viable packing mode
for a hexagonal array of sine helices on first principles is virtually im-
possible, although many attempts along this line have been made (for 4
summary, see reference 261,

The experimental pieces of information most instrumental in the reso
lution of the structure have been improved electron diffraction patierns
of single crystals of the B phase [26, 27], and the possibility 10 use
epitaxial crystallization, that is a mild, wow-mechanical means to obrain
diffraction patterns similar to fiber patterns (and is thus fully suitable
tor BiPP) [28]. The single crystal diffraction patterns display a set o
sharp reflections that indicate clearly that we are dealing with a three
chain, trigonal unit-cell. Many other, more diffuse reflections are present,
which indicate some structural disorder (Fig. 7). It is because these re
Hections had been mistaken for true crystallographic reflections. that lare-
er unit-cells had to be considered in earlier investigations, The epitaxial-
ly crystallized films vield patterns in which the 003 relection on the
meridian is indeed weaker than its neighbor 103 ones, which supports
the analysis of Turner-Jones and Cobbold [25].

Dealing with a three chains unit-cell rather than a nine chains one
makes the structural puzele easier to solve, It wirns out that the struc
ture was solved simultaneously and independently (after 35 vears!) by
owo teams. One of them included Iralian researchers (Meille and Briick:
ner. who had solved earlier the y phase structure) and a group in Bell
labs: Lovinger and the early discoverers of the B phase, namely Padden,
with an experimental contribution from Keith [27], We were also in
volved, in association with Doug Dorset in Buffalo [30, 28], The struc-
tural answers are essentially similar, with minor variations that may re-
flect a physical reality. It appears easier to describe the structure by
referring to its main novel characteristic, namely its frustration [30].

3.2. The crystal structure of GiPP

The structure of BiPP is original, because it rests on a frustrated pa-
cking scheme that had not been considered so far in polymer crystallogra:
phy. Frustration is frequently observed in material science, and in particu-
lar in anti-ferromagnetic systems [31, 33]. Frustration is generated when a

la}

(b}

Fig. 8 = (o) Frustrated hexagonal close packing in two dimensions, (_.tus{*_rﬂﬂ{ki_r_u.'. of white
and black balls with the additional constraint thar all neighbor balls be of a different color
I8 impossible. The model shows the smallest possible unit-cell (dashed lines) that preserves
close packing. bur abandons the neighbor opposite color condition for the white balls, the
latter being organized in a honevcom parcern (light lines). The unit-cell is trigonal, and
containg three balls; (b) Molecular model (in chain axis projection) of the frustrated strucru-
te of BiPP The trigonal unit-cell contains three identical (isochivall chains, However. the
orieatation on their axis differs significantly, which creates different environments for the
different chains. This frustrated packing mode is prefermed over & simpler one-chain unit-cell

in which all the heliees would have similar orenation and therefore environment [27, 28],



system must meet two incompatible conditions. Tt hecomes evident in an
hexagonal close packing of white and black balls, with the additional
condition that each ball of one color be surrounded by balls of the oppo-
site color omly. This is impossible. Maintaining the hexagonal close pack
ing condition, but relaxing the color condition, it is possible to create a
trigonal unit-cell that contains three balls with one black and two white
ones. This is the archetype of a frustration situation, and is of course
immediately reminiscent of the structure of BiPP In the latter case, it i
equally possible to consider that a given chain establishes preferred (favor-
able) interactions with a neighbor chain. In view of the three-fold symme
try of the chain, these interactions can be established with three neigh-
bors, and can be extended 1o two extra neighbors of these “second Zen-
eration” chains, etc. This creates a bomevcomb lattice of chains involved in
favorable helix-helix interactions, but leaves aside the chain located at the
center of each “cell” of the honeveomb. This chain i frwstrated since it
must adapt to a less favorable environment, which is manifested by a
different azimuthal setting and/or different shift along the chain axis that
create the three-chain unit-cell and establish its frustrated character,

The crystal structure of BiPP corresponds exactly to this situation. It
is described as a trigonal cell with parameters a=5=11.05 A, =65 A,
The cell contains three ochiral helices. 1f the chains are right-handed,
the space group is P3,, and P3, if they are lefi-handed. The chains have
— and this feature is the originality of the structure — different azimuthal
orientations in the unit-cell. From investigations of different frustrated
structures, two major frustrated packing schemes have been observed.
They can be defined by the orientation of one of the substituants (here
the methyl groups) on a compass, relative to the helix axis. The two
schemes would thus be described as North-South-South (NSS) and
North-West-West (NWW). Although PiPP seems closer to the larter
packing scheme, it is probable thar several such packing schemes exist
or coexist, depending on the relative up-down orientations of the neigh-
bor chains, etc. This variability would account for the existence of the
diffuse reflections and the streaks in the diffraction pattern. Another
obvious cause of structural disorder may be the coexistence of domains
made of right-handed helices, and domains made of left-handed helices,
a most likely structural possibility.

The frustrated packing scheme could also be brought ro direct ex-
perimental check — actually ro direct viswalization by Atomic Force Mi-
croscopy [29]. The reasoning is very simple indeed. Tn the (110) plane
of the unit-cell, the three helices have different azimuthal settings. This
means that the methyl groups of one helix out of the three “stick out”

— 123 —

Fig. 5 - “Topographical” evidence in favor of the frustrated packing of @PP [29]. The
azimuthal setting of the three chains located in the (110) plone of the weit-cell (horizontal i
Figure 8b) are different. The methy] groups of one of these chains should “stick out™ more
prominently from this plane than for the two other chains, This (110) plane & 0 contact
plane in epitaxial crystallization on appropriate substoates. Afrer dissolution of the substrare,
the ropography of the now exposed (110} plane can be maged by AFM. The image shows
N ares of 30 e tmes 50 nm, Rows of methyl proups ight! 65 A apar that belong o
the same helix are oricnted ar 2 o'clock. Prominent rows of these methyl groups are 19 A
apirt, which coresponds indeed 10 the separation between three chaing (3 times 6,35 A), and
supports the frustrated nature of the BiPP crvstal structurne,

more prominently from the plane, in other words that the methyl groups
of every third helix in the plane, 19.05 A apart are more “visible” in a
topographical map of the (110) plane. Epitaxial crystallization makes it
possible to generate this (110) plane as a contact plane. After dissolu-
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tion of the substrate in a selective solvent, this very plane becomes ex-
posed, and is amenable to direct examination by AFM. The correspond-
ing images (Fig. 10) display indeed rows of methyl groups 6.5 A apart
that correspond to individual chains separated by a fuzzer image: the
AFM is not able to image the higher methyl groups density of the twa
other helices in the structure. However, and quite strikingly, the promi.
nent rows of methyl groups, that is, the helices with different azimuthal
orientation are 19 A apart (three times the interchain distance of 635 Al
which is the trademark of the frustration [29].

Recognition of the frustrated character of the BiPP crvstal structure
has led to a considerable work of analysis or reanalysis of crystal struc-
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also corresponds to the production of the “mesomorphic” phase of [PP Repm&u.:a.:d from
reference 20 with permission of the publisher.
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ures of a whole range of polymers, for which three-chain trigonal unit-
cells had been determined. Only one earlier crystal structure was cor-
rectly described with helices with different azimuthal serings, but the
frustration was not recognized and the packing scheme was not general-
ized [36]. All other structures had been determined without taking into
account the notion of frustration. Reinterpretation by introducing differ-
ent azimuthal settings — i.e. by introducing frustration — leads in all cases
to a significant improvement of the structural models (see eg. ref. 34 and
35). So far, frustrated cryvstal structures have been observed for polyole-
fins. a polypepride, a derivative of cellulose, polvesters, a crystal modifi-
cation of syndiotactic polvstyrene, ete. It has also been observed, quite
strikingly, for rwo biopolymers or derivatives with helical conformations
that differ from the three-fold helix: poly-n-propyl-L-glutamate (o helix,
3.6 residues per turn) [37] and a liquid-crystalline phase of DNA, a heli-
‘cal structure with 10 residues per turn [38]. The structural roots ac the
Corigin of the frustrated packing of polymer helices are still somewhat un-
clear, and are presently under investigation, Short, round side-chains (eg.
methyl groups) seem favorable, but recent results obtained in our labora-
tory, in association with the group in Naples, indicate that polyi3-methyl-
hexene-1), with a relatively long and flexible side chain, also adopts a
frustrated structure [39]. It may be worth emphasizing that the elucida-
tion of the structure of BiPP has led, in the ervstallography of polvmers,
to the development of a new. totally unforeseen line of research.

3.3. Correlations and interplay between @PP and [iPP

The formation under similar crystallization conditions and coexist-
ence of two very different crvstal phases of 1PP provides an opportunity
10 explore the “phase diagram” of this polymer. Only a few, selected
issues will be mentioned here,
~ PiPP is metastable relative to aiPP. The melting temperatures of BiPP
~and of aiPP are =155°C and =170°C, respectively,. However. the growth
rate of BiPP exceeds that of aiPP over a very wide portion of the
crystallization range. At high T, however (above 141°C), when the melt-
lng temperature of BiPP is approached, the growth rate of «iPP be-
Comes again larger than that of BiPP [40]. Curiously however, the same
inversion in relative growth rares is also observed ar low Tc, near 100°C
[41]. This situation is unigue in polymer science, and may be described
45 a “growth rate reentrency” of the u phase at low Tes (Fig. 11) [42].

The higher growth rate of BiPP may have a structural origin, linked
‘with its frustrated character. Indeed, the azimuthal setting of the chains
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Fig. 11 - Structure of the v phase of PP as derermined by Briickner and Meille, The

structure s seen parallel to one of the two chain axes orientations that coexist in the unit
cell. These rwo chain orientations are parallel to the diagonals of the ok face of the unit-cel

The structural relationship at the ransition berween two chain odentations it similar in all

respects to the lamellar branching of aiPP, but it is systematic in the present case. Reproduce!
from reference 31 with permission of the publisher.
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in the unit-cell ensures that in each and every new growth layer, the
layer topography is such that a notch is created, which is a very favor-
able nucleation site for the next layer [42].

In view of its higher growth rate, piPP should be formed more pro-
fusely than the « crystal phase of iPP. This is not so, because “sponta-
neous” nucleation of the a phase is much more profuse than that of the
B phase. However, nucleating agents that are “p phase specific” have
been reported carly on [43], and are still actively developed [44], Simi-
larly, nucleating agents for the « phase that help achieve faster overall

rallization rates are also the topic of much academic — and industri-
al! — research [45)]. These are relatively easy means to generate materials
with distinctly different properties (in particular, better impact resistance
of the p phase) starting with the same base polvmer.

As will be seen now, the situation is more complex for the third
crystal modification of iPP, the ¥ phase, for which the molecular charac-
teristics of iPP play a significant role.

4. THE GAMMA PHASE OF ISOTACTIC POLYPROPYLENE

4.1. The experimental challenge and structural puzzle

Interestingly, an account of the resolution of the y phase structure
can use the same headings as for the  phase. After all, it took only
slightly less (28 years!) to solve this crystal structure, It seems therefore
adequate to present first the experimental and interpretive challenges
that had to be faced.

Existence of a structure different from both & and p phases was
pointed out by Addink and Beintema in 1961 [46]. They obtained pow-
der diffraction patterns very similar to that of wiPP, but with an addi-
tional reflection at 4.45 A, that indicated a new phase, For a long time,
the y phase was obtained in sufficient proportions only under very spe-
cific conditions. The conditions relate to the polymer itself: low or very
low molecular weight samples, such as fractions obtained by pyrolysis of
higher M,w. materials and soluble in eg ether, They relate to crystalli-
zation conditions: for higher M.w. materials, crystallization under high
pressure and temperature [47, 48]. More recently, and this has been
part of the ultimate successful resolution of the structure, very high vields
of y phase have been obtained with high M.w. polypropylene copolymier-
zed with 5 to 10% ethylene or butene-1, or even pure iPP synthesized
using the newly developed homogeneous catalytic systems [49, 1].



All the available experimental evidence indicates that the ¥ phase i
intimately linked with the @ phase. As indicated, the diffraction patterns
are very similar (except for the tale-telling reflection ar 4.45 A). More-
over, the y phase crystallizes epitaxially on the @ phase. Actually, spher-
ulites of @ phase iPP contain more or less unavoidably a small prapor-
tion of y phase that corresponds to the ervstallization, in the later stag-
es, of the lower molecular weight tail of the polymer [1].

Diffraction evidence has been difficult to collect. It is not possible
to obtain fiber patterns of the v phase (the structural reason will be.
come clear with the model). Single crystal electron diffraction patterns
could be obtained, that led Morrow and Newman [50] to propose a
triclinic unit-cell derived from the ¢ phase monoclinic cell by a shearing
along a. The layer structure of the a phase was maintained in the mod.
el. However, the unit-cell geometry and structure turn out o be incor
rect, since the structure of yiPP has fearures that are definitely unprec-
edented in the crystallography of polymers.

4.2. The unique crystal structure of uPP

In a ground-breaking paper in 1991, Briickner and Meille proposed
a stunning new model for the crystal structure of viPP [51]. The intel-
lectual breakthrough was to consider, and accept, the possibility that
chain axes are nor parallel in 2 polymer structure. This break of a dog-
ma is comparable in importance feven if of lesser consequence) to the
proposal by Pauling and Corey, some 40 years earlier, of the « helix
conformation with 3.6 residues per turn, that broke at that time accept-
ed rules of erystallographic symmetrv.

It is difficult to detail the essentially “crystallographic” reasoning that
led Briickner and Meille to this revolutionary structure of viPP [51, 52].
It is easier to describe the structure starting from the « phase structure,
and the molecular mechanism of lamellar branching described carlier
(vide supra} [15]. As indicated, the « phase structure is essentially the
packing along the b axis of the unit-cell of bilayers. one layer made of
right-handed helices, and one layer made of left-handed helices. Further-
more the outer faces of the bilayers are made of the lozenge pattern of
methyl groups illustrated e.g. in Figure 2. The “normal” crystal struc-
ture of the « phase requires a strict alternation of the lavers with differ-
ent helical hands; LRLRLRLR, ete, Lamellar branching, and homoepit-
axy with an 80° (or 100°) change in the chain orientation takes place
when this alternation is not respected, as e.g. LRLRRLRIR [15]. When
this “accident” of the @ phase growth process becomes systematic, the ¥
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phase is generated. The crystal structure of the y Evhase tl_'ms corresponds,
as for the a phase to a (bi)layered structure but with a different sequence
of helical hands: LRRLLRRLLRRLIRR etc. For reasons of Sj.'mml;:ti',
the cell is quite large. Tt is orthorhombic with parameters a=854 A,
b=993 A, c=42.41 A, space group Fddd or, if statistical substitution of
“up” and “down” (anticline) helices is absent, F.'Ildd or Fd2d [51, 52].
It should be noted that the chain axis repeat distance (6.5 A) uf.Lhc
iPP three-fold helix has “disappeared” in the unit-cell parameters, since
the helices are now oriented parallel to the two diagonals of the rectan-
b face (Fig. 12) [51].
g'-ﬂﬂTl‘hﬂE structljregis revolurionary, since for the first time, Lht_: c_hain axes
in a polymer structure are not parallel. At the same tin_ﬁr: it is ioglr{ul,
since it accounts for many features that appeared puzzling. It explains
the structural similarity between the @ and ¥ phasest suspected early on
[24] and the fact that the v phase crystallizes epitaxially on the « phase
[13]. It also explains some morphological &umr.cs that appeared puz-
aling. In particular, the lamellae of PP have their fold surfaces pamrl]ei
to one bisector of the angle berween the chains axes: this is logical
since the two sets of chains play a similar role (Fig. 13) [52]. ’_Ihe
structure is also logical on a local level, since it rests on very plﬂum!:-h:
and well established interdigitation of methyl groups. Indeed, pH‘Ckllng
energy calculations confirm that the two structures do halve very s:mlﬂar
packing energies [53]. It turns out that the inter-laver d::ﬁmnce in yiPP
is even a little shorter than for wiPP, which would explain that ?IPP is
the most stable phase when crystallization is carried out under high
pressure [48, 54]. , .
The non-parallelism of the chains could be submitted 1o an experi-
mental test [55]. Single crystals of the y phase were mounted on a
electron microscope specimen tilting stage, They were tilted by + and
—-40°, in order to bring the two diagonals of the af facE {the rwo chain
axes) parallel to the electron beam. The resulting diffraction patterns
are strictly identical, thus supporting the major novelty of the structure,
the non-parallelism of the chain axes [5]. Also, these patterns u::-:.mﬁrm
the indexing of the reflection specific to ¥iPP, at 445 A, as 118, in full
agreement with the model of Briickner and Meille [51].

4.3. The crystal structure of yPP: some open questions

The crystal structure of yiPP was proposed already over ten years
ago. It has gained more and more interest in the polymer community.
As indicated, many of the most recent iPPs and copolymers produced
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with metallocene catalysts can be obtained, by proper adjustment F:E [i_&e
crystallization conditions, in very high viPP yields [56]. .r}..lsr:m, \!.'1r1'_1‘ its
two chain orentations nearly at right angles, viPP is intrinsically “less
anisotropic” than aiPP, which explains (at least in part) that these co-
polymers are intrinsically more transparent than t:crn\rcnlmt?ul iPPs.

At the same time, the very original features of the yiPP structure
raises a number of fundamental questions that have not yer been i'l.LUI}'
answered. From a structural standpoint, the most troublesome one s
the problem of the growth of crystals with non-parallel chains that l'ur-.
thermore are linked by chain folds. It is intuitively understandable E].ilﬂl
completion of these folds is more difficult than for parallel stems. In-
deed, the fact that iPP was “traditionally” obtained from very low M.w.
material that presumably forms extended stems in the lamellae (with m;
folds) supports this view [54]. It may be argued that the preﬁcn‘r:c.llnf
ethylene units in the chains of the copolymers confers some flexibility
to the chain that may be beneficial when folds are made.
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Two morphological features may be shortly commented on. The first
feature deals with the spherulite structure of presumably “pure” yiPP
In these spherulites, the radial direction would be expected to be the ¢
axis of the unit-cell, which corresponds to the fast growth direction,
Yet, in most spherulites, this axis is at right angles to the radius. This
orientation suggests that even in presumably “pure” viPP spherulites,
some a phase is formed first and sets a “spherulitic frame” on fand in|
which yiPP crystallizes epitaxially. In thar case, the ¢, axis would indeed
be tangential (as a result of the epitaxy) rather than radial, as is exper-
imentally observed. In tum, this analysis suggests that it is very difficult
to obtain yiPP devoid of aiPP “contaminant” (Note in passing the in.
version of the roles between wiPP and yiPP, since in the early days,
yiPP was considered as the contaminant!). The second fearure is best
revealed during crystallization in thin films. Tt deals with a systematic
curvature of edge-on lamellae of «iPP when they are overgrown by viPP,
leading to spectacular morphologies (Fig. 14) [57]. The origin of this
curvature is not known at present. It may be speculated, and it is sug-
gested here, that this curvature may result from stresses induced by the
slight dimensional mismatch between the 650 A chain axis repeat dis-
tance of the chain in epitaxial register, and the 655 A 4 axis of the
parent « phase lamella to which it is parallel The chain axis repeat
distance is less prone to dimensional adjustment than the inter-chain
dimensions, since the latter are determined by van der Waals forces.
The resulting strain of the «iPP lattice would result in the observed
curvature. However, it remains to investigate and understand why the
curvature is systematically oriented towards the bisector of the acute
angle of the quadrite,

Two final remarks about the duality wiPP-viPP may be in order.- The
first remark deals with the fact that the two crvstal phases have similar
“building blocks” (the layers, or bilayers parallel 1o a¢ in the @ phasel.
It is therefore conceivable that the sequence of these layers is not as
“rigid” as usually assumed, in other words, that mixed crystals of a and
¥ Phase can exist. Evidence in favor of such mixed crystals has been
presented and analyzed recently [58]. The second remark deals with the
“crystal phase ubiquity” of iPP. Recent investigations on iPPs produced
by metallocene catalysts [56] have demonstrated that the same sample
can crystallize, depending on crystallization conditions, with high v or a
phase yields. It is not therefore the chemical constitution of the chain
that determines solely the fact that a or ¥iPP is produced, but rather
the crystallization (processing) conditions, Since in addition the B phase
can be produced when using appropriate nucleating agents under the
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Fig. 14 = Electron diffraction partern of a thin film of PP Pmduccci by vaporization of T::ln

iPP sample under varuum and deposition on & cold, orienting substrate (sharp spmll.f 'Plr':‘

deep quench associated with this procedure vields essentially o mesomorphic phase of i -

fmore diffuse arcs). Mote the three-fold heliv symmery mdn:_a[ed by the organlzation o

layer lines, and the overnll diffuse reflections on all layer lines. The center, dark spot
corresponds o the primary beam,



same crystallization conditions, it is clear that production of the desired
crystal phase through control of processing/nucleation/crystallization con.
ditions is becoming a major issue in the technology of isotactic polypro.
pylene.

5. THE MESOMORPHIC FORM OF ISOTACTIC POLYPROPYLENE

A few words on the mesomorphic (sometimes referred to as smectic)
phase of isotactic polypropylene are in order to complete this short re.
view. For a detailed and in-depth analysis of the work carried out on
this form, the reader is referred to the review by Briickner et 4/ [1].

A “less ordered “ form of iPP, obtained by quenching a thin molten
film to ice water was reported by Slichter and Mandell [59], and ana-
Iyzed by Natta er al. [60]. This form is characterized by diffuse reflec-
tions that are located on the equator as well as the layer lines. An
example of such a pattern, obtained here by vaporization of iPP in
vacuum followed by deposition on a cold, orienting substrate, is shown
in Figure 15. The early analyses, confirmed by a number of later de-
tailed investigations, suggest that this form has some degree of orienta-
tional order between chains, bur that the lateral order is limited 1o 2
few nanometers. In an extensive study, Corradini e ol [26]. have con-
sidered various models reminiscent of the ¢ and the B phase. They con-
clude that this mesomorphic form is characterized by parallelism of the
chains in small bundles, average interchain distance near 6 A, some
degree of pairing of two helices as in the « phase, and some degree of
correlation of the chains along the helix axis. These features explain the
equatorial diffuse reflections and the presence of diffraction peaks on
the layer lines. It is evident however that this form does not have the
same structural appeal as the other crystalline forms of iPP that can be
analyzed at the level of individual stems,

The mesomorphic form of iPP is produced by stretching at room
temperature a solid PP sample or, as already indicated, by a “deep
quench” procedure, Indeed, quench at very high rates, as induced by
Piccarolo [61], make it possible to obtain (relatively thin) films that are
almost purely in the mesomorphic form. These films are characterized
by the fact that they are non-birefringent under the polarizing micro-
scope, which is consistent with the small size of the “crystallites” and
their random orientation. This absence of texture is typical of a so-
called homoageneous nucleation process, which is known to take place, in
iPP, ar 80°C [62]. At this temperature, some 100°C below the melting
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temperature, nuclei are profusely generated by random fluctuations in
the undercooled melt. This process can be better illustrated by a wlder
quench of the thin films. It shows that the growth of ¢ phase spheru-
lites (recognizable by their lamellar branching) is arrested by homoge-
neous nucleation when the temperature reaches 830°C [41]. However,
the growth rates at 80°C are already slower than at the peak of the
growth rate versus crystallization temperature (located near 90°C) [63].
In other words, it is suggested that production of the mesomorphic form
can be strictly equated with and ascribed to the onset of bomogeneous
nucleation. The impact of (fast) growth rates explains that helical hands
cannot be “sorted out” to induce a well-defined crystal phase. If so, the
small size of the crystallites and the fact that they contain antichiral («
phase-like) and chiral (B phase-like) patches of helices appears quite
natural. However, it must be stressed again that this form can be ob-
tained only under relatively fast cooling conditions, which imply thin
films.

ConcLUSION

The structural analysis of isotactic polypropylene and its different
crystal modifications has been an extraordinary scientific adventure and
challenge. Indeed, the three crystal phases combine very inventively the
two possible helix chiralities and even helix axis orientations. They blend
right and left helix chiralities (@ and ¥ phases) or they segregate them
(B phase). They maintain helix axes parallel, as expected from a well
mannered polymer (but introduce a novelty, the frustration of BiPP), or
they manage to orient these axes at a significant angle (80 or 100°
characteristic of both the lamellar branching in wiPP, and the v phase).

This structural complexity, that ook so long to be understood, pro-
vides an unprecedented, and so far still unique, handle to access struc-
tural derails at a sub-molecular level — very precisely at the level of
individual stems that are the building blocks of polymer lamellae. AFM
imaging of the pattern of methyl groups in the ac crystallographic plane
of the a phase, and analysis from the morpbology (0 phase and a-y
lamellar branching) of the helical hand of individual stems illustrate these
insights.

On a more fundamental level, this understanding provides also in-
sights that help analyze polymer crystallization processes. Recent pro-
posals have suggested that the crystallization process is “assisted” by a
spinodal decomposition that could take place in the melt prior to
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crystallization [64, 651, or that the melt pre-orders in small “paracrys.
tals” prior to deposition and reorganization [66]. The conformational
freedom and variety of different crystal structures of iPP provides how-
ever a critical test to evaluate the validity of these assumed processes.
Indeed, from a conformational energy standpoint, the “chiral bur ra.
cemic” iPP can form left-handed or right-handed helices with an equql
probability. The very drastic selection of helical hands implied by the
racemic («, v}, or chiral (B) structures of iPP suggests thar the growth
process is highly controlled by the topography of the growth front. In
other words, crystal growth in polymers is best described by a classi.
cal “nucleation and growth™ process rather than by these recent more
elaborate crystallization schemes. In shorr, the “pre-organized” melt
assumed by the latter theories cannor foresee the final crvstal struc-
ture of isotactic polypropylene (racemic or chiral) that will be adopt-
ed [67].

As a final remark, it may be worth insisting on the fact that the
“basic” crystal structures of iPP are by now reasonablv well under
stood. This is definitely not the end of the story. As derailed in several
other contributions to this book, our colleagues chemists are now able
to play with the tacticity within individual chains or use an “oscillating
stereocontrol” to produce thermoplastic elastomeric polypropylenes
made of alternating sequences of isotactic and atactic PP [68]. More
generally, new materials or new variants of isotactic and/or stereotactic
polypropylenes become available. They need to be investigated, if only
to establish the complex relationships between chemical structure, prr;-
cessing conditions and crystal structure and morphology. The emphasis
in structural investigations will unavoidably shift from the crvstal struc-
ture (at the unit-cell level) considered in this presentation to the ana-
lysis of the morphology, in its broadest understanding. Indeed, the
properties of these materials are most probably mainly dependent on
the morphology (size, distribution, and connectivity of the crystallites).
It is to be feared that the problems ahead of us are as challenging as

th'::rse encountered during the resolution of the crystal structures de-
scribed in this account.
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{SIUSEPPE ALLEGRA'™

CHAIN MOBILITY IN NON-STEREOREGULAR
AND STEREOREGULAR POLYMERS

PoOLYMER DYNAMICS

Any deformation of a polymer chain propagates via chain rotations.
The rotational propagation is controlled by internal viscosity, ie., the
dissipation effect produced by the energy barriers hindering the rota-
tions (Figs. 1-2). In particular, Figure 2 (lower part) shows that defor-
mation waves propagate along the chain. Each wave consists of com-
pressed and extended chain portions, where gawche and frams rotations
respectively prevail.

In the Langevin equation of motion, each chain atom experiences
(at least) three forces, namely:

1) the elastic force

K[R(k+1, 1-2R(&, H+R(k-1, Ala Kk —2 ",

cR(k, 1) (K: SkﬂT)
ok?
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where C_ is the polymer characteristic ratio, / is the C-C bond lenght, &,
is Boltzmann’s constant, T is the temperature and R(k, /) is the position
vector of the &/th chain atom (£=1, 2, .. N) ar time ¢ (see Fig. 3);

2} the friction force

Rk 1)

dt

-

3) the Brownian force X (£, #), purely stochastic.

The polymer fnternal viscosity may be identified with an additional
force (4™ force) proportional to [1, 2]

1

nd "
iiKrﬂ ORIk, #), (K: 3,&,,1"]
3 ckor ol

The sign ambiguity is related with the direction of propagation of
the deformation. It has no effect on the final results.
The rotational charactetistic time 7, is

sl 2
B

(AE is the average value of the energy barriers, see Fig. 2).

RECENT EXPERIMENTAL INVESTIGATIONS

Recently D. Richter, A. Arbe and coworkers [3, 4] carried out careful
neutron spin-echo investigations on the dynamics of monodisperse chains
with a similar length of PDMS f(a polymer with a small value of z,) and of
PIB in toluene solution. They also studied PIB melts with the same tech-
nicque (Figs. 4-6).

The classical Rouse-Zimm theory, with no internal viscosity, accounts
satisfactorily for the data from PDMS. Conversely, the results from PIB
could only be interpreted after adding the internal viscosity, according to
the approach proposed by Allegra and Ganazzoli [1, 2] (1974, 1981).

In the case of PIB in a toluene dilute solution, the numerical results
for 7, were (30<T<100°C, see Figure 7)

=127 %10 cxp[ 3

‘1] [sl; (RT in kcal/mol)
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Fig. 3.




The result for AE(=3.1 keal/mol} is in a reasonable agreement with the
current value of the rotational barrier for alkyl polymers, The pre-factor is
consistent with the rotational frequency around C-C bonds, in one of the
limiting cases considered by Kramers, 1940 [5] lie., #he natural oscillation
frequency, whereby the medium viscosity produces a negligible friction, bu
is sufficient to provide the Brownian energy at constant temperature).

In the case of PIB in the melt the theoretical interpretation is qual
itatively similar but the value od AE is much larger (- 10 kcal/mol in-
stead of ~3 keal/mol. in the temperature range 100-200°C), It is rea-
sonable to assume that in the molten state the skeletal rotations of ady-
cent chains are strongly coupled.

—_ 40

S(Q./S8(Q.0)

S(Q./S(Q.0)

t (ns)

Fig. 5 - Chain dynamics structe factor of (a) PDMS at 373 K and () FIB at 417 K mea-
cured in the mels, Each symbol corresponds to the same or very close values of O for both
polymers, which are indicated in the figures. Solid lines show the Rouse prediction,
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08 L STERIC HINDRANCE TO ROTATIONAL PROPAGATION:
L Isoractic PoLysTyReNE [6]
=) [ With isotactic polystyrene, left- and righthanded chain strands follow one
o 06 another with alternating types of conformational inversions (see Fig. 8).
m e
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0.2
£ ! While the first type (T} implies that side groups of adjacent monomer
L units pmnt away from the inversion point, in the second type (11} the side
2 groups point fowards the inversion point, With the latter type of inversion
O b a significant steric hindrance arises from interactions between 4-th and 5-
0.01 0.1 I 10 th neighbouring phenyl rings (see Fig. 9). As shown in Figure 10, the

L (ns) skeletal rotations around 5 consecutive chain bonds were driven together
in the search for the lowest-energy path that shifts the inversion point to
the next monomer unit. The energy barrier turns of out to be about 15

kecal/maol; it effectively increases the natural barrier yielding <.

Fig. 6 — Chain dynamic structure factor of PDMS tempry symbols and PIB (full symbols)
in toluene solution ar 300 K (a) and 378 K (b). The corresponding O values are indicated.
Lines through the poins are guides o eye.
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SYNDIOTACTIC POLYSTIRENE [6]

In this case the transition shown in Figure 11 was investigated. The
transition does not involve strong conflicts among side groups, and it
was performed by driving four chain bonds one at a time without co-
operative changes of other bonds.

The resulting energy plot is given in Figure 12, The energy barrier
is in the vicinity of 6 kcal/mol.

SOME COMCLUDING REMARKS

The polymer crystallisation rate is controlled by strain-rate propaga-
tion. It is interesting that isotactic polystyrene (-PS) crystallises more slowly
and to a lower degree than s-PS, in qualitative agreement with the results
reported, showing a much lower energy barrier in the latter case.

With a polymer chain in a low-viscosity solvent, strain propagation
takes place via rotational rearrangements and its velocity cannot exceed
the limiting value tZ (bonds/s along the chain contour), where 14 is
the characteristic time of the effective rotational barriers.

Fig. 11.
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In a polymer like PIB, with a small steric hindrance to skeletal rota-
tions, T =T, or the characteristic time due to the ntrinsic energy barri-
er (mainly due to electron-pair interactions). The resulting linear rate is
around 1 cm/s, for coiled chain with N=10° skeletal atoms at 300K.
The same limiting rate of strain propagation should hold in a highly
swollen polymer network.

In the presence of steric hindrance as with #-PS in solution, the rate
may be approximately expressed as

tohl<rgl), where tg=t + At (%)

These considerations suggest new possible experimental verifications
of internal viscosity in highly swollen polymer networks.

At lower temperatures, in the bulk polymer the effective energy bar-
rier AF increases, as an increasing number of adjacent chains tend to
couple their skeletal rotations, with a sort of steric effect. At the glass
temperature T, the effective barrier AE,; goes to very large values.
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Paoro CorraniNg

CONCLUDING REMARKS

We have come to the end of this meeting. The President of the
Accademia was not able to come and has asked me to close it

I would like to thank all those who have collaborated, I believe, to
the success of this meeting. And I would like also to thank the Presi-
dent of the Accademia, who is temporarily absent, and the personnel of

the Accademia dei Lincei, and all the participants.
T was particularly glad to learn of the presence yesterday of Profes-
sor Natta's daughter, Signora Franca, who attended the meeting all the
day yesterday, And T want to thank and congratulate the brilliant lectur-
“ers that we heard yesterday and today.

They have given a vivid contribution to the success of this meeting,
~which was held to celebrate the centennial of the birth of Giulio Natta,
Professor of Industrial Chemistry, Nobel Prize for Chemistry and Aca-
“demician of the Accademia dei Lincei - the Academy of Galileo Galilei
and we are proud to have had Nobel Prize in Chemistry with us.

Thanks to you all and goodbyve, Thank you.




PANEL DISCUSSION
PERSONAL AND/OR HISTORICAL NOTATIONS
RELATED TO NATTA’S DISCOVERY OF STEREOREGULAR POLYMERS

FRANCESCO MINISCI

Before going into specific theme, | would like to present a brief personal testimony, which covers
more Natta man than Natta scientist.

I have met a few times Natta, even if at the time of the discovery polypropylene was a trainee of
Montecatini, at the Polytechnic, but I was one of the few trainees who did not work in the Natta
Institute, | was located in the Institute of Quilico; Mazzanti was the head of all the trainees at that
time, then became a head much many other important institutions.

| felt a little fervour that was in my fellow trainees, who worked in the Institute of Natta, but I did
not participate directly in this atmosphere of interest. My testimony dates back to about a dozen
years later, when it was already Natta Nobel Prize. In the second half of the '60s, | attended a
competition for the professorship at the University of Florence and Natta was the Commissioner by
far the most authoritative of the Commission, not only because it was the Nobel Prize, but because
it was a contest of industrial chemistry.

Another Commissioner was Pino, who was in Pisa, where he was particularly dear to Piacenti, his
close associate, but was also supported by Speroni of the Florence University.

Two other competitors were Zambelli and Farina, which were two direct students of Natta and that
led to important contributions, as all you know, to the stereospecific polymerization.

In this situation, my hope was to get to the top as a third, because at that time there was the system
allow to have a the winner and two suitable. The pleasant surprise was the fact of being the first one.
The thing | was surprised very much because | thought a decision of this kind could not have been
taken against Natta will. But in Florence was Piacenti requested and he continued to call me, day
and night, for asking me to giving up the place, even Pino and Speroni pleaded me in this direction;
the second one in the rank was Piacenti, the third one Farina, Zambelli was the youngest and was
out in that circumstance.

Even Quilico himself, politely, with discretion and kindness, let me understand that my resignation
was opportune.

I did not want to be impolite to a commission which had been so generous with me, but also |
feared that giving up to Florence I could end up in some place not very comfortable.

So | decided to go to Natta to ask for an advice. To tell the truth, that I had much fear of bothering
Natta for such a silly question, also because | was unfamiliar with him and | had no idea of what
could be his reaction, then I took courage and | went to see him, | explained my situation, my
worries and Natta said to me: "You have won the competition, it is your right to go Florence. If
deemed appropriate, you can go there without problem, because it does not bother me at all".

Natta was the only one in the Commission that made a speech of this kind.

At the time | had the impression that Natta was completely outside of this university things, on the
other hand I thought the quality of the person was in line with the quality of the scientist; it is a
lesson that | tried not to forget over time.

Then the situation was resolved in the most satisfactory because in the meanwhile, a chair in Parma
was opened, where | went with pleasure for a number of reasons, and the situation of Florence has
resolved; this lesson for me was very important and | will never forget it what Natta taught me.

This is a testimony that | wanted to do to give a little measure of the man, while about the scientist
you who have been more closer collaborator will be provided by you.

This list of speakers that has been done by Corradini, coincides with what | tought, however I'd still
like to speak Dean Biardi as representative of the institution, as Dean of the Faculty of Chemical
Engineering of the Polytechnic, in order to tell what impact this has had the great work that you
have done in the Faculty and on Chemical Engineering.
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GIUSEPPE BIARDI

As already said by Minisci, my presence in this roundtable, to some extent is improper because,
although it was one of the last students who had signed the thesis by Professor Natta, nor in that
thesis, nor in my the whole science curriculum | have dealt with Macromolecular Chemistry, but
rather of Chemical Engineering, in strictu sensu ,strictly speaking, in particular of chemical reactor
engineering, transport phenomena, of "unit operations”, simulation, process control and so on.
However, since the will of the organizers refers closely to historical or personal connotations, |
remember that “istoria” means testimony in Greek, at least originally, so I can bring the testimony
of how the man of whom we speak, has left its mark in a School of Engineering as the Polytechnic,
even beyond of what was his work as a scientist who has received the highest recognition.

In the Institute of Industrial Chemistry, who was directing, with a stay of 37 years, if | remember
correctly, inevitably left a direct footprint with his pupils, the most recent and older, and on the
whole school in the strict sense, since that institution, now the Department, was central to the
formation of Chemical Engineering beside the one of Chemical Physics and Chemistry which gave
to the fundamentals.

In retrospect, thinking now of what we did then and what has been the evolution, | will say two
things mainly relating to changes of Chemical Engineering of the last 30, 40 years to give you an
idea of what, in my opinion, was his ability to see the perspective of what would had been the
problems in the future.

Now, the era in which he worked Natta is widely prior to that the use of computers, but, in
retrospect, one can recognize that the systemic approach, one that takes a complex problem,
examines separately the individual aspects, dissects them up at the bottom and then resyntetize the
for the purpose of study or calculation or project, it is still recognizable.

His own way of working, which | happen to known only in part, and that he used many
collaborators with high efficiency and that is looking for the right person to the right task, it saw
him govern conceptually, as a director, all the research lines that were covered at the same time,
with a clear understanding of the objectives, both the tactical and strategic research to itself.

Such a “modus operandi”, and do not forget that the focus constant profess Natta was directed to the
industrial realization, is a feature that | have learned by reflection from this person, and corresponds
to an attitude of systems engineering even before this word has been used, because that use was
born from the mathematical models, by the use of computers, from the decomposition of a problem
which was necessary to be dominated by calculation.

The other issue, which is perhaps even more important, and more directly linked to its research
activities such as the one in which had such a great success, although start from other reasons, it has
become only recently important and, | dare to say, has not yet fully developed in the Engineering
schools, and the Chemical Engineering in particular, and that is based on a more scientific approach
over the technical problems, which notes that the problems are existing over different scales of
description, the so-called multiscale approach.

If I can give an example, perhaps clear to everyone, even if not are all engineers, may be the
following: if, we has to handle a problem of fluid mechanics, is always a good time to decide
whether it is enough to operate the theorem Bernoulli or if you need to write and solve the Navier-
Stokes equations.

In a scientific activity there is always need, especially in the chemical field, to refer to a molecular
level or at the level where matter is considered as continuous, but also to a microscopic level, where
the general equations of transport are used, or to the turbulent aggregates, of the human scale, the
macroscale.

In those cases it is necessary to have a perfect knowledge of the criteria by which it is said:

"I choose this level rather than that other”, and above all of the criteria of scale change, so with
averaging operations you switch from lower level to an higher than that and you decide when the
ability of description are consistent with the level of description. This is related, on the one
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side, at the level of description that is configurable in terms of sizes, from nanometers to angstroms,
up to meters or kilometres and, secondly, inevitably at the level of formal complication or the
mathematic.

By far before they speak, in the proper sense and meaningful mathematical modeling and / or of the
multiscale approach, he had a clear perception of these problems.

| take a personal example: I did not have direct knowledge, very long, with the professor Natta,
because even though | was a student with him, his health conditions were not the brightest, at those
times. | graduated in '65 and | was part of that generation of students who entered in the fifth year
and has attended the Industrial Chemistry 2, in 1963/64, so the first lesson in the classroom we
found not only Professor Natta and all the classmates, but all the academic faculty of the
Polytechnic of Milan and many other authorities at the municipal, regional or national level to pay
tribute to professor who won the Nobel Prize a few months earlier. Also when he was not well,
however, sometimes we called for knowing what we were doing.

In the early years of assistant | dealt with reactor modelling for steam reforming, in other words of
head systems for the production of synthesis gas for ammonia and methanol, and | took care of both
characterization of the effluent gas, according to the operative conditions, both in terms of the
furnace, the reaction tubes, but also for the thermal and mechanical aspects.

I remember, after talking with him about the thermodynamics of those reactions, to discover that the
professor Natta had dealt with the steam reforming reactions also from the numerical point of view
with professor Piontelli, then he already knew much of that problem, even if he had never
developed a program to do the calculations. At this point he said, "Look”, he was always speaking
in third person to everyone, "be careful because it may be possible that the azimuthal distribution of
radiant heat flux on the tubes of the reactor could constitute the most important mechanical stress
for the tubes themselves". The scientist who was in charge of macromolecules, and catalysis at the
level of the Nobel Prize, he was able to grasp, however, which could be at the core of a problem of
structural static for the reaction tubes in which the level of outside temperature was in the order of
900 ° C, wherein the specific flow heat could be from 40 to 90 kW/m2, within which there were
about 30 bar pressure, whose effluent contained 50% hydrogen, where then a clique would have
created a dart can cut any thing, including refractory, over30 meters.

This was the person. The next time, a month later, | went by the teacher to say, "Teacher, he was
right, according to his advice | was able to put the problem in formal terms and calculate the
deflection of the tube due to the uneven lighting in azimuthal direction”.

For me, this has meant many things, a side from the specific problem, in other words that a
responsible person, and at that time the teachers role were covered very few person, in a School of
Engineering must have a view capacity of 360°, as they say now, but | prefer to say 4D
steraradiants, so also in the steric sense, able to perceive everything and to have a perspective of
everything, to evaluate all the things for what they value: those in small scale, those that require to
be examined under the light of the characteristic equations and the elementary requiring simply
common sense engineering, because all things have value that you deserve and can find the correct
collocation. The ability to control simultaneously all these aspects, scientific or technical ones, |
dare to say even the industrial and economic - because I've always heard from Prof. Natta, "The
things you need to realize that they must find an economical use in the field, so they must be viable
in the strict sense "- was one of the characteristics of the man and one of the signs that left several
people who knew him, and hope that this school, which protempore | have the honor to preside as
President, can continue to do in the next thousand years.



GIORGIO MAZZANTI

I. I will try to tell the story of research carried out at the Institute of Industrial Chemistry of the
Polytechnic of Milan in the field of polymerization stereospecific o-olefins from March to
December 1954, believing that in those ten months results that had been obtained, for many years
on had a major impact both on the research conducted in many laboratories in different countries,
both on the development of petrochemicals in the world.

On the whole story stands the figure of prof. Giulio Natta.

One can not fail to remember that in those years and for several years follow, all the Italian
chemical industry was very committed to the development and innovation, both with its own
Research and Development, both with the acquisition of licenses for new products or new processes.
In that context we find the confidence and commitment of the 'Chief Director of Montecatini,
engineer Piero Giustiniani, to base research and, especially, to Giulio Natta and his school.

2. As a premise, it must be remembered that as soon as published by Karl Ziegler's early work on
the possibility of adding ethylene in Al-C bonds, Giulio Natta and Piero Pino sensed that this could
lead to several important developments.

Under Natta pushing, Montecatini acquired a license (exclusive for Italy) on all research Ziegler in
that field. Around March 1953 two chemists, Roberto Magri and and Paolo Chini and a chemical
engineer, Giovanni Crespi, Montecatini went to work in the Institute of Ziegler in Mulheim.

3. Having said that we can get to the heart of our history.

Around the beginning of 1954 came to Montecatini and the Polytechnic the news that Ziegler was
able to obtain polymers of ethylene at high molecular weight with a reaction based on the use at low
pressure, as catalyst, of a mixture of triethyl aluminum and tetrachloride titanium.

Giulio Natta had the idea, certainly his and his alone, to try to polymerize propylene with the same
catalyst. This constitutes a confirmation of his ability to think also of the outside the box based on
previous knowledge.

It was known that the behaviours of ethylene, respectively, and the propylene against the ability to
originate polymers were absolutely different.

On March 13th Paolo Chini using a catalyst prepared from aluminum triethyl and titanium
tetrachloride in a molar ratio 10:1, obtained a polymer of propylene semi-solid consistency.
Immediately after this first result Giulio Natta and Piero Pino believed that it was appropriate to
devote more forces to this line of research and so I, which | was working in the Institute for two
years, stopped all other activities and | was going to dedicate myself entirely to research on these
new catalysts and polymerization of propylene.

I was collaborating with two recent graduates, Paolo Longi and Umberto Giannini, who were part
of a postgraduate course funded by Montecatini.

After a few weeks Paolo Chini was transferred to the Research Center Montecatini of Ferrara with
the task of creating the first pilot plant for the production of aluminum triethyl. Meanwhile Roberto
Magri had returned to Ferrara also with the task of developing the polymerization of ethylene.

4. 1 know that what | am about to say may seem now, especially today in 2003, a little debatable,
but in my opinion, great importance should be attributed to the fact that from the beginning the
polymer obtained from propylene was fractionated by exhaustive extraction with boiling solvents,
using in the order acetone, ethyl ether and n-heptane.

In this way were isolated fractions completely amorphous (extracted by acetone and ether) of
approximately 40% of the total polymer, a fraction medium crystallinity (extracted by heptane)
equal to about 15-20% and a residual high crystallinity. No molecular weight fractions of the
different growing significantly in passing from one to another, reaching maximum high for the
extraction residue. | would say that if he had not proceeded since the beginning with the
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fractionation by solvent extraction (technique quite unusual at that time in macromolecular
chemistry) there would be no subsequent developments both in the interpretation of differences in
the molecular structure of the different fractions, both in investigations on catalysts that led, as we
will see shortly, in selectively obtain the "good part”, in specific the residue of the heptane
extraction, the polypropylene.

5. On 6 June 1954, Montecatini filed a patent, the inventor Giulio Natta, in which it claimed new
polymers of propylene, in particular that high crystallinity constituting the residue of the extraction
with boiling heptane and the process for producing such polymers. At that time there was still some
doubt as to whether the crystallinity found was in some way related to the growing molecular
weight. This uncertainty was then totally eliminated thanks the work of structural chemistry
conducted by Paolo Corradini, but also from the analysis founding high crystallinity in the samples
prepared by us by thrust de-polimerization of the heptane residue extraction, which had molecular
weight also by far lower than that of amorphous fractions isolated from raw polymer by extraction
with ether.

6. In May-June of 1954, however, we were rather depressed and worried because it was found a
marked non-reproducibility in evidence of polymerization of propylene, and even by some time,
any attempt to polymerization was completely failed. We keep saying that if they had obtained
some evidence of the high polymer propylene, obviously it had to be possible obtaining them again.
But it was true that at the time, when you opened the autoclaves we were not finding any polymer.
Clearly something was getting to our control.

7. With the idea of being able to get a more regular polypropylene was prepared, with a reaction
rather laborious, aluminum tripropile. However even with the use of the latter the polymerization
tests went all failed. It was on the polymerization test in which was taking the last amount that
remained of aluminum tripropile. Me and Paolo Longi, several hours after not seeing any mention
of polymerization, we were very disturbed by the prospect of having to prepare another aluminium
tripropile. We decided to give it a try a little "desperate” and we injected in the autoclave a certain
amount the titanium tetrachloride.

Instantly a sharp increase in temperature indicated that the polymerization had started, and after a
short time, opening the autoclave we found a large amount of polypropylene. This led us to think it
was important to prepare the catalyst in the presence of the monomer and increase the ratio of
titanium tetrachloride and triethyl aluminum. All polymerizations of propylene carried out
immediately after with these founding provided (without failures) positive and reproducible results.
Not only that, but with these tips, you also managed to get polymers of 1-butene (fractions
containing high crystallinity), crystalline polymers of styrene and poly butadiene 1-4 trans
crystalline.

Based on these results July 27 Montecatini filed a second patent, inventors Giulio Natta, Pino Piero
and Giorgio Mazzani, in which was claimed the process based on the preparation of the catalyst

in the presence of the monomer and, as already done in the previous patent, solid polymers
crystallizable of propylene, adding that, in such polymers, at least for long stretches of the molecule,
the carbon atoms were identical with asymmetric steric arrangement. It was claimed, crystalline
polymers of a-olefins in general, and, in particular, the crystalline polybutene and polystyrene.
Systematic studies carried out by us after 1954 showed that for catalysts prepared from triethyl
aluminum and TiCl4 from the maximum activity corresponds to the Al / Ti ratio equal to 2.5 (very
different from that adopted in the first trials equal to 10:1), and that in any case the catalyst quickly
loses its activity with time.

8. The holiday of all of us in August 1954 were limited to a few days and | well remember that
Giulio Natta greeting me said that it was worthwhile to make a little sacrifice because - in his words
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"research of this type may also lead to the Nobel Prize".

9. The fractionation by solvent extraction had allowed isolating polypropylenes different not only in
molecular weight, but especially by structure. This led us to think that the catalysts employed could
actually contain active centres, or better initiators of polymer chains, of a different type. We began
to isolate the solid part which was obtained by the reaction of triethyl aluminum + titanium
tetrachloride against the part that was not retained by a porous septum which had pores with
diameter between 5 and 15 microns.

The filtrate phase provided a polypropylene almost completely amorphous, while the solid part
(after addition of triethyl aluminum) provided a polymer with a bit richer residue with heptane
extraction. It remained, however, around 50% -55% of the total (compared to 40% obtained with
the original catalyst), which still far from yields that could allow an industrial development.

10. In October and November | had the opportunity to listen to a Milan conference of a very general,
it seems to me given by Professor Mark in which, speaking of the 1-4 trans polybutadiene obtained
with catalysts ALFIN type, was attributed to the fact the regularity of chaining of the molecules of
butadiene monomer were due because those were adsorbed in all same way on the surface of the
crystalline phase present in the catalyst. Reached then by free radical that triggered the
polymerization and the concatenation of the monomeric units. We did not think at all that the
polymerization of propylene happened with radical mechanism, but that interpretation which
attributed a fundamental role in the crystalline phase present in the catalysts ALFIN, however, made
me think of trying to employ, instead of the liquid titanium tetrachloride, a titanium halide and solid
crystalline as the trichloride.

I immediately asked to Umberto Giannini to prepare and purify by sublimation TiCl3. Since the
first test for the polymerization carried out using TiCI3 it was realized, already opening the
autoclave, the raw polymer it appeared in a different way, as a solid mass of powder consistency.
The idea had worked! In fact, the residual extracted with heptane of the polypropylene thus
obtained was around 85/90%.

Conversely, by catalytic mixtures highly dispersed got then almost completely amorphous
polypropylenes.

Montecatini then filed other two patents on 3 and 16 December, 1954, having as inventors Giulio
Natta, Piero Pino and Giorgio Mazzanti, in which the claimed methods for the polymerization of a
highly stereospecific of a-olefin demonstrating that:

- Catalysts obtained from crystalline solids halides of transition metals such as TiCl3, TiCl2 or
VCI3 provided very high percentages of crystalline polymer, in particular isotactic polypropylene;

- Highly dispersed catalysts obtained from liquid halides such as TiCl4, the VCI4 or 3 ITEMS
provided rather high percentage of amorphous polymer.

This opened the way for the industrial production of polypropylene isotactic.

It is important to remember that until the end of the 70 for the next 25 years from the filing of the
patent, the catalysts based on TiCl 3 were used in all installations for the industrial production of
polypropylene isotactic.

With the use of highly dispersed catalysts managed to prepare amorphous ethylene-propylene
copolymers, free from crystalline fractions, which gave rise to new synthetic rubbers.

Immediately after the deposit of the two aforementioned patents Professor Natta presented a
communication on new polymers at the Academy of Lincei. The December 10, 1954 signed by
Giulio Natta and his collaborators, was sent a Letter to the Editor of the Journal of the American
Chemical Society.



11. By December 1954, he closes the story that | wanted here today summarize. Actually, more than
a story you would rather speak as the first chapter of a long story.

In fact, as everyone knows, there was then an enormous development of research in the field of
polymerization of olefins and diolefins. In the latter field the group of researchers coordinated by
Lido Porri has achieved results of great importance, which | imagine will be by himself
remembered in this roundtable.

The research in the field of stereospecific polymerization, after almost fifty years is still very active,
as is also shown from papers presented at this conference.

12. Let us ask ourselves at this point what happened after 1954 in industrial sector.

Mention must be made at about the Italian chemical industry that within of only three or four years
after the first patent, in fact by 1958 to Montecatini Ferrara went ahead with the development of the
process in pilot plants and then to the first industrial production of isotactic polypropylene which
entered the Italian market with the trade name MOPLEN. So the first response was the deed of trust,
provided, virtually limitless, a few years earlier by engineer Piero Giustiniani.

A few years later began, in Ferrara industrial production of new synthetic rubbers based on
ethylene-propylene copolymers, entering the Italian market with the trade name Dutral.

Many patents have been granted licenses by Montecatini in almost all industrialized countries. The
subsequent intake of royalty has covered for many, many years the cost of all the research Group
Montecatini and then for all the Montedison Group.

I believe that the isotactic polypropylene represents today, from the point of view of production
volumes, the second plastic material in the world. | believe that the ethylene-propylene rubber
represent the second synthetic.

But | can not omit to mention that the polypropylene years longer enshrined in the Italian chemical
industry products. Through some changes of ownership began in the first half of the '90s, the
polypropylene existing in our country belong to a European Group, not Italian. The ethylene-
propylene rubbers are still part of the productions of an Group Italian, but often we read that the
industry elastomers could be sold to third parties.

I do not know if this evolution can be seen as something the inevitable. Whilst it may be that it is,
equally inevitable and that I will mention it with some bitterness.



PAOLO CORRADINI

I will project some transparent for remembering some fact of that time. Giorgio Mazzanti open me
the way, because he said about the collaboration that there was in place at that time with Ziegler and
with the Ziegler laboratory and what happened with regard to the synthesis.

I have a set of transparencies that | project in order: this is the photograph that Prof. Natta gave me,
which | keep in my studio, in where you see Prof. Natta and there is a dedication, “to my dear pupil
and collaborator Paolo Corradini, affectionately "(Fig. 1). In the background is

a big model Natta isotactic polypropylene that had in the study at the time and I think it was done
for a show somewhere.

| &

Fig. 1.

the next clear that | would like to see is the first spectra of polypropylene isotactic (in red in Fig. 2):
according to my memory polypropylene is born within the framework of the research that took
place at the technical on polymers of ethylene and you knew that, at a certain moment from the
reaction of "Aufbau" discovered by Ziegler, Ziegler as well had found a way of polymerizing
ethylene - and | remember quickly only points -.

There is always a moment of serendipity in the discovery and a time happy intuition, intelligence to
understand things. In the laboratories Ziegler had happened that in a autoclave the ethylene
oligomerization had stopped at the dimer, butene-1, in large quantities. Ziegler and co-workers went
to see what had happened and never will discovered that an autoclave had been stained with nickel,
so it was discovered first the so-called "nickel effect".
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Fig 2.

The nickel, added to aluminum triethyl, causes the polymerization ethylene monomer unit stops at
the first entry and is formed butene in a quantitative way.

In a similar manner, in other way, the reaction of oligomerizazion of the ethylene in the case of
propylene knew that would stop the dimer of propylene, then the propylene to Ziegler was a bad
entity to polymerize, because the reaction is stopped always, quantitatively, to the dimer (which was
very specific, the 2-methylpentene!).

Ziegler gave orders to his staff to try as catalysts all the elements of the periodic table, therefore,
systematically, since the nickel was a certain effect, the whole system was tested with all the other
element. When it came to zirconium, zirconium filled the autoclave of a polymer: the polyethylene.
It was born on low-pressure polyethylene who had a good destiny, now he make millions of tons

in the world that way.

They began to try this even at the Politecnico di Milano, through agreements with laboratories
Ziegler Muelheim. It was polymerized the ethylene and, according to my recollection, Prof. Natta
wanted to try to copolymerize ethylene with propylene. Those appointed to Paolo Chini and Chini
made a blank test, and as first step did a test "in vitro". The reaction in the flask of glass not
happened. Chini took the mixture in glass, TiCl4, aluminium triethyl and propylene, poured into an
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autoclave, increased pressure and temperature (Certainly did not make the reaction at atmospheric
pressure as had tried at the beginning, or at least is solvent as done in the beginning).

- and the autoclave was filled with a spongy material of a gray-green material. He came with this
spongy material greenish to me that | was doing the X-rays - | was commissioned to make X-rays of
all the polymers of ethylene which were prepared in the laboratory - and figure 2 is the spectrum
was obtained, is shown in red.

There are records, where you can read: "propylene polymer" there is the date, "March 11, 1954,
Ziegler, Chini, "and then there are data on x-ray and the evidence that this should be a polymer,
there is no hint of a structure that is isotactic yet, for heaven's sake, because we do not thought
about the isotacticity, but regular, because in my opinion, rightly, it could not be otherwise
crystalline.

For comparison we can see, in green, the spectrum of a polymer of today and it is seen that all the
peaks are in the same location, but much higher. For this there is a specific reason: the polymer was
brought us was full of chlorine and titanium, just 1 -2% of these elements to lower the spectra, those
are strong absorbent, regarding the X-rays, these elements like chlorine and titanium, I think
especially chlorine. The spectrum in red, then, is very low, but it is (for angular positions) identical
to the spectrum of our days.

I'll show you two or three transparent regarding our activity. Figures 3 and 4 represent the cover
pages of two Memories of Lincei. Prof. Natta presented two memories the Accademia of Lincei,
one is in its name: A new class of polymers a-olefin with exceptional regularity of structure (Fig. 3),
which already introduces the term "lIsotactic”. The other is to Natta and Corradini and is entitled:
On the structure of a new type of crystalline polypropylene (Fig. 4).

I remember, because in those days there were written so easily work with the typewriter, it had to
make a run: Prof. Natta was able came to Rome a little before | took a train, I do not remember who
were the secretaries of Prof. Natta at the time, but someone was typing with typewriter until the last
moment and | took a train to bring these two manuscripts to be deposited at the Academy and, in
fact, made themselves two memoirs, took place at the same time sending the work that has Giorgio
Mazzanti quoted the American Chemical Society based on numerous data and also including the
polymerization of butene and styrene, the data showed that the structure roentgenographic which
was highlighting the helix structure of isotactic polymers.

In figure 5a is shown the structure of polypropylene, as is reported in Lincei memory, you see the
chain, the projection along the axis of the chain and, then, as repeating units along the chain. The
Figure 5b is a somewhat more modern, where you see the ternary helix and the repetition of the
groups along the chain in isotactic manner, is right helix.

Figure 5c involves a comparison. At the time, the helix were the trend, Pauling had just then
presented its alpha-helix for...
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...the polypeptides and was proposed by Crick and Watson for a structure DNA, almost
simultaneously, they were all helical structures. The comparison concerns a polymer that | studied
with Italo Pasquon, which has worked a little on these helices with me - he says for a year, but has
worked with me on it -. It is a polyolefin isotactic helix with 3.5 monomeric units by-step, side
roups are in red. The alpha-helix Pauling, shown on the right, is very much similar in the side
groups disposition and it has 3.7 monomer units per step.

Figure 6 is an improved presentation of the helix, always with the projection and development of
the propeller of polypropylene. The propeller has become a monument to Ferrara and stands before
the research laboratory of Basell (Fig. 7).
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In Figure 8 we have another view of the helix, in which has been recognized atom by atom, with
AFM image (this is a right helix).

I finish adding another helix (Fig. 9), that the polypropylene syndiotactic, this always choosing the
right helix.

| add, for last, Figures 10 and 11 which relate to the more recent work we are doing.

Prof. Natta had the intuition that the chirality of the site should be, in some way, to promote the
polymerization in a certain way and, in fact, in the book he wrote with Farina, "Molecules in 3-D",
it is clearly seen the TiCI3, with the presentation of the chirality of the site, as has been pointed out
by Prof. Brintzinger...
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Fig. 8 « AFM image of & 2.7 nmx 2.7 nm area diplaying mechyl groups, and right-and
Jeft-handed helices of polypropylene.

...this morning, just in that way that the metal atoms can be right or left. Prof. T1 Brintzinger seems
to me that it has highlighted very well (Fig. 10).

The models in Figure 11, as we are seeing them, are taken from a work that we have recently(*) on
the occasion of centenary of the birth of Prof. Natta.

Here we see the surface of solid TiCI3 and as you can imagine who are willing atoms: these are
transition states with bond alpha-agostico hydrogen to metal, then represent states of tran-

(*) P. Corradini, L. Cavallo, G. Guerra, Stereoselectivity in Ziegler-Natta Catalysis, La chimica e
I’Industria, 85, 2003: 41-44 see also: P. Corradini, L. Cavallo, G. Guerra,

Do New Century Catalysts Unravel the Mechanism of Stereocontrol of Old Ziegler-Natta
Catalysts?, Acc. Chem. Res, 2004, 37, 231-241

Fig. 9 - Right-handed Helix of Syndiotactic Polypropylene (4 Monomeric Units in the
Repeat Period).
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Fig 10 - Possible lateral sheet with a layer of TiC13. The positions of non-equivalent coordination,
which may become available for a monomer molecule or a growing chain of polymer, are indicated
with an asterisk.

Model for isospecific systems

A

. propene re
2003 - molecular model of homogeneous ottaedric catalyst

Fig 11

-sition for the polymerization and it is seen that the steric hindrance of two chlorine atoms on the
surface of the catalyst affects the chain: on outgoing from the atom of titanium chain comes out a
CH2. In the state of transition, one of the hydrogen atoms of the CH2 must form a bond alpha-
agostic, there are only two ways, but one way is prevalent for the overall dimensions of the chlorine
atoms. If the chain goes from a certain part, is mandatory for the methyl of the propylene entering to
go on the other way.

It is now known that in systems of this kind approximately 1000 monomeric units all put
themselves in one way before to make a mistake: looks amazing, it's a really great thing. You see
now with NMR, we would never have imagined at the time, even Professor Natta could not imagine
it, a stereo regularity so great, which is in the order of thousand units that connect all in a way. This
is a model originally presented with Guerra, we presented it when Prof. Guerra was a student with
us, but I think today retains all its validity.
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Always in the same figure there are catalysts homogenous of today. The model is of type catalysts
Ewen or type Brintzinger, metallocene.

The groups with asterisk are arranged so chiral and force on the zirconium atom the chain, which is
now redesigned in orange, out of this part, it can not go on the other way, because it would impact
here, against this phenyl group and if the chain is forced to go this other way, the methyl goes
elsewhere.

The stereoregularity is a bit lower, you bring a hundred monomeric units before you make a mistake
or even less, so less stereospecific catalysts than the heterogeneous catalysts. How said before in
heterogeneous catalysts are the sites in which 1000 groups are put themselves in a way and the
wrong, each 1000.

Now other catalysts are proposed, even octahedral once, with a neighborhood, so while the
zirconium has a neighbourhood similar tetraedrical, which resembles even more the catalyst of Prof.
Natta where titanium is octahedral - as was shown by Prof. Brintzinger at the beginning of his
lecture -. The groups are signed with asterisk and the chain is forced to orient them in chiral way
due to those conditioning groups. The methyl of the propylene must go to the opposite side.

I just wanted to mention it, because they are the more recent developments in polymerization
catalysis, of which Professor Natta would have been, of course, very happy, because that was the
way in which reasoned and tried to carry on the scientific research.
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LIDO PORRI

At the beginning of my speech | would like to submit two photographs. The first (Fig. I) is of 1957
and portrays Prof. Natta with three collaborators, Mario Farina, Giorgio Mazzanti and myself.

The second one (Fig. 2) is on October 1963 and was taken when the Academy of Sciences in
Stockholm required to Prof. Natta some photographs of himself and his group. It portrays Natta
with various collaborators in a laboratory of the Polytechnic.

g -

Figure 2 - Giulio Natta with some co-workers in a laboratory of Politecnico (from left:
Lido Porri, Mario Pegoraro, Piero Pino, Raffaele Ercoli, Enrico Mantica, Ferdinando Danusso,
Prof. Natta, Gino Dall'Asta, Mario Farina)
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| started to work with the group Polytechnic Natta August 19th 1954. No Prof. Natta instructed me
to take care of copolymerization of propylene with butadiene. The professor was fascinated by
elastomers and he wanted to get with the new catalysts discovered by Ziegler, a propylene
copolymer or propylene-butadiene-isoprene containing approximately 3-5% diolefin. This had the
butyl rubber, which is a copolymer isobutene-isoprene containing 3-4% of isoprene, and considered
that a propylene-butadiene copolymer or propylene-isoprene could be of considerable interest as
elastomer.

The results were not exciting, on the other hand still copolymers of this type are difficult to prepare,
because the two classes of monomers, olefins and diolefins, are not very compatible.

From the end of November '54 | started working on the homopolymerization of the diolefins and
this opened for me a time of great satisfaction from the point of view of work. 15-month period,
from December 1954 to March-April 1956 (about 13 months of actual work, if we consider
holidays) were synthesized all 4 stereoregular polymers of butadiene theoretically predicted (Fig. 3).
These syntheses opened the chapter of stereospecific polymerization diolefins, which led to results
of great scientific interest.

From isoprene two stereoregular polymers were obtained, one consisting of practically only by the
unit ,4-cis, the other only by units I, 4 - trans, respectively equal to the two naturally occurring
polymers, natural rubber and gutta-percha or balata. Stereoregular polymers were also obtained
from monomers more complex as the pentadiene I, 3, CH2 = CH-CH = CH-CH3. The polymers of
this monomer are characterized by the fact that contain two sites for steric isomerism for each
monomeric unit: a double bond, which can have configuration cis or trans, and an asymmetric
carbon atom, which may get two opposite configurations. They were therefore called di-tattical.

he polymers obtained from the stereo regular pentadiene-1, 3 are reported in figure 4.

\
| CHs
CH CH | He
iz “H= CH- I
| I HC” W
CH—R CH—R Il b
| | |"|: f
CHa CH» ™~ CHs= Hz‘:\
| | 1 CH
e II CHz
HC
| I I : \h" |
CH—R CH—R il N 'y
(|} -I | I HzC
Hz CHg CHg T
| - | HC” ;LJH:
R—CH CH—R I HC
; I HE N\
Chg CH; ~CH; \CH
| | | 4
HaC
R= CH=CH AY
1,2-syndio | 2.ie0 ciz-1_4 trans-1.4

Figure 3 — four steroregular butadiene polymers
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Figure 4 — steroregular 1,3-pentadiene polymers

I will not dwell further on the synthesis of stereoregular polymers of diolefins, which continued
even after 1963 and has provided a large class of crystalline polymers. The polymerization of
diolefins, for fact that these monomers can give monomeric units of different type, certainly has
shown, more than that of mono-olefins, as great is the ability of catalysts based on transition metals
stereocontrol the polymerization. The synthesis of crystalline polymers structure respectively 1,4-
cis, 1,4-trans and 1,2 represented a giant leap forward compared to the methods polymerization
before known.

Let me now turn to some personal memory. The polybutadiene |, 2 syndiotactic was for the first
time synthesized April 7, 1955. | took the polymer to my friend Paolo Corradini, who after
examining the spectrum Dust said, "Purify and then take it back, because this polymer probably
contains many mineral impurities”. We must then keep in mind that all the attention was given to
isotactic polymers and there was some difficulty in accepting the idea that there could existing
polymers having a different type of stereoregularity.

In reality, the polymer did not contain mineral residues (was soluble in hot heptane), and showed
good crystallinity was formed in large prevalence by 1.2 units, according to the IR spectrum.

My friend Corradini was convinced that he could be a stereoregular polymer of new type and the
value of the identity period calculated from the spectrum of fiber (about 5.1 A.) attributed to him
the kind of structure that was then called syndiotactic.

I remember the discussions with Prof. Natta on this polybutadiene 1,2, talks taking place usually
while you were waling in the corridor in front of the autoclaves room. The professor had realized
that the new polymer constituted the first example of a new class of stereoregular polymers and he
was looking for a greek name that meant "every 2" or "two by two", to indicate that the same steric
situation is repeated every 2 monomer units. The right name was found with the aid of Ms. Rosita
and the professor's daughter Greek teacher, Mrs. Franca, a the time an high school student. These
experts suggested syndiotactic from the greek "synduo", which means "two by two". It was born the
first polymer with stereoregular syndiotactic structure.

After the synthesis of polybutadiene |, 2 syndiotactic, the Politecnico began to think that some
monomers (for example, alpha-olefins) could provide isotactic polymers, while other monomers
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(for example the diolefins) could provide syndiotactic polymers. However, a few months after the
synthesis of syndiotactic 1,2 polybutadiene, butadiene was obtained from a new crystalline polymer
consists of 1.2 units, but having isotactic structure. It was October of 1955.

This synthesis was a surprise, because for the first time, it became clear that the same monomer
could give an isotactic polymer or syndiotactic, according to the type of catalyst used. Today, this
seems obvious, but then it was not.

The synthesis, in 1955, of isotactic and syndiotactic 1,2 polybutadiene has certainly facilitated the
identification of the syndiotactic polypropylene, which was characterized in 1959. | have a personal
memory on this point. The Prof. Natta called me one day in his studio (can not remember exactly
when, perhaps in 1958, nor | remember for what reason) and found that was examining with lvano
Bassi the spectra of powdered samples of polypropylene which, in addition to the typical
diffractions of polypropylene isotactic, also showed new bands, much weaker and difficult to
interpret.

| attended only the last few minutes of the discussion and | remember that at the end of the
Professor began to smile and said, "These new diffractions could be attributed to syndiotactic
polypropylene. After all we know that the butadiene can be polymerized as polymer |,2-isotactic, or
1,2-syndiotactic and I can’t see why even the propylene can not give a syndiotactic polymer".

The Professor Natta was right. The diffraction observed in some samples of polypropylene were
indeed due to the presence of small amounts of syndiotactic polypropylene, which was then isolated
for chromatography and characterized. Syndiotactic polypropylene was patented in 1959 and | think
we can say that his identification was facilitated from the synthesis of syndiotactic 1,2-
polybutadiene 1955.

This episode shows how the polymerization of diolefins had some influence on the polymerization
of alpha-olefins.

I should add that in the case of polymerization of diolefins we came relatively early to clarify some
aspects of the nature of the catalysts and the mechanism of stereospecificity. The interpretation
process was faster than in the case of the polymerization of mono-olefins for the fact that the
stereospecific catalysts for the polymerization of diolefins were basically all homogeneous. | bring
few examples.

It was known since '64 that the catalysts based on cobalt and nickel used for the polymerization of
dienes had ionic nature (G. Natta, L. Porri, Polymer Preprints, 5, 1964: 1163). In the case of the
catalysts for the polymerization of 1-alkenes has come to the same conclusionvonly after they have
been identified soluble catalysts for this class of monomers, so the catalysts based on metallocenes.
In the first half of the '60s was clarified that the formation units of 1,4-cis and 1,4-trans was to be
put in relation with the structure “anti” and “sin” in the allylic units respectively. In addition, since
'64 it was proposed a mechanism for the formation of polipentadiene 1,4-cis syndiotactic, still
substantially valid, based on what oday is called "migratory insertion mechanism” (G. Natta, L.
Porri, cited work).

Finally, let me cite the case of metilalluminoxane, from 1979 used as cocatalysts for systems based
on metallocenes. Few people know that the aluminoxanes generally (even if the metilalluminossani
in particular) were already used in the 60s for homogeneous catalysts for diolefins, because
significantly more active than aluminum alkyls containing no Al-0-Al bonds. Work of the group
over the diolefins in Milan on these catalysts based aluminoxanes have appeared since 1967, but in
these work was being paid little attention on the part of those who worked on the polymerization of
mono-olefins, at that time primarily interested into heterogeneous catalysts.
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ITALO PASQUON

| started to work - if | may say so - with Prof. Natta student in the fall of 1952. He assigned me an
experimental thesis that I finished with Giorgio Mazzanti and Piero Pino, with good results, enough
that the work was published before | graduated in December 1953.

In '55, after the military service, | returned to the Politecnico, where Professor Natta made me
immediately appoint temporary assistant. Then | went to full-time assistant.

In '56 | was given the responsibility of Industrial Chemistry Course I.

After this brief presentation | would like to first point out that Giulio Natta was not only a great
scientist, but also a great master. As noted by Prof. Biardi, Prof. Natta has been able to make Italy
one of the most beautiful and prestigious Schools of Modern Chemical Engineering. On his return
to Milan, in 1938, the Chair of Industrial Chemistry, he imposed the course on radically new bases:
rather than merely to illustrate the processes of the chemical industry, as it was the tradition, he
based the teaching on submission and application fundamentals of chemical, physical-chemical and
technology necessary to understand the logic, | would say the philosophy to be followed in the
implementation process, of production and the chemical plants. Thus he gave the young students the
training and tools necessary to address the many activities in the chemical industry and its evolution.
As long as his health allowed him Prof. Natta personally always kept his lessons, carefully
preparing, much to ask not to be disturbed before entering the classroom. But when his health
would not permit more asked me to replace it and to hold, in addition to mine, also its course of
Industrial Chemistry 1l and handed me the notes prepared for each lesson. I would like displays
some of them, although difficult to read, as they say much more than any word.

In a transparent see data of thermodynamics, in another is illustrated Eyring's theory, we find
problems in other heterogeneous catalysis subsequent reactions, a topic on which he had made
original studies already published.

With this I think I have given you an idea eloquently of Giulio Natta master and teacher.

In 1955 he asked me to take care of diffraction of electrons with Paolo Corradini, with which 1
stayed just the time required to complete a work of structural chemistry.

PAOLO CORRADINI - A fundamental work, unfortunately in Italian.
PASQUON - You can judge it better than me. However, this work was amusing. But Prof. Natta

asked me to take care of polymerization catalysis, with Ettore Giachetti, a chemical of great value
and a friend, who died prematurely.
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I want to remember the episodes that stucked in my memory: the friends and colleagues today
present will correct me if I'm wrong.

Shortly after the discovery of stereospecific polymerization of propylene he called in his study some
of us definitely Giorgio Mazzanti, Alberto Valvassori and Paolo Chini. He said, more or less, as
follows: "If you disturb the attitude of polyethylene to crystallize it will be possible to obtain a good
elastomer because the rotation around the bond carbon-carbon is not hindered and allows for wide
swings. This result can be obtained by introducing into the polyethylene chain propylene units
randomly distributed and copolymerizing ethylene with propylene; since we know polymerize each
of these two monomers with the same type of catalyst, the copolymer should be easy to be
prepared".

This insight that seems trivial in these terms, the fact is that few days later Giorgio Mazzanti, with

his group prepared the copolymer ethylene-propylene. In '58, less than three years later, the first
plant to produce ethylene-propylene copolymers was launched in Ferrara.
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On another occasion - | think in 1960 - called us into his office Ettore Giacchetti and Adolfo
Zambelli, to tell us: 'We have to find out the syndiotattic polypropylene, for patent protection
reasons". I dare to say: “if exist we have already done it": at that time we had tried dozens catalyst
and for each polypropylene prepared we had the RX spectrum provided by Paolo Corradini.

On the spectra of a series of polymers obtained, if remember well with dietilmonofluoruro
aluminum and titanium trichloride, there was a small peaks that Paolo Corradini called "fly shit".
This was happening on a Thursday or a Friday, the following Monday Paolo Corradini had already
defined the structure of syndiotactic polypropylene.

In the raw material we had prepared syndiotactic polypropylene has been present perhaps even at
1% dosages. We had to separate it. | remember that the Prof. Natta said to us: "Take a column, fill
polypropylene isotactic very pure, solve your polymer in hot toluene and pass the solution column:
the i1so must remain retained by the filler in the column while the “syndio” will pass. And so it was:
we got a fraction rich in syndiotactic polypropylene. Shortly after Adolfo Zambelli managed to find
catalysts that gave almost exclusively syndiotactic polypropylene.

One last episode that | want to remember dates back at the beginning of sixties. As is known,
ethylene-propylene copolymers being saturated are not directly vulcanizable with sulfur. It was
important to prepare of curable copolymers. Prof. Natta called some of us, with Giorgio Mazzanti,
Lido Porri and someone else to talk about how to obtain such polymer, or better a curable
terpolymer. We decided to use the norbornene as termonomer, monomer which was provided to us
by Lido Porri. So we got a terpolymer containing unsaturations and Giovanni Crespi vulcanizes it.
All of this happened within three days. The singular fact of this episode it is not the result, because
it turned out that it was anticipated a few weeks by U.S. patents, but the fact that in this occasion, |
do not remember if on Saturday or Sunday, Prof. Natta telephoned me to know the outcome of the
tests. So far still nothing strange, but the fact, | would say moving, is that the phone call | received
was made after a delicate surgery which he had been subjected. At the hospital I found him he was
walking with his head bandaged, arm in arm with Mrs. Rosita. This was Giulio Natta.

FRANCESCO MINISCI - | wanted to tell you that these notes of Natta may be useful for the
Library of the Academy of the Lincei and the Science Museum.

PASQUON - | have about twenty of these notes Natta and is the first time | show them: they are of

course available to the family, I have promised to Mrs. Franca and Giuseppe Natta.
If you want some of these originals are deposited somewhere, let us know.
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ADOLFO ZAMBELLI

I arrived at the Politecnico in 1956 as a graduate student in Chemistry (I was from the University of
Pavia) of Professor Natta. In 1957, graduated, | was hired by Montecatini and destined to stay with
Natta. | had arrived, as often happens to me, a little late, when the fundamental contributions had
already been given, although recently (isotactic polymerization-specification of propylene and other
a-olefins, saturated and unsaturated elastomers and many other things).

Sure, there were still many things to do and so many things to understand and, | would just like to
mention the curiosity of Natta, typical of the born researchers, and his attitude towards beginners
(as I was), telling a small episode in which | was involved years later.

In 1965, Flory and co-workers published a series of work (eg J. Amer. Chem. Soc, 88, 1966 2873)
where it was argued that the viscoelastic properties of highly crystalline isotactic polypropylene
were interpretable only by admitting that the macromolecules in reality were not highly
stereoregular, but containing at least the 5% stere-irregularity (syndiotactic dyads) randomly
distributed. The argument was not only of academic interest, but also for the patenting because, by
implication, questioned the definition of polypropylene reported in the patent Natta-Montecatini and
would compromise the grant. Since | had worked on the characterization at the molecular level of
polypropylene via 1H NMR (were not still available techniques of 13C NMR nor even high-field
spectrographs), Natta called me, along with two senior colleagues and more experts to discuss the
matter. | sustained that the only spectroscopic technique that could quantitatively clarify definitively
the macromolecular structure of isotactic polypropylene was the nuclear magnetic resonance and |
proposed a program of crucial experiments (for the truth very expensive) which, in short, consisted
in the synthesis of a series of propylene selectively deuterated in their polymerization with
isospecific catalysts and the comparison of the 1H NMR spectra of related polymers. | was very
convinced of what | said and therefore I was very surprised and annoyed when colleagues
participating in the meeting heavily criticized the approach | proposed, according to them, it almost
certainly would not come to fruition because:

I) The synthesis of the monomers selectively deuterated was not described, it was very expensive
and probably would have failed, and 2) supposed to have the deuterated monomers, during
polymerization were possible “scrambling" H-D which would have invalidated the results.

I replied hardly reiterating that what | had proposed had no alternative that the risk of not getting
nowhere was ran by me and Montecatini, which otherwise was only riscking to pay me for six
months without conclude anything. The meeting ended without Natta saying anything. A few days
later I met him at the entrance of the Institute, | greeted him and he said only, "Zambelli, do your
best". It did not take more, because | was determined to come anyway in charge of the matter.
Looking back at a distance, | think | understand the dissenting opinions and the risks. The real risk
was not that the experiment fails (sore little), but he could fully giving reason to Flory. I brought
forward the work (I was fanatically convinced in what | was doing and it did not pass in my mind
this possibility) and fortunately we could demonstrate that the highly isotactic polypropylene was
containing at the most 2% of syndiotactic dyads (this was the sensitivity limit of the spectra) and we
published the results (Makromol. Chem., 110, 1967).

Then I discovered that, as a true researcher, Natta was curious till the imprudence and he was also
brought to trust in the enthusiasm all its employees, even the youngest.
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ENRICO ALBIZZATI

I cannot say | have a deep knowledge of prof. Natta exclusively for personal or age reasons. |
should note though, even though | met him a few times, | had a truly "vital" relationship with him
because he signed me the authorization to use the canteen of the Polytechnic.

Extremely deep was instead my interaction with the scientist of his school: one of between all of
them prof. Umberto Giannini recently disappeared.

I had the fortune to work with him for about 30 years and of had him as a consultant when I moved
in Pirelli.

Umberto Giannini really taught me a lot, resulting to me and his collaborators not only a model of
scientific rigor, but also an interpreter of the moral stature that hovered in the group of Natta.

I would like to mention some of the most important achievements of the prof. Giannini.

For example the synthesis of benzyl derivatives of Zirconium and Titanium, the first example of
organometallic compounds with binding transition metal-carbon stable.

These compounds have been employed as monometallic catalysts in the synthesis of polyolefin. In
particular in the case of propylene this foundings represented the first synthesis of an isotactic
polymer in homogeneous solution.

As a second example | can say that the contribution of prof. Giannini to the knowledge and the
industrial development of Ziegler-Natta catalysis were highly significant as evidenced by the
numerous journals and as author in numerous patents.

Indeed, after the discovery of high yield catalysts based on TiCl3 and TiCl4 supported on MgCI2
carried out in Ferrara by the group of Dr. Adolfo Mayr (which died recently) extremely active in the
synthesis of poorly stereoregular polyethylene and polypropylene, prof. Giannini, with brilliant idea,
discovered that it was possible to increase the stereospecificity of the catalytic systems using
electrondonor compounds.

In previous intervention Giampiero Marini showed the evolution of these high vyield catalysts
occurred through the work of more than 30 years of scientific research conducted by the group of
Giannini which I am honoured to have been part.

This journey started with the use of esters of aromatic acids, continued with the phthalate-silane
coupled to the latest combined diethers with polymerization processes that become more
sophisticated, has allowed Montedison and its subsequent developments (Himont, Montell now
Basell) to hold an indisputable leadership in the production of polypropylene for almost half a
century to present day.

I wanted to underline another dimension to this bright period of research collaboration between the
School of Prof. Natta and Montedison, the birth of a new professional family: the men of the Patent
Office.

Of all 1 would like to remind Dr. Lido Zambon who taught us how important it was invented but
also important to protect the discovery with a proper patent coverage.

Truly genius was his intuition to claim in many patents the X-ray spectrum dell'MgC2 "activated"
as essential part of the catalysts. This has been and continues to be an insurmountable obstacle to
competing companies.

I worked 29 years in the frame of the Ziegler-Natta catalysis, today I take care of others things, I’'m
CEO of Pirelli Labs, what | have acquired by the School of prof. Natta and | tried to transfer in this
new activity is the will continue to be even in a new field the frontrunner in terms of knowledge and
therefore to have the ambition “to get copied and not to copy others."
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FAUSTO CALDERAZZO

In my time | will try to highlight some important scientific results arising from the School of Prof.
Natta, who have not yet been mentioned in the course of the interesting discussions of this
conference, particularly centred on the results of all innovative obtained in the field of
stereospecific polymerization. Prof. Natta, | had the privilege of knowing in my role of collaborator,
in the years 1954-1962 at the Institute of Industrial Chemistry the Polytechnic of Milan, was also
active in different fields than only the polymerization, obtaining also here innovative results at the
international level. In particular, he has faced fundamental problems in the field of chemistry of
carbon monoxide and in the hydroformylation (the process by which olefins are converted to
aldehydes with carbon monoxide and di-hydrogen).

The first point a) here below highlights the fact that at constant pressure of CO (Pco), the speed of
the hydroformylation reaction increases as the pressure of di-hydrogen increases. While this first
step is also quite intuitive and consistent with the composition of the reagent, the second point b),
indicates that, on the basis of experimental data, a constant pressure of-hydrogen the speed of the
reaction increases with the Pco up to a maximum located in the neighbourhood of 10 atm, and then
decreased with a further increase.

The Hydroformylation Reaction

[Olefin + CO + H2 - aldehydes]

a) At constant CO pressure, rate increases at increasing di-hydrogen pressure;

b) at constant di-hydrogen pressure, rate increases with increasing CO pressure up to about 10 atm,
and decreases at higher CO pressures.

(G. NATTA, R. ERCOLI, S. CASTELLANO, F. H. BARBIERI, J. Am. Chem. Soc., 76, 1954: 4049)

The data presented here derived from a work that Prof. Natta and his collaborators, Ercoli,
Castellano and Barbieri published in 1954, where you communicate the discovery of a phenomenon,
still do not fully clarified, called the actual negative pressure carbon monoxide on the rate of
hydroformylation. Similar effects have subsequently been identified for other catalytic reactions
involving systems olefin/CO/Co02(CO)8.

This effect has been published substantially in contemporary by two other research groups. No
work of Prof. Natta and his collaborators appeared in the “Journal of the American Chemical
Society” in 1954.

Almost simultaneously appeared a note of “Chemistry and Industry”, while the announcement of
the same effect also occurred at the 126th Meeting American Chemical Society in September 1954
by Irving Wender and co-workers, operating at the Bureau of Mines in Pittsburgh.

The Hydroformylation Reaction (effect of CO pressure on rate)

- G. NATTA, R. ERCOLI, S. CASTELLANO, F.H. BARBIERI, ]. Am. Chem.Soc., 76, 1954: 4049.
- AR MARTIN, Chem. Ind. (London), 1954: 1536.
- H. GREENFIELD, S. MELIN, I. WENDER, !26th ACS Meeting, New York,Sept. 12-17, 1954,

In a subsequent article on “Chemistry and Industry” [G. Natta, R. Ercoli, S. Castellano, Chim. Ind.
(Milano), 37, 1955: 6], G. Natta and his collaborators present the details of the kinetic study of the

hydroformylation reaction of cyclohexene. It is always difficult to identify the critical points of
scientific development. There is however to be considered that these data, obtained in the laboratory
of Prof. Natta, have led to the opening of other fields of research, some of which are still very
present in the field of Inorganic Chemistry. Indeed, in connection with the so-called negative effect
mentioned above, Ercoli and co-workers had already studied in the fifties balance between
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C02(C0O)8 and Co4(CO)12, hence with the species having a ratio CO/Co of 3, lower than the
precursor Co2 (CO0) 8.

At that time, was found that the formation of the derivative tetranuclear is endothermic, data later
confirmed by studies carried out by Gyorgy Bor in the Laboratories of the ETH in Zurich, at the
time headed by Prof. Piero Pino.

The release of bonded carbon monoxide determines the formation of metal-metal bonds, being
generally more weak than the metal-CO bond determines the endothermic nature of the process.

Endothermic formation of metal clusters

2 Co2(C0)8 « Co4(C0)12 +4CO

a) AHO = + 138 £+ 2 k mol-1

b) AHO =+ 123.3 £ 2 kJ mol-1
ASO =+ 564 +12 ] mol-1 K-e

a) R. ERCOLI, F. BARBIERI-HERMIITE, Ace. Naz. Lincei. Cl. Sci. Fis. Mat. Nat. Rend., 16, 1954: 249; Chem.
Abstr., 48, 1954: 10408i.
b) G. BoR, K. DIELLER, ]. Organometal. Chem., 191, 1980: 295.

2 Rh2 (C0)8 «> Rh4(C0) 12 + 4 CO
AHO = + 58.6 + 10 kJ mol-1
ASO =+ 305 + 25 J mol-1 K-1

F. OLDANI, G. BOR, ]. Organometal. Chem., 246, 1983: 309.

Paolo Chini, who, after a period spent in Ferrara, he returned to the Polytechnic of Milan, began to
study metal system in cluster, getting the results of high international level. It must consider, as the
rest Chini himself declares in his article summarizing, that the interests in respect of the systems in
the pluri-metal cluster were derived from studies of Natta and co-workers on the effect of CO on the
speed of the hydroformylation reaction. We cannot finish this topic without mentioning the fact that
at the end of the fifties, Corradini and his team had solved the structure of the compound
tetranuclear Co4(CQ)12. The conclusions reached were then fully confirmed, for this compound, by
a follow-up study some years later by F. A. Cotton.

Piero Pino began his scientific career at the Polytechnic of Milan, and then, before you even move
at ETH of Zurich, has spent many years of intense scientific activity at the University of Pisa, where
he created a school of Macromolecular Chemistry very robust, and of which Professor F. Ciardelli
is certainly one of most authoritative representatives.

I’'m obliged to thank Prof. Natta for the initial years of my training at the Polytechnic of Milan,
where we learned a methodology of work, soaking up the atmosphere of scientific innovation, and
absorbed forever attachment to scientific research Giulio Natta was able to instill in your staff.
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LUIGI CASSAR

It is an honour for me to close this meeting, even if undeserved.

I barely touched the Ziegler-Natta catalysis at the beginning of my career, when in 1961 | was at the
"Donegani” Novara and | deposited a patent on the isotactic polymerization of styrene, in special
solvents, which allowed to obtain important technological advantages.

It is, therefore, certainly undeserved opportunity offered to me and thank you too, because for me it
is a great pleasure to find myself together with you after more than 40 years working in the industry.
We have talked about a man who was a great scientist, who was a great manager because he knew
how to choose men, and he knew how to let them together and make them work. Who knows how
many quarrels he had to overcome surely you had be confronted with different ideas and he had to
activated himself in an smart way to find constructive solutions.

It was, therefore, a great man, a great manager, a great teacher, because it was also able to be a
manager and these are conditions not easily repeatable: you can’t find every day a scientist of that
level.

The chemistry evolves, it is important today hydroformylation, tomorrow is important to the
polymerization, the day after tomorrow are important other things, Biology, which then it is still
chemistry, materials.

In the sixties, arguably, the presence of Chemistry in Italy was much stronger than today, Italy, little
by little, lost and today there is a European Chemicals where Italy can do his part if plays cards
correctly and whether it promotes adequate schools.

Natta was a great figure and | think that you will prove that: you demonstrated that it was a great
and that is not easily repeatable what he did. | say no more, thank you very much for had me invited.

Courtesy of Accademia Nazionale dei Lincei — Fondazione Guido Donegani
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