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Cenni biografici

iulio Natta nacque a
Porto Maurizio
(Imperia) il 26 Febbraio
1903, da genitori liguri:
Francesco Maria, un
magistrato, ed Elena Crespi. Dopo
aver compiuto gli studi medi al
Ginnasio-Liceo Colombo di
Genova, inizio gli studi
universitari nella stessa citta,
frequentando il biennio
propedeutico in matematica.
Nel 1921 si iscrisse al corso di
laurea in Ingegneria Industriale
Chimica presso il Politecnico di
Milano. Nel 1922 entrd come
allievo interno nell’ Istituto di
Chimica Generale del Politecnico,
allora diretto dal professore Bruni.
Fu un assistente del Prof. Bruni,
Giorgio Renato Levi, a segnalare il
giovane Natta, del quale aveva
intuito la forte vocazione per la
chimica. I’ istituto del Prof. Bruni,
che era stato allievo di Ciamician e

van’t Hoff, era a quel tempo uno
dei centri pitu vivi della ricerca
chimica in Italia, un centro in cui
gli interessi scientifici non facevano
dimenticare I’ importanza degli aspetti
industriali della chimica.

Il giovane Natta era uno studente
brillante, molto impegnato nello
studio. Per soddisfare la sua
grande passione per la chimica si
era costruito nella sua abitazione
di Via Rugabella a Milano un
piccolo laboratorio chimico, munito
dell’attrezzatura essenziale alla
sperimentazione, inclusa una
bilancia analitica. La sua passione
per la chimica non gli faceva pero
dimenticare la sua eta. Non era
certo, come oggi si dice, uno
sgobbone. Amava lo sci, prendeva
parte alla vita goliardica,
partecipava alle feste
studentesche. Le foto 4 e 5 lo
ritraggono mentre partecipa alla
Festa della Matricola del 1919,
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accanto alla macchina per tagliare
il brodo, frutto dello spirito
inventivo di un gruppo di studenti
di cui il futuro premio Nobel
faceva parte.

Si laureo nel 1924, a soli 21 anni,
dopodiché rimase al Politecnico di
Milano come assistente del prof.
Bruni. I primi passi della sua
attivita scientifica riguardarono lo
studio di strutture chimiche
mediante i raggi X, in quello che
poteva essere considerato il pit
importante centro italiano per tali
studi. In quegli anni acquistava
importanza la diffrazione di raggi
di elettroni per studiare la
struttura di composti chimici. Per
approfondire tale tecnica, che ben
si accoppiava con la diffrazione di
raggi X su cui stava lavorando da
circa 10 anni, Natta ottenne nel
1932 una borsa di studio della
Fondazione Volta e si recd a
Friburgo nei laboratori del Dott.



Seeman, in cui venivano studiate
le attrezzature necessarie alla
diffrazione di elettroni.

I1 soggiorno a Friburgo segno una
tappa importante nella carriera di
Natta. In quella citta ebbe
occasione di incontrare il Prof.
Hermann Staudinger e i suoi
collaboratori, che trasmisero al
giovane Natta il loro entusiasmo
per le sostanze macromolecolari.
Proprio in quegli anni il gruppo di
Staudinger stava confermando con
nuove prove sperimentali la
validita delle sue teorie sulla
natura macromolecolare delle
sostanze polimeriche, ancora
avversate da numerosi studiosi.
Natta intul 'importanza delle idee
di Staudinger e ritornato in Italia
inizid a lavorare nel campo della
diffrazione di elettroni studiando
sostanze polimeriche che aveva
ricevuto da Staudinger.

Fu il primo contatto di Natta

Giulio Natta

con i polimeri.

La carriera accademica di Natta fu
rapida e brillante. Conseguita la
libera docenza in Chimica
Generale nel 1927, nel 1933 vinse
il concorso alla cattedra di
Chimica Generale dell’'Universita
di Pavia. Nel 1935 venne chiamato
a ricoprire la prestigiosa cattedra
di Chimica Fisica dell’'Universita
di Roma; due anni dopo accetto la
cattedra di Chimica Industriale
offertagli dal Politecnico di Torino,
che piu si confaceva ai suoi
interessi scientifici. Nel 1938 fu
chiamato alla cattedra di Chimica
Industriale del Politecnico di
Milano, dove rimase per 35 anni.
Nel 1935 Natta si era sposato con
Rosita Beati, laureata in lettere,
donna di vasta cultura e di grande
sensibilita. Ella fu di valido aiuto
al Prof. Natta nella sua carriera,
col suo affetto, con la sua presenza
discreta, con le sue aperture verso
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il mondo esterno, necessarie per
un uomo molto impegnato e di sua
natura timido come il Prof. Natta.
Gli fu amorevolmente accanto
quando una malattia difficilmente
curabile colpi il professore nel
1956. Dal matrimonio nacquero
due figli, Franca e Giuseppe.
Rosita Natta mori nel 1968,
lasciando un profondo dolore in
quanti 'avevano conosciuta.
Natta si ritirdo nel 1973 e passo gli
ultimi anni della sua vita a
Bergamo accanto alla figlia. Li moril
il 2 maggio 1979, per un acuirsi
della malattia che lo affliggeva.

Fu un uomo dotato di eccezionale
intuito, di fantasia accoppiata a
rigore scientifico e capacita di
realizzazione. Con la sua opera ha
fatto compiere alla scienza dei
polimeri un passo in avanti
gigantesco e ha dato lustro alla
chimica e all’ industria chimica
italiana.



Biographical sketch

iulio Natta was born at
Porto Maurizio (Imperia)
on February 26, 1903 of
Ligurian parents,
Francesco Maria, a
magistrate, and Elena Crespi.
Once he had obtained his school
leaving certificate from the
“Ginnasio-Liceo Colombo”, Genoa,
he started his university education
in that city, taking the introductory
two-year course in mathematics. In
1921 he enrolled in the course for
the degree in Industrial Engineering
(Chemistry) at the Milan Politecnico.
In 1922 he entered, as a research
student, the Institute of General
Chemustry of the Politecnico. At that
time, the chairman of the Institute
was Giuseppe Bruni, and an
assistant of his, Giorgio Renato
Levi, recommended young Natta to
him, having perceived that he had a
real gift for chemistry.
The Institute chaired by Professor
Bruni, who had been a pupil of

Ciamician and van’t Hoff, was
extremely lively and carried out
intensive research, with the
industrial aspects of chemistry not
being neglected in favour of purely
scientific interests.

Natta was a brilliant and
enthusiastic student. His passion for
chemistry led him to fit out a small
chemical laboratory at home, in Via
Rugabella, Milan. The laboratory
was equipped with the apparatus
essential for experimentation,
including an analytical balance.
However, in spite of his very strong
interest in chemistry, he did not
forget that he was young. He was
certainly not a swot. He would go
skiing and actively take part in
student life including the students’
merry-making. Photos 4 and 5 of
this album show him at the
freshmen’s rag of 1919 with the
“broth-cutting” machine, the fruit of
the creativity of a student-group, to
which the future winner of the
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Nobel Prize belonged.

Natta graduated at the age of
twenty-one in Industrial
Engineering (Chemistry) at the
Milan Politecnico and afterwards
remained on as Professor Bruni’s
assistant.

The first steps of his scientific
activity, which dealt with the study
of chemical structures by X-rays,
were taken at Professor Bruni’s
Institute which was considered the
most outstanding in Italy in this
field.

In those years, the electron
diffraction technique was becoming
essential for studying the structures
of chemical compounds. To acquire
an in-depth knowledge of this
technique, which combined well
with the X-ray diffraction
techniques he had been studying for
nearly ten years, Natta, under a
study grant by the Volta
Foundation in 1932, went to Dr.
Seeman’s laboratories in Freiburg,



where investigations on the
apparatus for electron diffraction
were carried out.

Natta’s stay in Fretburg in 1933
marked a turning point in his
career: there, he met Prof.
Hermann Staudinger and his
collaborators, who conveyed to him
their enthusiasm for
macromolecular substances. It was
just at that time that Staudinger
was about to prove, by new
experiments, his theories on the
macromolecular nature of
polymeric substances, which were
still opposed by many scientists.
Realising the importance of
Staudinger’s theories on the nature
of polymeric substances, Nuatta,
when back in Italy, continued
working in the field of electron
diffraction, studying the polymeric
substances which he had received
from Standinger. That was Natta’s
introduction to the field of
polymers.

Giulio Natta

The development of Natta’s
academic career was brilliant and
rapid. He qualified as university
reader in General Chemistry in
1927 and in 1933 became full
professor of General Chemistry at
the University of Pavia. In 1935 he
was appointed to the prestigious
chair of Physical Chemistry at the
University of Rome.

In 1937 he accepted the chair of
Industrial Chemistry at the Turin
Politecnico, which better filted his
scientific interests and in 1938 he
was called to the chair of
Industrial Chemistry at the Milan
Politecnico where he would remain
for 35 years.

In 1935 Natta had married Rosita
Beati, a woman of great sensttivity
and culture, who had graduated in
Arts. She greatly helped her
husband, backing him in his
career, with her love, her discreet
presence and her open attitude
toward the outer world, these
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qualities being highly important to
a very busy but shy-natured man,
as Professor Natta was.

She was always very close to him,
but her care for him increased
after 1956 when he contracted an
illness which could not be fully
cured.

They had two children, Franca
and Giuseppe.

Rosita Natta died untimely in
1968 mourned by all those who
had known her.

Giulio Natta retired in 1973 and
spent his last years with his
daughter in Bergamo, where he
died on the 2nd of May, 1979.

He was a man endowed with
exceptional intuition and
imagination combined with
scientific rigour and the capacity
for implementing ideas.

His work caused polymer science to
make great advances and shed
lustre on Italian chemistry and the
Italian chemical industry.



La vita in famiglia

pranzo c’era sempre
gente inattesa, ma
statisticamente prevista,
assistenti, colleghi di
mio padre e altri ospiti,
quasi sempre per lavoro.
Baccaredda da Pisa, per il quale la
mamma cercava una moglie;
Caglioti da Roma, attivissimo,
parlava sempre di cattedre e di
terne; Rossi da Genova, rubizzo;
Rigamonti da Torino, serio come un
professore dell’ottocento, Pagani,
molto rispettoso. Gli assistenti
giovani erano in casa sino a tarda
notte. Ricordo ancora la lampada
accesa su uno spesso tavolo di noce
davanti a una libreria
quattrocentesca, mobili ai quali mio
padre assegnava un grande valore.
Li conservo ancora con affetto
anche se ho appreso essere copie
degli anni trenta. I miei genitori

consideravano gli assistenti dei
figli. Corradini, chino sui libri con
gli occhiali spessi un centimetro,
aveva improvvisamente sposato
una giovane tedesca estroversa e
felice di vivere a Napoli; Danusso,
del cui padre il papa mi raccontava
aneddoti incredibili di acume
professionale; Porri, schietto, come
si addice a un vero toscano;
Allegra, trasparente come i suoi
raggi X; Farina, gigante buono;
Pino, un chimico accettato anche
dagli ingegneri; ma le donne della
famiglia, la mamma, la nonna e
mia sorella Franca amavano
soprattutto Pasquon per la sua
signorile razionalita di origine
francese. Spesso c’era la Lamma, la
segretaria, che gestiva la logistica
col piglio di un generale austriaco e
la dolce Luisa, che faceva arrossire
Pegoraro, timidissimo, amico dello
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zio Beati, primo tra i nostri
parenti e amici ad avere la
televisione, che si era
autocostruita. Alla sera le cene
erano ufficiali: 1 professori con le
signore, il Prof. Malatesta,
giocatore di bridge; il Prof. Fusco,
fine argomentatore; il Prof. Nasini,
aristocratico signore e il Prof.
Piontelli (il pit1 grande
elettrochimico d’Europa, diceva
papa), ex capitano del Fanfulla da
Lodi, con la moglie Bice; questi
ultimi due avevano sposato mogli
ricche, di famiglie di industriali,
come era usanza tra i professori
universitari della loro generazione.
Poi arrivavano gli stranieri da
tutto il mondo, alcuni gia Nobel,
come Sir Robert Robinson con la
sua giovane seconda moglie,
disegnatrice di fumetti. Allora
questo secondo matrimonio faceva



scalpore a casa nostra. Arrivava
Ziegler, ricchissimo, possedeva
anche un dinosauro che teneva in
salotto; venivano i russi
dell’Accademia delle Scienze, con
scatolette di legno laccato e di
caviale, e gli americani che
portavano cose sconosciute come
una radiolina a transistor.
Durante lestate la famiglia
emigrava a Champoluc, nella
grande casa delle nonne, cosl
chiamavamo la nonna Nina e sua
sorella Luigia. Gli assistenti ci
raggiungevano a turno,
occupavano una camera a loro
riservata e partecipavano al rito
della ricerca dei funghi, unica
attivitd che mio padre svolgeva
con un approccio competitivo. La
pesca dava invece risultati
scadenti, malgrado le levatacce,
sino a quando il Prof. Carando, che

Giulio Natta

quale medico radiologo godeva di
molti privilegi, ci passava dei
biglietti per la riserva. Il papa
lavorava tutti i pomeriggi,
scriveva, leggeva, correggeva i
lavori con postille minute nella
grande sala rivestita di cembro; le
amiche di famiglia giocavano a
canasta; le cameriere portavano
salatini e Paperitivo, una parte di
Campari due parti di Punt e Mes;
noi bambini scivolavamo lungo la
ringhiera di legno della scala
precipitandogli vicino. Al Professor
Natta questa confusione rumorosa
non creava disturbo, forse faceva
piacere, solo gli occhi luminosi e
mobili tradivano il pensiero che
correva indisturbato. A Natale
arrivavano oltre ottocento
cartoline di auguri che luccicavano
in anticamera, spillate su grandi
nastri rossi. Venivano da tutto il
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mondo da amici di lavoro che la
mamma seguiva con quel calore
che non puo avere un ufficio di
pubbliche relazioni. Forse anche
questo & servito al premio Nobel,
che & arrivato a San Remo
improvviso, ma non inaspettato,
mentre eravamo in vacanza nella
casa del nonno sul mare.

Questo libro, nato per iniziativa
del Prof. Lido Porri, aiutato dalla
Sig.ra Luisa Vaccaroni, completa
la storia scientifica gia
documentata da centinaia di lavori
e di brevetti raccolti in molte opere
e review scientifiche, mediante le
immagini della storia umana del
Prof. Natta con la sua famiglia,
che comprendeva, oltre alla moglie
e ai figli, anche gli assistenti e 1
collaboratori.

Giuseppe Natta



Life at home

remember that at lunch we
used to receive unexpected
although statistically
predictable assistants,
colleagues of my father’s,
and other guests, almost always
talking about work. Baccaredda
from Pisa, to whom my mother
would try to give a wife; Caglioti
from Rome, extremely active,
always speaking about chairs and
short lists; sprightly Rossi from
Genoa; Rigamonti from Turin as
serious as a nineteenth century’s
professor; and very respectful
Pagani.Young assistants would
stay with us till late in the night. I
still remember the light of the lamp
on a thick walnut table facing a
fifteenth-century bookcase, two
pieces of furniture that my father
would consider to be highly
valuable. Now I keep them with
great pleasure and affection,
although I have learnt that they

are just reproductions dating back
to the thirties. My parents would
regard young assistants as
children of their own. Thick-
spectacled Corradini, always bent
on books, all of a sudden married
to a young German girl with an
extroverted personality, so happy to
live in Naples. Danusso, about
whose father dad used to tell me
incredible anecdotes of professional
acumen. Porri, as straightforward
as would become a true Tuscan;
Allegra, as transparent as his
X-rays; Farina, a good giant; Pino,
a chemist who had succeeded in
being accepted by engineers. The
women of my family, however, I
mean my mother, my grandmother
and Franca, my sister, would have
a special feeling for Pasquon
because of his elegant so typically
French rationality. We would often
see Ms Lamma, secretary to my
father, in charge of logistics, which
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she used to handle with the
demeanour of an Austrian general,
and sweet Luisa who now and then
would bring a blush into the cheeks
of Pegoraro, a very shy friend of my
uncle Beati, the first among our
relatives and friends who got a TV
set, home-assembled. In the
evernung, dinners would be formal
occasions: professors with their
wives. Let me mention Prof.
Malatesta, a bridge player; Prof.
Fusco, a subtle reasoner; Prof.
Nasini, an aristocratic gentleman,
and Prof. Piontelli (the greatest
electrochemist in Europe, would
say dad), former captain of the
Fanfulla team, with his wife Bice;
the last two professors had married
very rich ladies from industrialists’
families, as was the habit of
university professors of their
generation. Then, foreigners would
come from all over the world. Some
were Nobel-prize winners, like Sir



Robert Robinson with his young
second wife, a cartoonist. This
second marriage was found
sensational by our family at that
time. Among our guests: Ziegler, a
very rich man, who owned a
dinosaur that made a fine showing
in his drawing room; the Russians
from the Academy of Sciences, with
lacquered wooden boxes and caviar
tins, not to speak of the Americans
with their terrific novelties such as
transistor radios. In the summer,
my family used to go to
Champoluc, in the big house of our
grandmas, as we used to call my
grandmother Nina and Luigia, her
sister. Assistants would reach us by
turns, take possession of the room
reserved to them, and participate
in the rite of mushrooming, the sole
activity that my father would carry
out with a competitive approach.
Fishing, despite very early rising,
would instead give poor results

Giulio Natta

until Prof. Carando - who, in his
capacity as physician specialized in
radiology, used to enjoy a lot of
privileges - would give us tickets
securing access to the reserve. Dad
used to work every day in the
afternoon, writing, reading,
correcting papers with marginal
notes in his minute writing, in the
large cembran pine-panelled room.
Women friends would play
canasta, housemaids offer
appetizers and aperitifs, one part of
Campari and two parts of Punt e
Mes. We, the children, would slide
downstairs astride the wooden
banister handrail to dad’s side.
Professor Natta was not troubled
by so noisy a confusion, perhaps he
liked it: his bright mobile eyes only
would betray his uninterrupted
train of thought. At Christmas
time, over eight hundred greetings
cards would arrive and be
gloriously shown in the hall,
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stapled onto large red ribbons.
Cards would come from all
countries in the world, sent by
colleagues who were mainly
friends, with whom my mother
would keep contacts prompted by a
warm-heartedness certainly beyond
the best services of any PR office.
Perhaps this attitude favoured the
award of the Nobel prize, whose
news reached us at the seaside, in
San Remo, suddenly but not
unexpectedly, while we were
holidaying at grandpa’s.

This book, planned by Prof. Porri
assisted by Ms Luisa Vaccaroni,
completes the scientific history
documented by hundreds of papers
and patents published in a number
of scientific collections and reviews,
with images of Prof. Natta’s human
history with his family which, as
already said, beyond his wife and
children would also include
assistants and collaborators.



The Nobel lecture

The Nobel lecture

From the Stereospecific
Polymerization to the Asymmetric
Autocatalytic Synthesis of
Macromolecules *

Macromolecular chemistry is a relatively
young science. Though natural and syn-
thetic macromolecular substances had
long been known, it was only between
1920 and 1930 that Hermann Staudinger
placed our knowledge of the chemical
structure of several macromolecular sub-
stances on a scientific basis (7).

In the wake of Staudinger’s discoveries
and hypotheses, macromolecular chem-
istry has made considerable progress.
Very many synthetic macromolecular sub-
stances were prepared both by polymer-
ization and by polycondensation; methods
were found for the regulation of the value
and distribution of molecular weights;
attempts were made to clarify the rela-
tionships existing among structure, chem-
ical regularity, molecular weight, and
physical and technological properties of
the macromolecular substances. It was far
more difficult to obtain synthetic macro-
molecules having a regular structure from
both the chemical and steric point of view.
An early result in this field, which aroused
a certain interest in relation to elastomers,
was the preparation of a polybutadiene
having a very high content of trans-1,4
monomeric units, in the presence of het-
erogeneous catalysts (2).

A wider development of this field was
made possible by the recent discovery of
stereospecific polymerization. This led to
the synthesis of sterically regular poly-
mers as well as to that of new classes of
crystalline polymers.

* Reprinted from Science, January 15, 1965,
Vol. 141, No. 3655, pages 261-272
© The Nobel Foundation 1963

Before referring to the stereospecific poly-
merizations and to their subsequent devel-
opments, I wish to make a short report on
the particular conditions that enabled my
School to achieve rapidly conclusive
results on the genesis and structure of
new classes of macromolecules. I also wish
to describe the main stages of the synthe-
sis and characterization of the first stereo-
regular polymers of a-olefins.

The achievement of these results has also
been helped by the research I did in 1924
when I was a trainee student under the
guidance of Professor Bruni. At that time I
began to apply x-ray study of the struc-
tures of crystals to the resolution of chem-
ical and structural problems (3).

At first, investigations were mainly direct-
ed to the study of low-molecular-weight
inorganic substances and of isomorphism
phenomena; but, after I had the luck to
meet Professor Staudinger in Freiburg in
1932, I was attracted by the study of linear
high polymers and tried to determine their
lattice structures.

To this end I also employed the electron-
diffraction methods which I had learned
from Dr. Seemann in Freiburg and which
appeared particularly suitable for the
examination of thin-oriented films (4).

I applied both x-ray and electron diffrac-
tion methods also to the study of the struc-
ture of the heterogeneous catalysts used
for certain important organic industrial
syntheses, and thus had the possibility of
studying in the laboratory the processes
for the synthesis of methanol (see 5) and
the higher alcohols (see 6), and also of fol-
lowing their industrial development in
Italy and abroad.

In view of the experience I had acquired in
the field of chemical industry, certain
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Italian Government and industrial bodies
entrusted me in 1938 with the task of
instituting research and development
studies on the production of synthetic rub-
ber in Italy.

Thus the first industrial production of
butadiene-styrene copolymers was real-
ized in Italy at the Ferrara plants, where
a purely physical process of fractionated
absorption was applied for the first time to
th)e separation of butadiene from 1-butene
(7).

At that time I also began to be interested
in the possible chemical applications of
petroleum derivatives, and particularly in
the use of olefins and diolefins as raw
materials for chemical syntheses such as
oxosynthesis (8) and polymerization (9).
The knowledge acquired in the field of the
polymerizations of olefins enabled me to
appreciate the singularity of the methods
for the dimerization of a-olefins that Karl
Ziegler described in a lecture delivered in
Frankfurt in 1952 (10); I was struck by the
fact that in the presence of organometallic
catalysts it was possible to obtain only one
dimer from each o-olefin, while I knew
that the ordinary, cationic catalysts previ-
ously used yielded complex mixtures of
isomers with different structures.

At this time I also became acquainted with
Ziegler’s results on the production of
strictly linear ethylene oligomers,
obtained in the presence of homogeneous
catalysts. .

My interest was aroused and, in order to
understand better the reaction mecha-
nism (11), concerning which very little was
known, I started the kinetic study of such
polymerizations. In the meantime Ziegler
discovered the process for the low-pres-
sure polymerization of ethylene (72). I



then decided to focus attention on the
polymerization of monomers other than
ethylene; in particular I studied the o-
olefins, which were readily available at
low cost in the petroleum industry.

At the beginning of 1954 we succeeded in
polymerizing propylene, other a-olefins,
and styrene; thus we obtained polymers
having very different properties from
those shown by the previously known poly-
mers obtained from these monomers (13).
I soon observed that the first crude poly-
mers of a-olefins and of styrene, initially
obtained in the presence of certain Ziegler
catalysts (TiCly + aluminum alkyls), were
not homogeneous, but consisted of a mix-
ture of different products, some amor-
phous and non-crystallizable, others more
or less crystalline or crystallizable.
Accordingly, I studied the separation of
the different types of polymer by solvent
extraction and the structures of the single
separated products.

Even if the more soluble polymers were
amorphous and had a molecular weight
lower than that of the crystalline, but far
less soluble, polymers deriving from the
same crude product, I observed that some
little-soluble crystalline fractions had a
molecular weight only a little higher than
that of other amorphous fractions.
Therefore, convinced of the well-known
saying nature non facit saltus, I did not
attribute crystallinity to a higher molecu-
lar weight, but to a different steric struc-
ture of the macromolecules present in the
different fractions (14).

In fact all vinyl polymers may be regarded
as built from monomeric units containing
a tertiary carbon atom. Thus in a polymer
of finite length, such a carbon atom can be
considered asymmetric, and hence two
types of monomeric units may exist, which
are enantiomorphous (13, 15).

Since all the polymers of vinyl hydrocar-
bons previously known, even those recog-
nized as having a head-to-tail enchain-

(Giulio Natta

b)

c)

Fig. 1. Models of chains of head-to-tail vinyl polymers supposed arbitrarily
stretched on a plane, having, respectively, isotactic (@), syndiotactic (b),

and atactic (¢) successions of the monomeric units

R ic units (I8).
This led us to
exclude the idea
that the crys-
tallinity was due
to a regular
alternation  of
monomeric units
having opposite
steric configura-
tion. Thus . it
could be fore-
seen, as was in
fact later proved
by more accu-
rate calculations
of the structure
factors, that the
polymeric chains
consisted of reg-
ular successions
of monomeric
units, all having
the same steric
configuration
(14).

In the subse-
quent study of
the butadiene
polymers, pre-
pared by us in
the presence of

ment like polystyrene, were amorphous,
we examined the possibility that the crys-
tallinity we observed was due to a chemi-
cally regular (head-to-tail) structure,
accompanied by regular succession of
steric configurations of the single
monomeric units. Indeed, x-ray analysis
permitted us to determine the lattice con-
stants of crystalline polypropylene (16)
and polystyrene (17).

The identity period along the chain axis in
the fiber spectra was of about 6.5
angstroms and might be attributed to a
chain segment containing three monomer-
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organometallic
catalysts [for example, catalysts contain-
ing chromium (79)] that have 1,2-enchain-
ment, two different types of crystalline
polymers were isolated and purified.

The x-ray and electron-diffraction analy-
ses of these products enabled us to estab-
lish that the structure of one of them is
analogous to the structures of poly-a-
olefins (20) - that is, characterized by the
repetition of monomeric units having the
same configuration. We also established
that the other crystalline product is char-
acterized by a succession of monomeric
units, which are chemically equivalent but



have alternately opposite steric configura-
tion (21), as confirmed by a thorough x-ray
analysis of the structure.

In order to distinguish these different
structures 1 proposed the adoption of
terms coined from the ancient Greek, and
these are now generally used (22); that is,
isotactic (14) and syndiotactic (21).

Figure 1 shows the first device we used for
an easy distinction of the different types of
stereoisomery of vinyl polymers; the main
chains have been supposed arbitrarily
stretched on a plane.

By accurate examination of the structure
of isotactic polymers on fiber spectra, we
could establish that all erystalline isotac-
tic polymers have a helical structure, anal-
ogous to that found by Pauling and Corey
(23) for o-keratine (Fig. 2); in fact only the
helix allows a regular repetition of the
monomeric units containing asymmetric
Ezarl)aon atoms, as was foreseen by Bunn
24).

Soon after the first polymerizations of a-
olefins we realized the importance and
vastness of the fields that were opened to
research, from both the theoretical and the
practical points of view.

Our efforts were then directed to three
main fields of research:

1) To investigate the structures of the new
polymers in order to establish the rela-
tionships existing between chemical struc-
ture, configuration, and conformation of
the macromolecules in the ecrystalline
state.

2) To find the conditions that allowed the
synthesis of olefinic polyhydrocarbons
having a determined type of steric struc-
ture, with high yields and high degree of
steric regularity (25), as well as to study
the reaction mechanism, and regulation of
the molecular weight.

3) To attempt the synthesis, possibly in
the presence of nonorganometallic cata-
lysts, of stereoregular polymers corre-
sponding to other classes of monomers
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having a chemical nature different from
that of a-olefins.

Crystalline Structure of High
Polymers

Homopolymers. The synthesis of new
classes of crystalline macromolecules and
the x-ray analysis of their structures led to
the formulation of some general rules
which determine the structure of linear
macromolecules (26). Table 1 summarizes
some data concerning the structure of iso-
tactic polymers; the data indicate that
fourfold or higher-order helices exist
besides the threefold ones already men-
tioned.

The conformation assumed by the single
macromolecules in the lattice always cor-
responds to the conformation, or to one of
the conformations, of the isolated molecule
that shows the lowest internal energy con-
tent, the intramolecular van der Waals
forces being taken into account.

The mode of packing of the polymer chains
in a crystalline lattice takes place, as in
the case of molecular crystals of low-mole-
cular-weight substances, so as to fill the
space in the best possible way.

If the polymer chain assumes a helicoidal
conformation in the crystalline state, and
if it does not contain asymmetric carbon
atoms, it can be expected that either
helices of the same sense, or, in equal
ratio, helices of opposite sense are repre-
sented in the lattice.

Analogously to the case of nonenantiomor-
phous low-molecular-weight crystalline
substances, so also in polymers that do not
contain asymmetric carbon atoms, right-
and left-handed helices are usually repre-
sented in the lattice in equal amount.

On the other hand, in the case of isotactic
polymers containing asymmetric carbon
atoms, the space group will not contain
symmetry elements involving inversion,
as, for instance, centers of symmetry or
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mirror or glide planes.

A racemic mixture of antipode macromole-
cules can be an exception. Furthermore, it
is interesting to note that the chain sym-
metry is often maintained in the space
group to which the unit cell of the polymer
belongs.

With regard to the occurrence of enan-
tiomorphous space groups, typical exam-
ples are represented by some isotactic
poly-1-alkylbutadienes, in the crystalline
lattice of which macromolecules with
helices of exclusively one sense, right or
left, exist for each crystal (27) (Fig. 3). Also
in the case of isotactic poly-t-butylacrylate,
the helices in the lattice seem to be all of
the same sense (28).

If the chain symmetry is maintained in
the crystal lattice, the possible occurrence
of different space groups is considerably
restricted.

Where equal amounts of enantiomorphous
macromolecules are contained in the lat-
tice, we must distinguish two cases con-
cerning the relative orientation of side
groups of enantiomorphous macromole-
cules facing one another, which can be
either isoclined or anticlined.

In the first case, possible symmetry opera-
tors for the covering of near macromole-
cules are either a mirror plane or a glide
plane, parallel to the chain axis.

It is, however, known that good packing is
generally obtained more easily with a
glide plane than with a mirror plane, espe-
cially in the case of bodies having periodi-
cal recesses and prominences, as in the
case of spiralized polymer chains.

In the case of a threefold helix, each right-
handed helix will be surrounded, because
of the existence of the glide plane, by three
isoclined left-handed helices, and vice
versa; the space group will be R3¢ (Fig. 4).
This lattice is shown, for example, by iso-
tactic polystyrene (29), by polybutene (30),
by 1,2-polybutadiene (31), and by poly-o-
fluorostyrene (32); on the other hand it is



Fig. 2. Model of chain of a-keratine,
according to Pauling and Corey

not shown by isotactic polypropylene,
because it would give rise to an insuffi-
ciently compact lattice, if van der Waals
contact distances, between carbon atoms
of near chains, must be maintained
around 4.2 angstroms (3).

In the second case previously considered,
in which the relative orientation of the
side groups of enantiomorphous macro-
molecules facing one another is anticlined,
the only symmetry operator relating
neighboring macromolecules is a symme-
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Table 1.

Roentgenographic data on some typical isotactic polymers with different chain conformations
Polymer Helix type (*) Chain axis (A) Unit cell Space group
Polypropylene 3 6.50 Monoclinjc ¢=6.65 A

b=20.96 A; p=99°20" C2/e
Poly-a-butene (%) 3; 6.50 Rhombohedral a=17.70 A R3cor Ric
Polystyrene 1 6.63 Rhombohedral ¢=21.90 A R3c or R3¢
Poly-5-methylhexene-1 3 6.50
Poly-5-methylheptene-1 3, . ©6.40
Poly-3-phenylpropene-1 3, ~6.40
Poly-4-phenylbutene 3 6.55
Poly-o-methylstyrene 4, 8.10 Tetragonal a=19.01 A 144cd
Poly-a-vinylnaphthalene 4, 8.10 Tetragonal a=21.20 A 14cd
Polyvinylcyclohexane 4, 6.50 Tetragonal a=21.76 A 14cd
Poly-3-methylbutene-1 44 6.84
Poly-4-methylpentene-1 75 13.85 Tetragonal a=18.60 A Pz
Poly-4-methylhexene-1 7q 14.00 Tetragonal a=19.64 A
Poly-m-methylstyrene 11, 21.74 Tetragonal a=19.81 A

(*) It is to be understood that, besides the right-handed X, helix, the left-handed X,. ,, helix also exists.

(**) Modification 1

try center.

And again, if the helix is threefold, each
right-handed helix will be surrounded, by
the action of three symmetry centers at
120°, by three left-handed helices, and vice
versa; the macromolecules are oriented so
as to minimize the length of the unit cell
axes perpendicular to the threefold axis,
with the best possible van der Waals dis-
tances: the space group, which probably is
the one presented, for instance, by
polyvinylmethyl ether (33) and by poly-n-
butylvinyl ether (34), will be R 3 (Fig. 5).
Copolymers. The “random” introduction of
different monomeric units in a crystalline
polymer by copolymerization generally
causes a decrease in crystallinity and
melting point when their content is lower
than 20 to 25 percent, but at higher con-
tent values the copolymer is generally
amorphous.

As we shall remark in the section dealing
with the stereoregular polymers of hydro-
carbon monomers containing an internal
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double bond, it is sometimes possible to
obtain chemically and sterically regular
alternating copolymers of these monomers
with ethylene, which are also crystalline.
This is the case, for instance, for the alter-
nating ethylene-cis-2-butene (35), ethyl-
ene-cyclopentene (36), and ethylene-cyclo-
heptene (37) copolymers.

In these cases, reaction conditions were
used in which one of the monomers is
unable to homopolymerize, but can copoly-
merize to alternating polymers in the
presence of a large excess of the first
monomer. Moreover, in the case of other
nonhydrocarbon monomers, crystalline
alternating copolymers have been
obtained (38) from two different monomers
that are both very reactive in the presence
of stereospecific catalysts [for example, in
the copolymerization of dimethylketene
with higher aldehydes (39)], when the val-
ues of the relative copolymerization rates
are much higher than those of homopoly-
merization. In the cases mentioned above,
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Fig. 3. Model of packing of isotactic trans-1,4-poly-1-ethylbutadiene in the
crystalline state, projected on the (001) plane. (Space group P2{2124)

A
4

Fig. 4. Model of packing of isotactic polystyrene in the crystalline state,
projected on the (001) plane. (Space group R3c)

the repeating structural unit has the
structure of a polyester obtained by treat-
ing a dimethylketene molecule with one
molecule of the carbonyl monomer consid-
ered.

Our researches also enabled us to find par-
ticular crystalline copolymers, though
with a “random” distribution, when the
different monomeric units in the polymer-
ic chain showed considerable analogies
both in chemical nature and size.

This phenomenon was defined by us as
isomorphism of monomeric units, even if,
in contrast to the isomorphism phenome-
na of low-molecular-weight substances,
the crystals do not consist of physical mix-
tures of isomorphous molecules, but of
macromolecules in which monomeric units
of different type can substitute each with
the other. In this case, copolymers show
physical properties (density, melting tem-

perature, and so on) which vary continu-
ously with the composition, and which are
intermediate between those of the pure
homopolymers. This phenomenon was
observed in the copolymerization of
styrene with monofluorostyrenes (40) and
also in the copolymerization of butadiene
with 1,3-pentadiene to trans-i1,4 polymer
(41).

Crystalline copolymers of a completely dif-
ferent type are obtained by successive
polymerization of different monomers in
the presence of catalysts able to homopoly-
merize both of them. These are linear
copolymers constituted by successive
blocks, each consisting of a chemically and
sterically regular succession of units of the
same type.

In some of these cases x-ray analysis
reveals both the crystallinities correspond-
ing to the single homopolymers (42).
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Stereospecificities in Polymerization
Processes of Hydrocarbon Monomers

The importance of the stereospecific poly-
merization - from the standpoint of both
theory and practical applications - is due
to the fact that in most cases (even if not
always) the stereoregularity of linear poly-
mers determines crystallinity. When the
glass transition temperature and the melt-
ing temperature are very different, the
physical and especially the mechanical
properties are very different from those of
the corresponding stereoirregular poly-
mers. Due to such properties, these mate-
rials have very interesting practical appli-
cations, either as plastics and textiles
when the melting point is high or as elas-
tomers when the melting point does not
considerably exceed the temperature of
use.
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Fig. 5. Model of packing of isotactic polyvinylmethyl ether in the
crystalline state, projected on the (001) plane. (Space group R3)

lithium) (44), or by
compounds of the
transition metals
(46, 47).

Some authors (48)
were led to believe
that the steric struec-
ture of the last
monomeric unit, or
units, of the growing
chain played an
important role in the
steric regulation of
the polymerization
processes. However,
the low degree of
stereospecificity
observed in the radi-
cal processes shows
that this factor alone
cannot exert a deter-
mining action. In
any case stereoregu-
larity in these last

The knowledge acquired in these last 10
years in the field of the stereospecificity of
the polymerization processes shows that
stereoregular and, in particular, isotactic
polymers can be obtained in the presence
of suitable catalysts acting through an
ionic (both anionic and cationic) coordinat-
ed mechanism; however, they cannot gen-
erally be obtained by processes character-
ized by radical mechanism.

The catalysts having a higher degree of
stereospecificity are characterized by the
presence of metal atoms able to coordinate
the monomer molecules in a stage immedi-
ately preceding that of insertion of the
monomeric unit between the end of the
growing chain and the catalyst (43-45).

In fact, a stereospecific action is shown
either by the catalysts containing metal
atoms, the coordinating properties of
which are due to their charge and to their
small ionic radius (aluminum, beryllium,

processes is of the
syndiotactic type and may be attributed
also to thermodynamic factors, according
with the strong increase in stereospecifici-
ty with decrease in temperature.

The first highly stereoregular isotactic
polymers were obtained in the presence of
heterogeneous catalysts; however, it soon
became clear that the heterogeneity of the
catalytic system is an essential factor for
the polymerization of aliphatic olefins to
isotactic polymers, but not for the poly-
merization of other types of monomers. In
fact it was found that aliphatic aldehydes
and certain monomers containing two
electron-donor functional groups able to be
coordinated (for example, conjugated
diolefins, vinyl ethers, alkenyl ethers,
acrylic monomers, styrenes that are sub-
stituted differently in the benzene ring,
vinyl pyridine, and so on) can be polymer-
ized in the stereospecific way also in the
presence of soluble catalysts.
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It must be borne in mind that, even if the
most typical highly stereospecific catalysts
for the polymerization of «-olefins contain
organometallic compounds, some classes
of monomers (for example, vinyl ethers)
can be polymerized to isotactic polymers in
the presence of cationic catalysts without
’(chg)presence of organometallic compounds
49).

The stereospecificity of the polymerization
processes not only depends on the catalyt-
ic system but is a property of each
monomer-catalyst system. This is particu-
larly evident in the case of the polymeriza-
tion of some conjugated homologs of
diolefins, in which the variation of the
monomer changes both the degree of ste-
reospecificity of the process and, in some
caseg, the type of stereoregularity of the
polymer obtained (50).

Therefore, in order to attain a general
view of the present state of the stereospe-
cific polymerization, it is helpful to exam-
ine separately the most important results
obtained in each class of monomers.

1) a-Olefins

This is the most studied branch of stereo-
specific polymerization. As already men-
tioned, isotactic polymers of a-olefins have
been obtained so far only with the use of
heterogeneous catalysts.

High stereospecificity is observed only
when one employs organometallic cata-
lysts containing a particular crystalline
substrate, such as that deriving from the
violet «, v (51), and & (52) modifications of
TiClg, having a layer lattice (42, 53, 54).
The use of the 8 modification of TiClg (5658),
which does not correspond to layer lat-
tices, or of other heterogeneous catalysts
(for example, catalysts containing a sub-
strate formed by metal oxides) which also
yield linear polymers of ethylene, leads to
the formation of catalysts having little
stereospecificity in the polymerization of



c-olefins (53, 56).

The study of the catalysts prepared from
organometallic compounds containing aro-
matic groups (56) or labeled carbon
enabled us to determine the ionic coordi-
nated mechanism of such polymerization
and the number of active centers on the
surface of the heterogeneous catalysts
(57).

Chemical and kinetic studies led to the
conclusion that the stereospecific polymer-
ization of propylene is a polyaddition reac-
tion (stepwise addition), in which each
monomeric unit, on its addition, is insert-

i

(b)

Fig. 6. Comparison between the side and end
views of the chain structures of isotactic (a)
and syndiotactic (b) polypropylenes (stable
modifications) in the crystalline state
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ed on the bond between an
electropositive metal and
the electronegative termi-
nal carbon atom of the
growing polymeric chain.
This study revealed also
that some organometallic
catalysts, which contain
only titanium as metal
atoms, could be stereospe-
cific (568). The first reac-
tion step corresponds to a
coordination of the
monomer molecule to the
transition metal belonging
to the active center (43,
45).

The reaction chain gener-
ally does not show a kinet-
ic termination (59), the
length of the single macro-
molecules being deter-
mined by the rate of the
processes of chain trans-
fer either with the
monomer (60) or with the
alkyls of the organometal-
lic compounds present
(61); these transfer
processes allow, after the
formation of a macromole-
cule, the start of another

Fig. 7. Models of the chains of head-to-tail ditactic polymers
supposed arbitrarily stretched on a plane, having, respectively,
threo-diisotactic (a), erythro-diisotactic (4), and disyndiotactic (¢)
succession of the monomeric units

macromolecule on the
same active center (56, 62).
The single rate constants of the different
concurrent processes of chain growth and
termination have been determined for
some typical catalysts (63). Later on, the
study of homogeneous catalysts based on
vanadium compounds and on alkyl alu-
minum monochloride permitted us to syn-
thesize crystalline polypropylenes with a
nonisotactic structure. The detailed devel-
opment of this study led to the preparation
of catalysts, obtained by treating hydro-
carbon-soluble vanadium compounds
(acetylacetonates or vanadium tetrachlo-
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ride) with dialkyl aluminum monochlo-
ride. These catalysts yield, at low temper-
ature, more or less crystalline polymers,
free, however, from isotactic crystallizable
macromolecules (64).

X-ray analysis, applied to the fiber spec-
tra, permitted us to establish that this is a
syndiotactic polymer; its lattice structure
has an identity period of 7.4 angstroms,
corresponding to four monomeric units
(65).

The comparison between isotactic and syn-
diotactic polypropylene structures is
shown in Fig. 6.




The same type of homogeneous catalyst,
which at low temperature homopolymer-
izes propylene to syndiotactic polymer,
was used at higher temperatures (for
example, 0°C) for the production of copoly-
mers having a random distribution of
propylene with ethylene (66). These poly-
mers, which are linear, are completely
amorphous when the ethylene content
decreases below 75 percent.

They have a very flexible chain, due to the
frequent CHo-CHo bonds, while the rela-
tively small number of CH-CHq groups is
enough to hinder crystallization of the
polymethylenic chain segments.

These copolymers can be easily vulcanized
through the use of peroxides; on the other
hand the terpolymers, which contain not
only ethylene and propylene but also small
amounts (from 2 to 3 percent, by weight) of
monomeric units, originated from the ran-
dom copolymerizations of suitable
diolefins (67) (or of ¢yclic compounds, such
as cyclooctadiene, which can be prepared
easily by dimerization of butadiene, fol-
lowing the method proposed by Wilke), can
be vulcanized easily by the conventional
methods used for the vuleanization of low-
unsaturation rubber. They yield elas-
tomers that are very interesting also from
the practical point of view, because they
can be obtained from low-priced materials
and also because of their physical proper-
ties and resistance to aging.

2) Ditactic polymers

Polymers of 1-methyl-2-deuteroethylene. The
study on the polymerization of differently
deuterated propylenes, undertaken by us in
order to arrive at more certain and univocal
attributions of certain bands to the infrared
spectrum of isotactic polypropylene, led us
to the discovery of new interesting types of
stereoisomerism, in polymers of 1-methyl-2-
deutero-ethylene, and generally in the case
of polymers of 1,2-disubstituted ethylenes
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(68).

In fact, propylenes deuterated in the
methylenic group can lead to monomer units
having different steric structure depending
on the relative orientation of the CHg and D
substituents.

Starting from these deuterated monomers
showing phenomena of geometric iso-
merism, two types of polymers were
obtained. They exhibited the same x-ray
spectra but different infrared spectra (69).
This means that such polymers possess the
same helix structure as normal isotactic
polypropylene, but that the relative orienta-
tion of D and CHg groups can lead to a new
type of stereoisomerism. In general, starting
from a monomer of the CHA=CHB type,
three types of stereoregular isomers can be
expected (see Fig. 7).

The type of stereoisomer obtainable by
stereoregular polymerization depends on
the mode of presentation and type of open-
ing of the double bond of each monomer mol-
ecule on entering the growing chain (Fig. 8).
Subsequently, diisotactic polymers were
obtained with the aid of cationic catalysts,
starting from monomers of the CHA=CHB
type, wherein A designates an OR group and
B), chlorine (70) or an alkyl group (71) (Fig.
7).
Stereoregular homopolymers of hydrocar-
bons having an internal bond. First of all, I
wish to report on the results we have
obtained in the polymerization of
cyclobutene, which is of particular interest
as it yields several crystalline polymers hav-
ing different chemical or steric structure,
depending on the catalyst used (72) (Fig. 9).
The different stereoregular polymers we
have obtained and a number of their proper-
ties are shown in Table 2, from which it may
be seen that the polymerization can take
place by opening of the double bond to form
cyclic monomer units containing two sites of
optical type stereoisomerism, so that crys-
talline polymers are of ditactic type.

In view of the fact that under suitable con-
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ditions it is possible to obtain two crystalline
polymers containing enchained rings that
show different physical properties, we have
ascribed the differences in their properties
to the different steric structure and have
attributed an erythro-diisotactic structure
to one of them and an erythro-disyndiotactic
structure to the other (73) (Fig. 10).

In the presence of other catalysts the ring
opens to form unsaturated monomer units,
which may show isomerism of geometric
type. In this case, too, two different products
are obtained (depending on the catalyst
used), the properties of which correspond to
those, respectively, of cis-1,4- and ¢rans-1,4-
polybutadiene (72) (Fig. 9).

Ditactic polymers are also obtained from
certain monomers containing internal
unsaturation, which are unable to
homopolymerize but, as mentioned above,
can copolymerize with ethylene, yielding
crystalline, alternating copolymers of ery-
thro-diisotactic structure. Among these
monomers are cis-2-butene (35), cyclopen-
tene (36), and cycloheptene (37); trans-2-
butene and cyclohexene behave in a differ-
ent way and do not give crystalline copoly-
mers.

Unlike the ditactic polymers of deuterated
propylene, the ditactic polymers obtained by
alternate copolymerization can exist in two
different disyndiotactic forms.

It is to be noted that the copolymerization of
cis-2-butene is stereospecific only in the
presence of heterogeneous catalysts of the
type used in polymerizing «-olefins to isotac-
tic polymers, while the copolymerization of
cyclopentene and cycloheptene is also stere-
ospecific when homogeneous catalysts are
used. We have recently (74) proposed an
interpretation of these facts based essential-
ly on steric criteria.

3) Stereoregular polymers of conjugated
diolefins

Stereoisomerism phenomena in the field of
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Fig. 8. Scheme of presentation and opening of the double bond of
monomeric units when entering the growing chain

mers (for example, iso-
tactic, syndiotactic,
and atactic polymers)
can be expected.

In the second case,
each monomeric unit
still contains a double
bond in the 2-3 posi-
tion, which  can
assume cis- or irans-
configuration. Thus,
four types of stereoreg-
ular polymers could be
foreseen “a priori” and
precisely: trans-1,4-,
cis-1,4-, isotactic-1,2-,
and syndiotactic-1,2-

diolefins, and in particular of conjugated
diolefins, are more complex than phenome-
na occurring in the case of monoolefinic
monomers. In fact, besides the stereoiso-
merism phenomena observed in these last
(isomerism due to asymmetric carbon
atoms), isomerism phenomena of geometric
type may also be present, depending on the
cis- or trans-configuration of the residual
double bonds present in the monomeric
units.

Butadiene polymers. The simplest conjugat-
ed diolefin, 1,3-butadiene, can in fact yield
two types of polymers, according to whether
the polymerization takes place by opening of
the vinyl bond (to form 1,2-enchained poly-
mers)

—CH—CHy—

([;;H
CH2

or by opening of both conjugated double
bonds (to form 1,4-enchained polymers)

—CHy—CH=CH-CHg—

In the first case, the same stereoisomerism
phenomena observed in other vinyl poly-

polybutadienes. All
four of these sterecisomers were prepared at
my Institute with the aid of different stere-
ospecific catalysts (75, 76) with a high
degree of steric purity (up to above 98 per-
cent), as shown by infrared analysis (77).
X-ray examination had made it possible for
us not only to establish the steric structure
of the different

mers are reported.

As mentioned above, stereoregularity in the
field of butadiene polymers is not necessari-
ly connected with the use of heterogeneous
catalysts, and, in fact, all four regular
stereoisomers can be obtained with the aid
of homogeneous catalysts.

In the case of cis-1,4-polybutadiene, the
highest steric purity is obtained by the use
of homogeneous catalysts (76). Of the four
polybutadiene stereoisomers, the cis-1,4
sterevisomer is of particular interest also
from a practical viewpoint. Its preparation
and properties have been investigated by a
large number of workers (79).

Isoprene polymers. The two polyisoprene
geometrical isomers were already known in
nature: natural rubber (cis-1,4 polymer) and
gutta-percha and balata (trans-1,4 poly-
mers). Both were obtained by synthesis
through stereospecific polymerization.

The cis-1,4 polymer was obtained in the
United States for the first time by
Goodrich’s workers (80), while the trans-1,4
polymer was prepared by us at the begin-

polymers but T
also to deter-
mine the con- ~HC—CH— RH l-{!;i
formation of HC—CH, HH C—C H H
the chains in " P (. b
the  crystals a) = flim(ll-ﬂﬁll—-(l:--?—v?
and, for three —H.C » cC—¢ H H —
of them, also a | HE=¢H _2 _ g \C=C/CH’ AN /C\ IC\
detailed lattice |HC—CH, TN HHHH H HHH
structure (21, \ H H
78). Figure 11
shows the con- li{ l-I1‘ }l-{ Fr{ }i{ iI-I
formations of —HC,  H b) - C—C N B e C—C -
the chains of SR, IC\—-C C~C C—C
the arious H - L/ T A W T A W
Stereois"omlel‘,;’ e HHHH HHHH HH HH
g}gli&&i?‘b}; Fig. 9. Types of polymerization Fig. 10. Schematic drawing of the
physical char of cyclobute?e: 1 cci/clobutylenamer; strufltures of grythro-d(i})sotactic (a) and
PR i 2, cis-1,4-polybutadiene; erythro-disyndiotactic (b)

?ﬁger}stics 10f 3, trans-1,4-polybutadiene Lcyclobutylenamer

single poly-
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Table 2

Stereospecific anionic coordinated polymerization of cyclobutene

Catalytic system Prevailing chemical Stereoregularity Properties of crystalline polymers
structure of polymer of polymer — — :
Density Melting Solubility
temperature (°C) in solvents
VCly + Al(n-CgHq3)3 2-Polycyclobutylenamer Presumably 1.06 =200 ; Insoluble in all the
erythro-diisotactic solvents below 150°C
V(atetylacetonate)g 2-Polycyclobutylenamer Presumably 1.035 =150 Soluble in tetralin
+ Al(CoHg)g erythro-disyndiotactic at 150°C

TiCly + Al(CoHg)g Polybutadiene Prevailingly cis-1,4 Properties corresponding to those of 1,4-polybutadiene
described in the literature

TiClg + Al{CoHg)g Polybutadiene Prevailingly trans-1,4

Fig. 11. Side and end views of the chain
conformations of the four stereoisomers of
polybutadiene: (@) trans-1,4; (b) cis-1,4;

(¢) syndiotactic-1,2; (d) isotactic-1,2

-

ning of 1955 (81).

The other stereoisomers, having 1,2 or 3,4-
enchainment, have not been prepared as yet
in such a degree of steric purity as to yield
crystalline products. In fact, the only known
polymer having 3,4-enchainment, obtained
in the presence of the same catalysts yield-
ing syndiotactic 1,2-polybutadiene, is amor-
phous.

1,3-Pentadiene polymers. Unlike butadiene
polymers, stereoregular polymers of 1,3-
pentadiene obtained so far contain at least
one asymmetric carbon atom in the
monomer unit. Furthermore, for some of
them it is possible to expect geometric iso-
mers, due to the presence of internal double
bonds which may have cis- or trans- config-
uration, so that all the polymers will show
two centers of steric isomerism. And in fact
polymers having 3,4-enchainment, contain-
ing two asymmetric carbon atoms, show two
sites of optical isomerism; all the others
exhibit one site of optical isomerism and one
of geometric isomerism (1,2 and 1,4 units).
On the assumption that only polymers
showing stereoregularity in both possible
sites (ditactic polymers) will be crystalline,
11 crystalline pentadiene polymers can be
expected:
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1) Polymers having 3,4-enchainment

(Fig. 12a):

(1) Erythro-diisotactic polymer

(i) Threo-diisotactic polymer

(iii)  Syndiotactic polymer

2) Polymers having 1,2-enchainment

(Fig. 125):

(iv,v) Isotactic polymers containing,
respectively, one cis- or trans- double
bond in the side chain

(vi,vii) Syndiotactic polymers containing,
respectively, one eis- or {rans- double
bond in the side chain

3) Polymers-having 1,4-enchainment

(Fig. 12¢):

(viil,ix) Cis-1,4-isotactic and syndiotactic
polymers, respectively

(x,xi) Trans-1,4-isotactic and syndiotactic
polymers, respectively

Of these stereoisomers the only three so far
known were prepared in my Institute:
trans-1,4-1sotactic (82), cis-1,4-isotactic (83),
and cis-1,4-syndiotactic polymers (84). In
Table 4 a number of physical properties
characteristic of these isomers are reported,;
Figs. 13 and 14 show the conformation of
the chains in the crystals.

As could be expected, the best elastic prop-
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CH, CH,
-—CH—-—(IZH—- —uCHf——CH:CH—m(I:H———
o
de.
3,4 1,4
(a) (b)

Fig. 12, Structure of 1,3-pentadiene polymers

or delaying the above-men-
tioned side  reactions
—CH—CH— })etween monomer and cata-
| yst.
CH Therefore, it has been
l(':I-I demonstrated that ste-
| reospecific polymerization
CH, of mnonhydrocarbon mo-
1,2 nomers can also be carried
(c) out with the use of pure
organometallic compounds
other than those of the

erties in vulcanized polymers are observed
for cis-1,4-polymers, owing to their melting
point, which is slightly below the melting

point of natural rubber,

Stereospecificity in Polymerization of

Non-hydrocarbon Monomers

Unlike the polymerization of unsaturated
hydrocarbons, and particularly of a-olefins,
the polymerization of monomers containing
functional groups, in the presence of cata-
lysts based on organometallic compounds,
has not been investigated until recently.
This is due to the fact that the functional
groups contained in such monomers can
react with organometallic catalysts through
reactions that are well known in the field of
classical organic chemistry, such as
Grignard reactions, Michael’s reaction, or

splitting of an ether bond.

Initially it was feared that these reactions
might involve both deactivation of the cat-
alytic agent and total or partial alteration of

the said monomers.

In 1956 we demonstrated for the first time
in the case of acrylonitrile (85) and its
homologs that, by suitably selecting the

transition metal compounds

organometallic compounds forming the cat-
alytic complex, it is possible to bring about
stereospecific, anionic coordinated polymer-
ization of these monomers while impeding

Ziegler type, or even with
the aid of catalytic compounds that do not
contain metal-to-carbon bonds.

The research work on these monomers has
taken two separate but parallel paths; that
is, on the one hand it was directed to ste-
reospecific cationic coordinated polymeriza-
tion and, on the other, to stereospecific
anionic polymerization (see Tables 5 and 6).
The cationic coordinated polymerizations
carried out by us in the presence of catalysts
of the type of Lewis acids (based on
organometallic compounds or Friedel-Craft
catalysts) were chiefly directed to the fol-
lowing classes of monomers: vinyl alkyl
ethers (86, 87), alkenyl alkyl ethers (70),
alkoxy-styrenes (88), vinylcarbazole (89),
and g-chlorovinyl ethers (71).

The polymerization of isobutyl vinyl ethers
to crystalline polymers had already been
carried out by Schildknecht in 1949 (49). As
a result of our further research work it was
possible to attribute their crystallinity to an

isotactic structure (86).

Stereospecific anionic coordinated polymer-
ization, which is in general carried out in
the presence of basic-type -catalysts
(organometallic or metal amidic com-
pounds, alcoholates) was chiefly investigat-
ed in connection with the following classes
of monomers: higher homologs of acryloni-
trile (90), vinylpyridine (91), sorbates (92),
acrylates (93), and aliphatic aldehydes (94).
Unlike the «-olefin polymerization, which
requires the presence of a catalyst contain-
ing a crystalline substrate in order that it
may proceed in a stereospecific isotactic
manner, the polymerization of nonhydrocar-
bon monomers containing functional groups
or atoms having free electron pairs (such as,
for example, ethereal, carbonylic, or car-
boxylic oxygen; aminic, amidic, or nitrilic
nitrogen) can proceed in a stereospecific
way also in the absence of a solid substrate
- that is, in a homogeneous phase. Here the
stereospecificity - which in this case is also
connected with a constant orientation and
constant mode of presentation, on polymer-
izing, of the monomer units with respect to
the growing chain and to the catalytic agent
- is due to the coordination of an electron
pair in the monomer with the metal of the
catalytic agent by means of a dative bond
(47, 95). As the olefinic double bond also is
necessarily bound to the active center, such
monomers thus appear to be doubly linked
to the complex formed by the catalytic agent
and the terminal group of the growing

Table 3.

Some physical properties of the four stereoregular polymers of butadiene

Polymer (infrarved analysis) Melting point (°C)  Identity period (A)  Density (g/ml)

Trans-1,4 (99-100%) 146*
Cis-1,4 (98-99%) 2

Isotactic-1,2 (99% 1,2 units) 126
Syndiotactic-1,2 (99% 1,2 units) 156

{ 4.85 (mod. I) 0.97
4,65 (mod. II) 0.93
8.6 1.01
6.5 0.96
5.14 0.96

*Trans-1,4 polybutadiene exists in two crystalline modifications: one (mod. I) is stable below 75°C, the other
(mod. II) is stable between 75°C and the melting point of the polymer
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C) (g/ml)
96 0.98
44 0.97
53 1.01

Melting point Density

Table 4.
Some physical properties of the three stereoregular isomers of 1,4-polypentadiene known so far
Polymer Infrared analysis Identity period
A
Isotactic trans-1,4 Trans-1,4 (98-99%) 4.85
Isotactic cis-1,4 Cis-1,4 (85%) 8.1
Syndiotactic cis-1,4 Cis-1,4 (90%) 8.5
Table 5.

Non-hydrocarbon monomers polymerized in a stereospecific way by coordinated cationic catalysis in

the homogeneous phase

Monomer Type of catalyst

Vinylalkyl ether Al(C,H;)Cl,

Trans-alkenylalkyl ether AlC,H5)Cly
Cis-B-chlorovinylalkyl ether Al(C5H5)Cly
Trans-B-chlorovinylalkyl ether AN(C5Hg)Cly
o-Methoxystyrene Al(C5H5)Cly
N-vinylcarbazole Al(C5Hg)Cly
N-vinyldiphenylamine Al(C5HE)Cly
Benzofuran AlClg

Table 6.

Type of stereospecificity
in the polymer

Isotactic
Threo-diisotactic
Erythro-diisotactic
Threo-diisotactic
Isotactic

Non-hydrocarbon monomers polymerized in the stereospecific way
by coordinated anionic catalysis in the homogeneous phase

Monomer Type of catalyst
Vinylpyridine Mg(CsHg)Br
Acrylonitrile Cr/Acac); + Zn(CoHjz)o
a-Substituted acrylonitrile Me(CoHo,

Sorbates Butyl-Li

Acrylates Mg amides

Aliphatic aldehydes Al(CyHg)g

Type of stereospecificity
in the polymer

Isotactic
Syndiotactic

Erythro-diiso-trans-tactic
Isotactic
Isotactic
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chain. A predetermined steric orientation is
thus made possible.

Likewise, both the diolefing containing two
olefin groups bound to the catalyst complex
and certain aromatic a-olefins, wherein the
second anchoring point is provided by the
aromatic group =-linked to a catalyst con-
taining a highly electropositive atom with a
very small radius (lithium) (96), can be poly-
merized stereospecifically even in the homo-
geneous phase.

The coordination of the monomer with the
catalytic agent, which is the indispensable
step preceding any stereospecific polymer-
ization both in the homogeneous and in the
heterogeneous phase, has been particularly
well exemplified by the stereospecific poly-
merization of 2-vinylpyridine in the pres-
ence of organometallic compounds of mag-
nesium (97).

In fact, the presence of Lewis bases in the
polymerization of this monomer exerts a
determining influence on its behavior in the
polymerizations. Compounds having a high-
er degree of basicity than vinylpyridine
itself (for example, pyridine) form stable
coordination compounds with the catalyst,
thus impeding the coordination of the
monomer; in this way, not only does the cat-
alytic activity appear very much reduced,
but also the stereospecificity disappears and
the polymer obtained is atactic. Compounds
having a lower degree of basicity than the
monomer (aliphatic ethers) compete with
the monomer only in so far as the associa-
tion with the catalyst is concerned.
Accordingly this does not result in the dis-
appearance of the catalyst reactivity, but
only in its reduction along with the degree of
stereospecificity of the reaction.

The asymmetric synthesis of optically active
high polymers, starting from monomers
showing no centers of optical-type asymme-
try, constituted a particular, more advanced
case of isotactic stereospecific polymeriza-
tion.

In fact, whereas in the normal stereospecif-



Fig. 13. Side and end views of the
macromolecules of isotactic trans-poly(1-
methyl-buta-1,3-diene) (that is, trans-1,4-
polypentadiene) in the crystalline state

ic polymerization to isotactic polymers a
succession of monomer units with a given
configuration takes place in each single
macromolecule so that enantiomorphous
macromolecules in equal amounts are pre-
sent in crude polymers, in the case of asym-
metric synthesis one of the two enantiomor-
phous isomers of the monomer unit is con-
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Table 7.

Asymmetric synthesis of polymers

Monomer Catalyst

Methyl sorbate

Butyl sorbate
Benzofuran
Trans-1,3-pentadiene
Trans-1,3-pentadiene

(S) Iso-amyl lithium

AlCl3-(+)PHE (%)
VCl; + (+)AIGCsH

Structure of polymer [edp

Butyl lithium-(-)MEE (*)

)
(‘)Ti(0010H19)4O+ M(:JCQH5)3- ()

(*) MEE, menthyl ethyl ether (*¥) PHE, phenyl alanine (¥%%) Ti(0OCqgH{g)4, titanium tetramentholate

tained in higher amounts.

It should be noted that isotactic high poly-
mers of a-olefins or of other simple vinyl
monomers cannot show detectable optical
activity, since an ideal isotactic polymer of
infinite length does not contain asymmetric
carbon atoms, and in isotactic polymers
having finite length (98) the optical activity,
due to a difference in the terminal groups,
can be detected only in oligomers and
decreases with increase in the molecular
weight. This is due to the fact that the
asymmetry of each asymmetric carbon atom
is to be ascribed not to the chemical differ-
ence of contiguous groups linked to the said
carbon atom but to a difference in length of
the chain segments linked to it (99).

In fact, in the case of poly-a-olefins, optical-
ly active polymers were obtained by poly-
merization only from monomers having an
asymmetric carbon atom (100).

On the basis of our investigations it has
been possible to obtain optically active poly-
mers from monomers containing no centers
of optical asymmetry only when, during the
polymerization, monomer units are incorpo-
rated so as to develop new asymmetric cen-
ters. The asymmetry of the new centers
arises from a difference in the chemical con-
stitution of the groups contiguous to the car-
bon atoms themselves (101-104).

Such a result was obtained by means of
stereospecific polymerization processes,
operating under conditions that allow asym-
metric induction to favor the formation of
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Erythro-diiso-trans-tactic -7,9
Erythro-diiso-trans-tactic +8,4

Not determined +69
Iso-trans-tactic -1,05
Iso-cis-tactic -22

one of the two enantiomorphous structures
of the monomer unit.

The methods that have led us to the asym-
metric synthesis of polymers of substituted
diolefins and of certain heterocyclic, unsatu-
rated compounds are of two types.

1) The first is the use of normal stereospe-
cific catalysts wherein at least one group
bound to the organometallic compound used
in the catalyst preparation, which will be
the terminal group of the macromolecules,
is optically active (101). In this case the
asymmetric induction is probably due to the
particular configuration of the terminal
group of the growing chain bound to the cat-
alyst.

2) A second method is based on the use of
conventional stereospecific catalysts pre-
pared without using optically active alkyls,
provided they are complexed with optically
active Lewis bases, such as g-phenylalanine
(102), or with the use of an optically active
transition metal compound (104) (Table 7).
In the first case, as the polymerization pro-
ceeds, the optical activity decreases, as
could be expected in view of the fact that
any accidental inversion of configuration
exerts an action not confined to one
monomer unit only, but tending to extend to
subsequent units.

In the second case, on the other hand, the
induction is due to the asymmetry of the
optically active counterion (105), which
maintains its steric structure also in the
case where the asymmetric polymerization
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{a)

(b)

Fig. 14. Side and end views of the macromolecule of isotactic cis-1,4-polypentadiene (a) and

syndiotactic cis-1,4-polypentadiene (b)

gives low optical yields.

These results can be extended to the inter-
pretation of stereospecific catalysis of vinyl
monomers. They suggest that a higher ste-
reospecificity can be expected when using cat-
alysts, the active centers of which are per se
asymmetric, than when symmetric catalysts
are used, in which the stereospecificity
derives from asymmetric induction brought
about by the configuration assumed by the
last polymerized unit.

Even before the discovery of the asymmetric
synthesis of high polymers, we attributed
(106) the stereospecificity of certain heteroge-

neous catalysts, prepared by reaction of solid
titanium halides, to the fact that the active
centers contain surface atoms of a transition
metal having coordination number 6. In fact it
is known that, in such a case, when at least
two of the coordinated groups show a different
chemical nature with respect to the others,
enantiomorphous structures of the surface
complexes can exist.

The high stereospecificity of such catalysts is
probably due to the fact that the initial com-
plex maintains its asymmetry even when
linked to the growing chain,

An interesting aspect of the asymmetric
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Table 8.
Autocatalytic effect in the asymmetric
polymerization of benzofuran in the presence
of AlCl3-(+)B-phenylalanine

AW[al/ AW

Run Weight * [a]
A 148 31.0 .
A 2.30 46.7 88
A 2.72 52.7
B 1.22 50.2 36
B 4.60 76.3
C 0.68 51.5 77
C 2.30 69.3

(*)Weight (W) in grams of polymer per millimole of
phenylalanine

(*MAWI[al/AW, optical activity of the polymer formed
between the two subsequent drawings

polymerization of benzofuran consists in an
autocatalytic effect observed in the first
reaction period. In fact it was noticed that
the optical activity of the polymers increas-
es as the polymerization proceeds (107)
(Table 8).

To clarify this phenomenon further, poly-
merization runs have been performed in the
presence of optical active polybenzofuran
previously obtained.

Although the sign of the optical activity
always corresponds to that of the g-phenyl-
alanine complexed with the counterion, nev-
ertheless the presence of preformed poly-
mer, obtained in the same polymerization or
added to the catalytic system at the begin-
ning of the polymerization, causes an
increase in the optical activity of the poly-
mer newly formed.

Such an observation may have an interest
that goes beyond the interpretation of ste-
reospecific polymerization: in fact it can sug-
gest suitable patterns characteristic of cer-
tain biological processes in which the forma-
tion of asymmetric molecules or groups of a
given type is connected with the preexis-
tence of optically active macromolecules.
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