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FOREWORD

Giulio Natta was undoubtedly one of the most significant figures in
20k century chemistry.

I're addition to his great curiosity, fis natural intuition and the breadth
of his knowledge {allowing him to pursue research in wide-ranging areas of
chemisiry and chemical engineering), he never lost sight of application
possihilities.

Hiz wark is particularly characterized by the fact that his research
themes are still in the vanguard of scientific and industrial significance even
iafter saveral decades,

Since the choice of research themes is am essential element in their
miceess, it seemed of interest to recall the principle lines of his research
wow, Mliree vears after his death, We have therejore invited specialists in
these fields to illustrate them here.

These contributions are collected here in the order in which the research
dreas were niliglly considered by Prof, Natia,

These articles are preceded by the presemtations made by Prof. Ouilico,
i fellow student and colleague, Prof. Rigamonti, ong of Jis first assistants,
wnd Prof. Pino, one af his collaborators at the Milan Politecnico, at a
‘emmettiarative ceremony al the Politecnico in Milano.

The editors of this colleciion are graleful for the collehoration of the
anthors of the reviews, meny of whom had the privilege to know and in
sorre-cases work with Prof. Natla.

The editors are also grateful to the CNR and the Italian Chemical
Society jor their financial support of this publication.
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Giulio Natta:
the man, the scientist

Presentations made at the commemorative
ceremony at the Politecnico in Milano



The Human Personality of Giulio Natta

ApoLro QuiLico
Emeritus Professor, Politecnico, Milano

Chancellor, colleagues, ladies and gentlemen:

It my copacity as an old classmate of Giulio Natta, as well as a [riend
und colleague for many years, it is my privilege to say & few words about
the man himself. 1 leave to others better qualified by virtue of their years
a5 his students and collaborators the task of illustrating his fundamental
contributions to the science of chemistry and its applications during the
course of his distinpuished and productive career.

However, mine is not a simple task. On the one hand, ome cannot
separaie-the man from his work; on the other, i is the adveniures of
thought which colour and reveal the life of a distinguished scientist, who
in his private ife usually i= not very diifferent frem common mortals, In
any case, in the brief time available, 1 will try to give a profile of the
humnn personality of Giulio Matta, as 1 have ohserved him over the many
years of our friendship.

Giullo Matta was born in Porto Maurizio (mow Imperia) in 1903 of
Ligurian parents: Francesco Matta, a judge, and Flena Crespi. After
sompleting secondary school and the propacdeutical biennium in Genova,
he enrolled in 1921 in industrial chemical engineeting in our Technical
University (Politecnico). In 1922 he became a student in the Institute of
Genernl chemistry directed by Giuseppe Bruni, at the request of Bruni's
sssistant Giorgio Renato Levi, who had o particular ebility wo discover
early vocation fer chemistry. | knew Matta since 1923 when I also
becime & student 1n the Institute. With Adolfo Ferrari and Arnalde Cor-
m“hi.,-‘m‘: four formed the first group of engineers who received chairs
in chemistry in Italy.

T this day | remember very vividly my first meeting with Natta in
wur dear old centre in Piazza Cavour, where the chemistry laboratory was
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placed in the glassenclosed portico of an old convent. As | entered, not
without & certain reverential awe in such surroundings, 1 met a thin voung
man with wavy hair and intelligent eyes who welcomed me o the Insti-
tute, We immediately became friends, end he invited me to his home in a
severe and rather gloomy building in via Rugabella, where he had set up
# laboratory, | was particularly impressed that he had an analylical balance,
4 luxury 1 could never afford for my own modest home laboratory.

Even as students, we were very shsorbed in our research, returning
many nights 8 week to work in the laboratory after dinner until midnight.
We were good company for one another even though our work was in
different ureas. 1 recall a tragicomic episode which occurred one summer
evening. While looking for a chemical in a cabinet, Matta dropped a
large ampul of mercaptan, which on breaking released its typical perfume
throughout the arca. The vapours travelled through the open windows
into the adjacent houses, spreading the alarm and waking the sleeping
neighbary to unleash a chorus of curses and protests. [ remember quickly
dousing the lights and beating a hasty retreat.

Although Notta was an excellent student who passed his exams bril-
liantly, he was certainly not what the British call a wswot 5. He never
forgot his youth, and besides his studies had interests appropriate o his
age. He was u proven skicr and took part in student productions, which
were at thal time good healthy fun, He belonged o a student association
known as the « brawling knights », whose program iz suggested by its
name, Their participation in the freshman’s rag of 1923 was memarghle:
i wagon representing a « soup slicing muchine ». 'Who would have thought
that the inventors of this mirsculous mochine included a future Mebel
prize winner!

Alter graduation (his in 1924, mine in 1925), we became assistanis 1o
Bruni. We remained together until 1933, when Matta won the Chair in
General Chemistry at the University of Pavia and transferred there.

Up 1o that fime, Natta’s scientilic activity was predominantly directed
toward x-ray studies of crystal structures in what must be considered the
first Italian centre for this type of work, The centre was founded in 1923
in the old Piacn Cavour laboratory where G.R. Levi, Natta and A, Ferrari
worked. In 1923, he went o Freiburg to study the new techniques of
electron interference in Prof. Seemann's laboratory. There he came 1o
know Hermann Staudinger and his pioneering work on macromolecules,
and so was led to applying his knowledge of x-ray techniques to the study
of the crystal structure of high polymers, with great stccess,

After a period as Professor of Physical chemistry in Rome and of
Industrial chemistry at the Turin Politecnico, Natta returned to Milan in
1939 1o succeed Murio Giacomo Levi in the industrinl chemistry chair at
our Politecnico. This marks the beginning of the golden period of his
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pesearch and teaching, which continued with increasing success until the
fppearance and development of s illness.

 Natta’s most impressive aspect was his dual personality as a scientist
of deep theoretical preparation on the one hand, and as 8 technician
concerned with the practical application of his findings on the other. He
was 8 true industrial chemist, comparable to Claude, to Haber, w0
']_Iérgius. This vocation was apparent [rom Lhe very beginning when
in 1926, only two years after graduatlon, he applied himself to the
synthesis of methanol.

From a didactic point of view, although he was not blessed with
particular oratorical ability and showed a certain innate imidness and
reserve on contact with the publie, his lessons were quite interesting and
elfective, packed with concepls and ideas. As soon as he returned to the
Politecnico in 1939, he deeply renewed the teaching of industrial chemistry,
which until then had been descriplive and informative in character, ©
_3{\": it & formative content which gave the fundamental principles of in-
-tll:.lh'i:al chemistry and slso considered the economic factor. This modern
mpptm::h to teaching Industrial chemistry, based on the principles of
i.ﬂ:md:n:mm kinetics and catalysis, and on the study of unit operations,
_":lhuwn to be pnrlj-:,u!arl',.' well suiied for chemical engineers and was
i immediately by varicus Italien schools.
lh the help of indusiry, he took greal pains in the rencwal and
i ization of the Institute of Industrial Chemistry in our Palitecnico
'_ 'iI ma moved to 4 new location and equipped with all the equipment
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necessary for the use of the most modern methods of physical and chemical
research. : '

Ever kind and polite in his dealings with colleagues and collaborators,
he knew how to communicate to the latter his enthusiasm for research, as
shawn by the number and quality of his students who reached university
chairs or high positions in industry. B

Until his illness appeared in 1939, his private life passed ecalmly
with his wife Rosita and his two sons, His wife pave him loving care
during his sickness, and her early death in 1968 was for him a heavy blow,

He accepted his pain with stoicism and resignation, | recall one day
a5 | visited him in his office at the Politecnico, he said he had accepted it
with resignation also because it required him {o remain seated at his work
longer, and thus allowed him to devote himself without interruption to
the large problems he was grappling with.

His work won him broad and well merited recognition on an inter-
national level, culminating in the Nobel Prize [or chemistry in 1963 for
his studies of stereospecific polymerization and macromolecular . sioreo-
chemistry which will be discussed shortly. He was named a member of
numerous foreign Academiss and Chemical Socicties, including the New
York Academy of Sciences and the USSR Academy of Science, He
was a member since 1955 of the Accademia dei Lincei and since 1964
of the Accademin dei Cluaranta (Academy of the Forty).  His: prizes,
medals and honorary degrees are innumerable,

On this occasion, Taliasn chemisiry remembers him with honour and
affection,

5] GILILIY MATTAD PRESENT SICHIFICANCE OF HIS SCIENTIFIC CONTRIBUTION
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Natta’s Work until 1949

RaLambn RiGanonTs
Psteiute df Chimica frdusiriale del Polifecerco, Toerino

[n the brief time allotted in this commemoration, it is no easy task 1o
summarize the scientific activity of Prof, Matta, since more than 500 papers
in scientific journals bear his name, alone or st the head of a list of his
colluborators. Therefore, | will limit mvsell 10 his work until 1949, the
year in which he left the Technical University (Politecnico) of Milan to
assume the chair at the Politecnico of Turin. For the sake of completeness,
| will also briefly mention some of his work in subscquent years, represent-
ing the continuation of research begun in the above period, MNote also that
this date corresponds more or less to the beginning of the long research
activity in the feld of polymers which brought Natta the most coveted
prize in science. My [riend and colleague from Milan, Prof. Pino, will
consider this peried in the next address.

Very few know that Prof. Natta began his scientific career in the field
ol preparative organic chemistry, studying the formation of mercaptans and
alkyl sulfides by reaction of alcohols with aluminum sulfide and then
extending this technique Lo the preparalion of the analogous selenium and
tellurium compounds and of arsines, working with magnesium arsenide
for the latter (Tahle 1), It is even less well known that, afier graduation,
he used this technique to synthesize various homologues of musiard gas
during his military service st the Military Chemical Centre lahoratories
in Rome and that he tested thes: compounds on himsell (o prove their
blistering properties. This gave him quite a repulation for heroism with
his superiors and allowed him to be sent as a simple soldier on his own
to Milan for several months to continue his research at the General
Chemistry Laboratory of the Politecnico, which was beter equipped than
the laboratories in Rome. In itsell this is insignificant compared to his
greal body of later work: however, {t reveals Natia’s passion for rescarch
Even then.

NATTA'S WORK UNTIL 949 i



TABLE 1 - PREPARATION OF ORGANIC SULFIDES,
SELENIDES, TELLLRIDFES AND OF ARSIMNES

ALE, + FOFLOH — ALO + ICHLSH

ALS; 4 GCHOE =+ 2AUOM), + 5CH;)S

AlSe + JCHOH — AL, + 3CHSeH

AbSe o SICHMD =+ ALD 4+ JCH: )5

AhTe + GCHOH — 2AN0HYR + 3(CHD:Te

2A0AL o FOHOE = ALO, b {CHikAsH 4 CHA=H; -
Mgte + FCHOH — SMpO + (CHauAsH 4 CHAsH;
[CEL G AsEL 4 CHAsld: = (CH 1t + Asl

Following this early isolated episode, Matta began work in the field
ol x-ray structure determination of crystalline substances — & new or
almost new aren and 50 a very Fruitful one. He devoled himsell enthusiasti-
cally and intensely (0 this work, adding 56 publications in seven yvears (¢
16 publications in other fields for o total of 72 with which he won the
Ceeneral and Inorganic Chemistry Chair at the University of Pavia. These
studies formed a solid and deep preparation for his later work, which led
to the Nabel prize, as he himself noted on that oceasion,

Using this technigue, Natta studied the structure of the exides of cobalt,
lead, tin; of the hydroxides of codmium, nickel, iron, strontium, cobalt;
of molybdenum sulfide and chromium chloride; of the arsenides of alu-
minum, magnesium, zinc; of white phosphorus; of the cyanides of silver,
sodiwm, potassium, ruthenivm and cesium; of perowskite (calcium meta-

TARLE 2 - S0LID SUBSTANCES STUDMED USING X-SAY DIFFRACTOMETRY

PED, Snld, Cedlk, Cogll, Codly

Cl.l[t}l-[h. F-H.{.I'Hh. Nl{ﬂHh. Ce O HK
Elln.'ﬂl'!h » BHLO, S0y ¢ BHO

CrCl;

Az, MpAs, Ends

white P

AgCh, MaCH, KCMN, RBCM, CsCH
CaTilly

mnld - Shlh, mCa - Sbiy - nHAD
CnyShyCly, Phalibglds, (ShaiFiShal, (= 355:0)

titanate), and of several antimony minerals (Table 2). He also studied
substunces which are liquids or gases at ordinary lemperatures using a |

particular technique involving solidifying them on a glass capillary con- 1
nected to the bottom of o Dewar flask filled with liquefied air. In this way,

he obtained on the capillary the form suitable for study wsing the so-called |
& powder method ». It is intoresting to note thet by working in this way 1
he was already using the freezing method in which strong and very rapid T

B GIIFLIO MATTA: PEESENT SIGNIPICANCE OF HIS SCIDNTIFIC CONTRIBUTION N
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cooling gives a mass of very fine crystals and prevents clumping. With
this technique he studied (Table 3) benzene, thiophene, hydrogen sulfide,
hydrogen selenide, krypton, xenon, phosphine, arsing, silicon tetrafluoride,
hydrogen peroxide, hydrogen chloride, hydrogen bromide and hydrogen
iedide. From the last three compounds, with the sharp abservation that the
diameter of the hydrogen ion H* (thal is, the proton) is absolutely negligible
compitred to that of the chloride, bromide and jodide anions (C1, Br-, 1),
he was able to determine the ionic radii of these anions from the size of
the unit cell, From these, using literasture data for the dimensions of the

TABLE 3 - GASES AND LIOUIDS STUDIED IN THE SOLID STATE
LUSING X-RAY DIFFRACTOMETHY

CaHy, CHS
H,5, 15

Kr, Xe

PH,,. AsH,;, Sl
H Oy

HIL HEr. HI

DIHI:HEHH:'IH:L AMALCOY HETWEEN MALIDE |OKS AND BART GASES

Cl-—=1%2 R Ar=141 X
Br~ = 2,04 A Kr= 204 A
I“=221"R e = X1H A

TADLE 4 - COMPLEX COMPOUNDS AND SPINELS
STUDMED USING X-RAY THEFRACTOMETRY

[CodWNHLHA] L, [CoiMHL] L
CatigCly, Caligliry, CsHgl,
ry, Cslll,
CaymiCl. BbyPeCL, CsTeCl
Cald - ALy, Colt - O, Cal) - FioyLl,
Cald - Coglly, Eald - Co,0,
200 - Sok)., 2ME0 - Saly
o5 CogSh, ZnS - OnSs

unit cells of other compounds, he was able to determine the ionic radius
of numerous cations and so correct the values found by Goldschmidl using
other hypotheses. He also observed that the radii of the above three
anions were equal to those of the argon, krypton snd xenon stoms, with
Ahe same number of extranuclear electrons as the former.

Natta performed a series of studies of complexes and spinels (Table 4):

the cesium tribalogenomercurates and tribalogenocadmiates, the cesium ad

rubidium :hlmupla:mmcs the cesium chlorotellurite. In these studies, he

“demonstrated the existence of isomorphism. Spinels are formed by the union

ol
(HATTA'S WoRk UNTIL 1949 o



of o bivalent metal oxide with a trivalent metal oxide; Natta studied those
containing cobeltous oxide and observed that spinels with coballic oxide
are also possible. However, perhaps his most interesting contribution in
this field was the recopnition that certain compounds made from two
moleeules of bivalent metal oxide and one of tetravalent metal oxide have
the same structure as spinels. These include the stannates of cobalt and
magnesium, o3 well as some sulfur salts like zine sulfochromite, that is
compounds whose molecular formula is analogous - that of the spinels.

However, the spiril of the scientist was not directed only toward
primarily theoretical or speculative questions like simple studies of crystal
structures, He alzo sought ways 1o apply scientific methods and results 1o
problems ‘of more general and at times also practical interest.

TABLE 5 - ALLOYS AND ISOMORFISM CASES
FOUND BY X-RAY DIFFREACTOMETRY

Cal-Ag, Cd-Mp

(PhEmi0, (Ca A0, o Mri0, (Ca okl
(Ca i, {EI.MED

(Co Ml (OH). (G Oy (0, (Co M) {0H]
(ML ME) (OH Y, (Mo, Cdb (OH), (MgZn) (OH)
(MLEal {OHY, (Codn) {OHE

WolCLON, MofBroCi gy, AglCh )

Cud PLTebCL. 105, BB)RPRCL

{CaPhLEhO., (CaPh S0 50,

For example (Table 5), he studied cadmium-silver and cadmium-
magnesium alloys using x-ray diffractometry, clarilying certain poinis of
their state dingrams (a method later applicd widely to this type of research).
With the same procedure, he recognized that Rinmen green and Thénard
blue are spinels and that cobalt pink is a solid solution of the oxides of
cobelt and magnesivm. Finally, he observed the existence of phenomens
of isomorphisn in various pairs of oxides and hydroxides, defining the
ratios between the vorious metal jons within which this izomorphism
oceurs, 1 will discuss below the most interesting application of x-ray
diffraction: the study of catalysis.

Related to the study of erystal struelures with x-rays is the use of fasi
glectron diffraction for the same purpese: Maita turned to this technique
after learning it ot Freiburg with Seemann. Perhaps the hest way to describe
the research of that period fs thet Matta « amused » himself by examining
very many suhstances with this method. This word comes to mind spon-
tancously when 1 remember the enthusiasm and almost child-like spirit of
curiosity with which he applied this new research method (Fig. 1) o
alkaline, ammonium and silver halides: to lead, manganese, zinc sulfides;
to metals like sitver, gold, platinum, palladium, iridium and ruthenium

10 GIULIG MATTA: PRESHNT SIGNIFICANCE OFF HIS SCIENTLIFLC COMTRISUTION
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Fig 1 - Eleelton-beam photograms.

deposited on thin films ef colledion by reducing their salt solutions: and
to many other substances which he never even published. This enthusiasm
and spirit of curiosity led him to discover two very interesting facts; one
gbout alloys, the other about polymers.

Polymers were studied using thin films obtained by evaporating o few
drops of a solution of them on & water surface. The work was extended to

numerous products (cellulose and its esters, vinyl derivatives, polystyrene,

rubber) and led to the determination of interatomic distances typical of the
polymeric chain. Watta undertook this study with the idea that, given the
thinness of the films examined (107 mm) and the length of the polymeric
chaing, these should lie in the plane of the films themselves and so facilitate
the determination of the interatomic distences. But this research wes
blocked from the beginning by a curious phenomenon: during the manipu-
lations, the thin films became covered with 8 monomolecular loyer of fats,

ich gave fts own interference pattern to hide that of the polymer. Thus
all the photograms were the same and could not be interpreted on the basis
of the chemical formula of the polymer itself, The discovery of this phen-
omenon had greal repercussions among the other European workers running

WATTA'S WomE UnTIL 1949 11



TABLE 6 - EXAMINATION BY ELECTROMN RAYS OF Pr-Ag ALLOYS

LATTICH COMNSTANT

Pt 3013 A
Al 4078 A
Ft prec. on Ag 4pa5 A
The same, overarned 4078 A
The aame, hented b TODAC 4003 A

analogous experiments, and led Natta 1o examine thin films of paraffin and
fatty acid esters using the same methed.

As regards the alloys (Table 6), Natta observed that depositing noble
metals on thin-sheets of less noble metal, by depositing the former from
solutions of their salts. gave films not of the pure noble metal, but rather
of alloys of it with the less noble metal. Howewver, these alloys showed one
particularity: il the less noble metal has a onit cell smaller than that of
the metal precipitated on it, the cell of the alloy formed follows the Vegard
rule, expanding proportionally to the quantity of noble metal present.
on the other hand the cell of the less noble metal is larger, the alloy formed
on precipitation keeps the dimensions of that of the precipitating medal,
even up to a noble metal content of 30%. Upon cold aging or heating, the
cells contract, to reach the values predicted by the proportionality rules.
It iz also interesting that these films, even thowgh wvery thin, show a
different composition on each face, as shown by inverting the position of
the test film in the electron rays: the side facing the precipitating metal is
richer in it. This sheds light on the topochemical mechanism of their
[ormation.

In addition to all these studics of & more speculative nature, Natia
pursued an intense and highly successful activity in other more applied
arcas: the foremost include the synthesis of methanol (Fig. 2), effected with
a particular catalyst made of smithsonite calcined at 400-450 “C. and thut
of highet alcohols from carbon monoxide and hydrogen, This last required
a long analysis using fractional distillation, which would have been con-
siderably accelerated by modern gas chromatography technigues.

However, in thess applied studies as well Matta developed the theor-
ctical part also. While in the synthesis of higher alcohols he studied the
reaction mechanism by hydrogenating salts of carboxylie acids; in that of
methanol he wroed his attention to the catalyst (Table 77, studying it by
x-ray diffraction as well as adsorption of hydrogen, carbon monoxide and
methanol vapours. In this way, he was able to show that aging of the
catalyst was due to enlargement of its crystals and that high melting pro-
molers like aluming, or chromium, iron or nickel oxide, hove & negalive
effect on the sintering, especially when they are partially combined with or
form solid solutions with zinc oxide. In the latter case, he was also able

12 GILLIG NATTA: PRESENT SIGNIIICANCH OF HIS SCIENTIFIC CONTREBUTION
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Fig. 2 - Synthesis of aleohals from carbon monoxide and hydrogen.

to show that the small quantities of nickel or fron oxides in =olid solution
with the zinc oxide are not reduced to the metnl, so preventing the onset
of side reactions in the synthesis of methanol,

 Sludying the structure of these catalysts led Natta to a shrewd obser
vation: many catalysts are known to be prepered from a mother substance
Ao be reduced with hydrogen or caleined 20 a2 1o lose some of its componeants
Awater, carbon dioxide, oxygen, &fc.) withowt varying its own apparent
wolume, In this way, a microcrystalline structure is obtained with very
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TADBLE 7 - STUDIES ON CATALYSTS

Enld oeTArMED FROM RIEE OF CRYSTALS AFTER HEATING AT $00°C
2h th ; 15k
Sinithsomite L= . § e & 130 A
Basic carbonaie 250 = - » I e
The same with Crik, 130 = 150 = 1Tl =
CATALYST SOURCE YHLUME REDUCTION ACTIVITY AND ELITT
Fe Fe,0, 53 8 good
97 % Feld + 3% Crely -1 very geod
Feu, B bad
Zn{} Zniill 49,2 » gooid
Gy EnCOL + 5% Crd, 479 very good
Zn(OH, 554 » 'tu-?r
n cxolske 750 hadd
Zn forminie T&83 = hacd

extended surface arce and extremely high porosity. By comparing the
catalytic activity of the obtained catalyst with the variation in molecular
volume on going from varicus mother substance to finished catalyst, Natta
cheerved that good activity was only shown in those cases where this
variation in volume does not exceed 30-55% of the molecular volume of
the mother substance,

The studies on methanol were extended Lo the kinetics of the process
{Teble &), overcoming the experimental difficulties arising from the necessity
of operating under high pressures, Natta found the kinetics to be deter-
mined csscntially by the chemical reaction between the adsorbed phases,
that the reaction is hindered by adscrbed methanol, and that the catalyst
uses only the initial part of the whole adsorption curve. From these results,
he concluded that the synthesis should be run in the presence of a lorge
exeess of hydrogen.

A second area of applied research was the preparation of formaldehyde

TABLE B - KINETICS OF SYMTHESIS OF METHANOL

OO 4 XMy == OHLOH

.ru.lP-:uj;?ﬂlul - :ulqu;tu,ulu

(A + HBfompen + S, Pa, 1 D.rnl_.ﬂrl"m,nﬂ."

r = reachion rase

I = fugacity coeflicient

o = partial pressie

K = equilibriom constant

A, B C. I} = iamperalure variahlo constants

=
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TABLE @ - SYNTHESIS OF FORMALDEHYDE AND COAL GASIFICATION

SYNTHNSIS OF PEESALTENTIER

CHOH = CHLO + kg
CHOH + 10, = CHA 4+ HD

CCIAL GASIPICATEN
Warter-gas {fllue gush

C o HeD = OO0 4 Hy—28,7 Keal
LA 150 = 00 4 292 Keal

avra
Mo YHD 4 L0y = OO -} 2H; o C0y 4 10,5 Keal

iTable 9), studied earlicr through the dehydrogenation of methanol over
catalysts made up of pure or silvered copper. One of the findings, based
on thermodynamic considerations, was the favourable effect of the presence
af carbon diexide in the mixture sent over the catalyst, Later Matta studied
the process by exidalion of melhanol as well, developing & catalyst based
on molybdenum and iron oxides.

The svnthesis of methanol required the preparation of mixiures of carbon
mencxide and hydrogen of compositions which could not be obtained from
the classical production of water-gas. Pursuing a brilliant idea based on
the chemico-physical principles of this latter production, Matta realized
the gasification of carbon with water vapour and oxygen at relatively low
temperatures (800 “C) to prepare a mixture of carbon monoxide, hydrogen
and carbon dioxide. When carbon dioxide was then removed using known
methods, the mixture had the correct composition for the abhove-mentioned
gynihests,

Another reaction Matta studied was the dimerization of isobutene 10
isooctane: he achieved good yields using alumina as catalyst, in the presence
of small amounts of hydrochloric acid.

Maita carried out & long series of experiments on hydrogenations (Fig.
3), in purticular of glucose and other carbohydrates and furfurcl. In this
period, this type of reaclion and catalyst was of great interest to many
researehiers,

From the hydrogenstion of glucose Matta obtained sorbitol, glycerol,
glycols and alcohols in various yiclds depending on the reaction conditions
and determined the conditions required (o obtain the highest possible yield
af plycerol. He also observed that with some catalysts the reaction was
preceded by the isomerization of glucose to other hexoses, and gave a
justification for the composition of the reaction products based on their
free energy of formation.,

Furfurol also gave a series of substances: [urfurylic and tetrahydro-
Turfurylic aleohols, amylenic glycols, amy] alcchols and methylfuran, once
igain In various proportions depending on the reaction conditions.
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GLUCDSE —=Serhitol —= Glycerol —=
—l-Frup:.-lem gl}rd.—l-isn-ﬁqnml

BUTADIERE —= Bulene +—sgulane)

FURFUROL ——=Furfuryl alcohed ran

[:mrllm glycols  =—7Tatrahydrofurfuryl  aloohol
myl aleahpls =— Tetrahpdromethylfuran

1 Methyd Furans
2amylics

3 Glycols

4 Furfurylics

b 20Mi-B3Co

< M| Fancy

d Cu chromite
F

Fig. 3 - Hydragenntiens,

These studies with furfural led him 1o investigate the preparation of
this compound sccording to the classical method of hydrolveing apricultural
wasles. However, he cifected this hydrolysis with an ingenious process
(Fig. 4) Ile'!ﬂT'lg the principles of physical chemistry: the reaction was
run in a column in which the material to be hydrolyzed, impregnated with
hydrachloric acid, was mode 10 descend against 8 counter-current of steam.
Because of the liguid-vapour eguilibria between hydrochloric acid and
waler, the former concentrates in one area of the column ond there
considerably speed up the hydrolysis reaction, while the steam immediately
removes the furfurol formed, preventing resin formation and giving higher
yields than other processes, By recveling the condensate after the furfurol
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was distilled, Natta concentrated the acetic acid formed as by-product to
allow its recovery.

Natta also studied the smmonolysis of the furfural hydrogenation
products, preparing heterocyelic bases of the pyreole and pyridine group,

Among the hydrogenations Natta studied, the sclective preparation of
Butene from butadiene should be remembered. He began from the prin-
ciple of wsing o catalyst with active sites very far apart, to allow the bulene
molecule to be desorbed as soon as it formed, before it could be furher
hydrogenated to butane.

An impartant chapter in the history of Natta’s work is the preparation
of butadiene (Fig. 5), the starting materinl for synthetie rubber, His
earlier studies of catalysts allowed him to improve, by the addition of
chromium oxide as promoter, both the alumina-based catalyst in the carly
process starting from mixtures of alcohol and acetaldehyde as well as the
subsequent one based on magnesium oxide and silica in the process from
alcohol alone. The x-ray diffractometric study of the structure of the latter
catalyst showed that during its preparation and tse small quantities of
magnesivm silicate formed, Jowering the yield of the reaction. Thus he
conld prepare catalysts capable of giving higher yields of butadiene from
alcohal.

The above research led to the necessity of studying & process for separ-
ating butadienc from butenes, formed in considernble quantities as by-
products. The solution o this problem came to Matta while he was
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Froen alcohal and acelaldehyde

CZHE oH + l:.‘rl:hIIHIZF—"C‘lHﬁ + EHEEI

Fram alechol
El.'&HEEIH- _.-':i.H:!i * .EHzl:I +* |-||z
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':! Hg =
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e

tp gmgm -!-tﬂ.:H‘E

Fig. 5 - Wuindiene preparation.

speaking to an sssistant, walking us was his habit through a long corridor
of the Institute of Industrial Chemistry in the old loeation of the Politeenica
of Turin. later destroyed during the war. Since the use of a selective
solvent had proved to be insufficient, Natta thought of using in the absorp-
lion column a flow of the most easily absorbed companent from the bottom
t the top, partially degassing the liquid at the base of the column by
heating, cblaining in this way an additional fractionation of the pascous
mixture into its compenents and so better separation of the butadiens
from the butenc, After the war, this process, discovered also by the
Americans that mamed it Distex, was studied by Natwa from the point of
view of designing the extraction column and was further perfected 1ech-
nologically (Fig. 6). The absorption was performed under pressure, and
the desorption partially through expansion and partially through stripping
with the less soluble gas, followed by recycling of the products. The study
was later extended 1o more complex mixtures, even those conlaining non-
phsorbable gases,

Theee other rescarches must be recalled. In the first, the fruit of an
expert study, he showed the danger of an excess of water and fine sand
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in the composition of conerete: it leads 1o more porous structures in which
hydrolysis and carbonation during the hardening period occur oo rapidly
and so prevent the increase of resistance with aging.

The second concerns the process of a chain of successive reactions
{Table 10). Matta took as the test reaction one in which o compound B is

TABLE 10 - KINETICS OF SUCCESSIVE HEACTIONS

AR Al
Al B— AR,
Bl = Ry | o a7 +
U — K K — K} L (R = ..l
F_E'rl 4
[ T Y —
e S

i ,:'C“:dl

Lo, Cig, = coneeniration of & and A8,
i = $IRTLing comcentrition of A

K Kr oo Koo = vebaciy constants

I = lime
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TABLE 11 - RATE OF ULTRASOUNDS MROPAGATION TN POLYMERS

.,rj;_j.'.'. =R = Ym (Ramn Rao's fosmela)

[
u = plira<gpunds veloclty
M = mobeculor weikhi
8 = densd
iy = mumber of gioma of che b species
Ky = comstang for the adoms of the jih apBCies

FORM FPACTDR
Parilline 1.0
F'ulzr.'rhﬂ:n: 1.00
Mykin &6 1.0
PFaly-rsabuiylens 0.ED
Palvatvrens 047
Butyl rubber 055
Hizina 52
Huven mibbor {150

added repeatedly 1o a compound A, and conducted a theoretical study of
the kinetics. He was then able to determine the distribution of the various
tompounds in the final product as a function of the kinctic constants of the
vorious stages of the process. The theorstical relationships found were
verified experimentally in the addition of ethylene oxide 1o methanal, Not
only was their validity confirmed, but it was also observed that the ratcs
of the reactions after the first are higher due to the greater energy of the
just formed molecule, which holds part of the thermal energy developed in
the reaction. The theoretical study was also extended to consider recycling
of the intermediate compounds,

In the third {Table 11}, while measuring the rate of ultresonic prapa-
gation in polymer solutions and comparing it with the theoretical one
caleulated with Rama Roo's formula as the sum of the contributions of
the individual stoms=or interatomic bonds, Matta found that the ratio
between the experimental and theoretical result (called by him the « form
factor »} was approximately | for linear chains hut fell to 0.7-0.8 in the
presence of branching.

With this werk in 1949, Nata returned o the study of polymers
begun earlice with the electron ray experiments mentioned above and
started loward the large body of work which prof. Pino will now discuss,
I will close here by asking your pardon if T have occasionally not men-
tioned the friends who collaborated with Matts in the work I discussed,
They are very many, and 1 did not wish to mention all of them including
mysell. However, | am sure they will agree that this silence aboul our
names is 2 real homage and thanks 1o the memory of our Teacher, whao
guided and aided ws in shaping our own carcers,

g i} GILLID MATTA: PRESENT SICHITICANCE OF 1% SCIENTIFIC CONTRINUITION




The Scientific Activity of Giulio Natta
from 1949 to 1973

Pieno Piwo
Erdpendssische Technizche Hochischule, Zinch

This most significant pericd of the scientific activity of Prof. Natia
started with his st contects with the LLES.A. chemical indusiry, where
n very ripid development of petrochemistry was producing. substantial
and unexpected changes,

The profound emotions that Professor Natta felt during his first trip
to theé U.S.A, arc well described inoa paper published in Lo Chimice ¢
I Trdwestria (')

Since Natta hed received his education in chemistry and chemical
engingering in the twenties, e when industrial organic chemistry was
mainly based on coal and fermentation products, he was fascinoted by the
new possibilities offered 1o the chemical industry by the practically un-
limited availability of unsaturated hydrocarbons like elthylene, propylenc,
butenes and butadiene easily oblainable rom petroleum and he immediately
recognized the indusirial potential of the chemistry of aliphatic compounds.

P. Giustiniani — at that time General Manager of Terni SpA., and
liter Managing Dircctor of Montecatini SpA — with whom MNatta visited
the US.A. Tor the first time, shared his enthusiasm. Thus, by the end of the
forties, the Industrial Chemistry Institute of the Politecnico of Milan and
Montecatini Company {later Montedison) cstablished that fruitful col-
laboration which was to produce extremely important industrial achieve-
ments, among which the commercial production of isctactic palypropylenc.

Cin his trip to the U.S.A., Prolessor Natta was impressed by the number
of scientisis: who worked al the research laboratorics and by the way in
which research was organized.

In 1948 he wrote: « It often happens that the number of chemists
working fn those huge laboratorics is 400 to 600. A few years ago it
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amazed ug that the number of chemists working 2t the 1.G. laboratory
of Reppe was about 100, and that the research on nylon wes carried oul
by 30 scientists. Mow, compared with the present number of US.A.
researchers, these fgures seem insignificant » ("),

In the same article he also writcs: « In my life as a modest researcher
there were ten et the most chemists under my direction, and o follow
them all seemed to be a very hard work to me. | wonder how 2 single
man can direct 500 to 600 rescarchers ».

Being highly interested in research organization. he often urged me
te describe how research was carricd out at the Organic Chemistry Labora-
tory of the Polytechnic Institute of Zirich, where T had gone in 19350 to
specialize in organic chemistry under the direction of Professor Rukitka,
a scientist whom Matta admired for his achievements in the ficld of organic
syntheses,

Thinking that the academic world — scarcely ready [or substantial
innovations — could hardly have provided young graduates with the up-
to-date preparation required for the large-scale introduction of petro-
chemisiry in ltaly, and, at the seme time, wishing to avail himself of a
research team capable of competing with the U.S.A. teams, Natta pro-
posed, and Mr. Giustiniani agreed, that 10-20 graduates in chemistey and
industrial chemistry should be engaged every year to be trained in indus-
trial aliphatic organic chemistey a1 the Industrinl Chemistry Institute of
the Politecnica, before they would siart to work in the Montecating lab-
aratories.

After the didactic expericnee made in the more developed countries
in Europe and in the US., the troinee would have to carry out 2 research
project independently and attend courses on industrial orgenic chemistry,
ag well as on sdvanced topics of orpanic chemistry, physical chemistry,
and insteumental analysis,

It is to Mr. Giustiniani's eredit that he acceded to Matwm's request
without fallering. Actually, Natta's plan: would never have been realized
withoul the support of the industry.

Thanks 1o the cercful selection of the trainees and to the high quality
of the teachers (in addition (o Prof. Natta himself, 1 wish toc mention Prof.
AL Quilico, Prof. G.B. Bonino, the late Prof. &, Piontelli, 25 well 25 notable
industrial managers, such as G. Greco and the late F, Tredici), and to the
climate in which the trainees were able o develop their scientific work,
the chemists educated at the Milan Politecnico in the early fifties still
constitule the supporting structure of the mejor laboratories of the Tralian
chemical industry. Some of their names snd present positions are men-
tHoned in parentheses in Fig. 1 ond 6, after the description of the research
works they collaborated on.
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Fig. 1 - Summary of Natia's research in the Beld of carbon monaxide chemistey,

I have dwelt on this praject because, in my cpinjon, it largely con-
tributed fo the extraordinary results that Natta achieved in the period
[rom 1953 (o 1963,

These very results were ohiained alzo because the Institute was provided
nof only with modern equipments for x-tay ‘and clectron dilfraction
sludies (the iraditional field of Malla's Tesearch activity), but also with ad-
Bquute equipment for 1R and uv spectrography, which at the time were
considered pioneering techniques.

Vorious research teams and services were estiblished within the
Institute, even if informally.

An important step in the life of the Institute was the creation of the
Plustics Testing Laboratory, set up by Matta with the collaboration of
Prol. D. Pagani, and with the fnancial support of Milancse firms (%),

The space available for the Institute was considerably increasad with
the construction of & new building snd the scquisition of the building
formerly housing the « Stazione Sperimentale per i Combustibili

The scientific activity developed by MNatta from 1948 onwards followed
two main trends of high theoretieal and practical intercst, which are still
valid even if 30 years have elapsed, i.e. the chemistry of carbon monoxide
and the synthesis and properties of macromolecular compounds,
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Natta's early rescarch on the chemistry of curbon monoxide dates back
to the twenties. In the early forties he became sequainted with the « oxo-
synthesis », a reaction discovered by Dr. Rohlen of Ruhrehemie,

Realizing is commereial importance, Natta investigated this reaction
after 1943 [with E, Beati (")] with the twofold purpose of extending the
scape of this reaction — originally applied to ethylene only — to various
arganic substrates, and of studying the mechanism of the same as well as
of analogous carhonylation reactions investigated by Reppe during World
War 11,

Being convinced that the catalytic activity of the cobalt-hased catnlysis
discovered by Réhlen was higher than that of the nickel catalysts discovered
by Reppe, Natta reinvestigated the carbonylation of acetylens,

The tesearch he carried out in this Geld from 1947 o 1954 resulted
finally in a new onc step synthesis of suecinic acid from acetylena (). A
pifot plant based on this reseorch was later implemented with the col-
labaration of 1. Pasquon and G, Albanesi.

As carly as 1944 Nawn realized that the olefins hvdroformylation
rale was independent of the total pressure of the 1:1 carbon monoxide
and hvdregen paseous mixture,

However, it was only after 1en years that MNatta succesided in demon-
strating that the said independence was connected with a reaction of first
arder with respect to hydrogen and of order (— 1} with respect (o carbon
monoxide [with the late R, Ercoli, full Professor of Industdal Chemistry,
Palermo: University, and 8. Castellano, Carnegie Mellon Institute, Pitis-
burgh, Pa. U5.A. (],

Natta's interest in the chemistry of carbon monoxide remained alive
even in subsequent years. As o matter of fact, he investiguted the prep-
aration and reactivity of chromium hexsearbonyl and its avenic derivatives,
and synthesized vanadium hexacarhonyl, thus obtaining the first carbanyl
of a metal of the 5th group of the periodic table and the first paramagnetic
metnl earbonyl [with R. Ercoli and F, Colderazzo, now full Professor of
General Chemistry, Pisa University (7).

The above very important results obtasined by Matta in the feld of
carben monoxide chemistry correspond only to o minor part of his scien-
tific activity. Indeed Natta obtained his most important achievements in
the ficld of high polymees. His first research in this field started in 1932
during his stay in Freiburg im Breisgau where he met Professar H. Stau-
dinger "), Later, he contributed to the first production of synthetic rubber
in laly. Afler World War, 11 polymers remained to be one of his main
research interests, even though after the end of the initial activity in the
field of synthetic rubber no experimental research was in progress in his
Imstitute il the end of the forties.
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5 back In the early fifties Natta started 10 invesligale some physical properties
LRLGE of the polymers, .. the rafe of ulira-sonic waves in melted polymers
[with M. Baccapedds () and the structure of erystalline polyethylene
nciion [with P, Carradini (*)].
ng the However, he never ceased (o be interested in the synthesis of macro-
arions molecular compounds. s talk often turned to the higiu-mnile:ular-waighr
‘el s linear paraffins of which, during a trip o Germany, he had received @
World simple produced by the Fjschur-Tmpsv;h reaction in the Presence of -
thenivm catalyss,
alysts
vered Natla resumed hig experimental activity in the field of macromalecy |y
syntheses after he hod attended the lecture tha Professor K Zicgler de-
ulted livered in Frankfup (1952) ahout the ethylene polymerization in the pres-
LA ence of alkyl aluminium compounds [ Zicgler's « Aufbaurcaktion » (1.
cal- At the end of (he above lecture, which T also attended, Matta asked
for my opinion abaut Ziegler's research: I was most favourably impressed
by Ziegler's research on such g difficult subjec), byr | felt doubtful
ation sbout the commergjyl Prospects for Ziegler's results, Qn this last point
Xide Nautta's opinion was opposile o mine: being well acquainted, thanks 1o
his previous work an synthetic rubber, witk radical polymerizations, he at
o= onee tealized — probably even hefore Ziegler himsell — that the German
lirs1 scientist had found g completely new principle as [ar as the synthesis of
bon polymer chains was concerned, In fact the polymerization of ethylene
Stry, carried out by Ziegler did not oecur by monomer addition 10 a free radigal
itis- Or to o free carbonium jon (Fig. 2), located at the end of a growing chain,
but by monomer insertion between » melnl atom and (he Browing chain
five bourd 1o . :
e
VS, In Mattas opinion this offered Brealer passibilities Fop controlling (he
nyl palymer chain strucyre during the synthesis.
lic Excited by this idea, Matta sugpesied 1o the Montecating Company to
of tater into a collaboration dgrcement with K. Ziegler, and chiarged me (o
establish at his Tnstiuee A research team entrusted with the lask of repeat-
ing Ziegler's experiments, of Scparating ethylene polymers with as high
of 83 possible & molecylar weight, and of investigaling the kinetics of
1y polymerization,
in It was alse envisaged 1o send a fey members of the new team o
32 Zicgler's Institute.
11 Thanks 1o the tollaboration of a pumber of chemists of exceptional
[y capacity (it is encugh 1o mention the late Prof, p, Chini, M. Farinn, now
in full Professor at the Milan University, I, Magri, L. Luciani, £ Giachetii),
e Ziegler's tests were repeated, ethylene polymers were fractionated lay
15 snlvent extraction, and the study of the « Aufbaureakiion » kinetics wasg
i,
TH
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Under the agreement between Moentecatini and K. Ziesler, at the he-
ginning of 1954 Prof. Natla was given the text of Ziegler's pateni on
the preparation of ethylene high pelymers in the presence of catalysts
obtained by causing TiCl and alkyl aluminium compounds o react.
Thanks to the extensive knowledge of the aluminium alkyl chemisiry
alteady existing at the Institute, the research In the new area could im-
mediately be started.

At this point, Natta was able to give full prool of his extremely great
creative talent.

After learning of Zicgler's resulls, and using his greal experience in the
fiecld of heterogencous catalysis and radical polymerization, he assumed
as a working hypothesis that the formation of ethylene high polymers was
due to & higher rate of growth of the polymer chains, caused by the pres
ence of a heterogeneous catalyst activating the cthylene molecule before
it is inserted in the aluminium-carbon bond (Fig. 3).

Thinking that Ziegler could rapidly progress in his research on paly-
ethylene Natta decided to prepare small quantities of the new polyethylens
for the purpose of studying its structure, but at the same time, he degided
tor start the investigation of the polymerization of propylene,

As a matter of fact, as he knew that by reacting propylene in the pros.
etice of aluminium alkyls, dimers or &t most trimers of propylene could be
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obtained, he hoped that the new heterogeneous catalysis found by Fiepler
might give, as in the case of ethylene, propylene high polymers, which
would be suitable for application in the ficld of synthetic rubber with
which he was so well aequainted.

Somewhat reluctantly — we were all engaged in research in other
fields — we starled to prepsre and purify propylene to be used in the
polymerization experiments.

Al the beginning of March 1954, P. Chini obtained a small quantity
of & vellow-brown gummy product which clesely was nonhemogenceous.

The polymenzation of propylenc immediately became the most im-
portant subject of our research; in particelar, G. Mazzanti, who at the

time was al the head of Montecating®s trainees, dealt with the problem

with P, Longi and E. Giachetd.
The tests were repeated using o higher pressure; the gummy product
ws extracied with the solvents we had used for polyethylene Froctionation,

#nd four different fractions were obtained: the first was oily, the second

was similar tooan uncured rubber, thee thied looked like a vulcanized rubber,

_{F.nd finally the fourth Fraction, which at times amounted to 40% of the

reaction product, was a white powder whose melting point exceeded 160 °C,
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All resources Matta had ot his Institute were emploved for the charne-
terization of the new polymers. T. Corradini performed X-ray investi-
gations, and a high crystallinity was found in the less soluble polymer
[ractions. Furthermore, after determining the polymer chain  identity
period, he observed that there existed no planar zigeag conformation
of the type found in Linear parallins, ot least in the ¢rytal state.

E. Mantica with M. Peralde and L. Bicelli carried out the i analyses
and found that the methyl to methylene ratio in the polymer was ahout 1,

Furthermaore, the spectra of the amorphous and crystalline polymers
were found to be similar, except for some bands, present in the latter which
diseppeared upon melting.

F. Danusso and G. Moraglio investiguted the behaviour of the various
polvpropylens fractions in solution and found that they had substantially
different molecular weights,

MNalta's carly ideas was to use propylens for the production of synthetic
rubber: in March 1954 he insisted on copolymerizing propylene with
butadiene with the iden of obtaining o vulcanizable product. However
as soon as the crystalline polypropylene was isolated, he realized that
the new polymer, being a high melting one, could be wesed as & plastic
material in many fields, different from those for polyethylene,

By availing himsell of very simple apparatus, and with the help of Mr
C. Origgi, a technician of exceptional skill who directed the workshop of
the Institute. in May 1954 Natta succeeded in making the hirst fibre from
polypropylene. The mechanical characteristica of the fibre were studied
at the Plastics Testing Loboratory with G. Lutzu.

At the same time, Nata and his collaborators started o discuss the
structure of polypropylene and the reasons for the crystallinity of the
heptane-inzofuble fractions.

At first, the differcnce between the crystalline snd noncrystalline
ractions was assumed to depend on the dilferent molecular weights, How-
ever, Natta was not fully satisfied with this explanation: as a matter of fact,
the molecular weights did not undergo & regular variation with the decreas-
ing of the fractions solubility in the organic solvents, but were considerably
different in the crystalling and the non-crystalline fractions.

Matta liked repeating the saying « Narwrg non facit sefius » and urged
us to look for other ressons on which the said differcnces might be based.

From a thorough bibliographic investigation we were ahle to ascertain
that some crystallinity had been previously observed in & vinyl polymer,
the polylizsobutylvinylether), obtained by C.E. Schildknecht in 1948 by
cationic. polymerization in heterogeneous phase. This polymer exhibited
a very low erystallinity, lower than that of non-fractionated polypro-
pylens (M),

On the basis of the x-ray dilfraction spectra, whose inierpretation
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was dilfcult just because of the low crystallinity of the samples,
Schildknecht and collaborators had sel [orth the hypothesis that the
polymer chains in the crystals had & planar zig-zap conformation, which
was incansistent with what P, Corredini had found for polypropylene.

Schildknecht’s work focused ihe attenticn of Matta and his group on
the relevance of the steric regularity in the polymer main chain to the
physical properties of the vinyl polymers.

After countless  discussions the hypothesis was formulated that the
crystalline and non-crystalline polypropylene [ractions were different because
of the existence in the crystalline polymer of steric regularity in the main
thaing of the macromolecules.

In his first paper on the topic ('), Natta stated that in the crystalline
[ractions the asymmetric carbon atoms may have the same steric configur-
lion al least for long chain portions, and proposed to call the said car-
bon atems, and consequently the polymers containing them, « isotactic »
| Figr, 41.
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churin, al isatnctic polypropylens,

The determination of the melecular structure of polypropylene paved
the way for the discovery that some catalysis based on tilanium halides
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and aluminfum alkyls — found by Ziegler — had a very important and
quite uncxpected property: the stereospecificity, which we now know Lo
be exceptionally high, i.e. equal to or even higher than thal of enzymes.

To fully appreciate the level of Natta's creative skill, it is enotgh to
point out that only three months clapsed from the first synthesis of crude
polypropylene to the first patent application conveying all data about iso-
tactic polypropylene.

‘T'o give 4 few examples, Ziegler obtained his first crude nonfractionated
polypropylene eight-nine monihs after his first patent on polyethylene. Some
U.S.A. .industrial laboratories (c.z. Standard Oil of Indisna and Phillips
Petrolenm), succeeded in obtaining from propylens, by methods other than
Matte's, mixtures of polypropylencs with different stereoregularities but
they did not fully understand the structure even afier years of research.-
Finally, the DuPont Company that in August 1954 — approximalely two
months alter the firsi patent of Natta — had filed a patent on the prep-
aration of a polypropylens mixture with catalysts similar 1w Ziegler's,
only obtained isotactic polypropylene from the said mixture in 1933, fe.
after becoming ecquainted with Natta’s papers,

After submitting his first patent application on polypropylens (%), Matta
decided to develop research on the polymerization of other alpha olefins.
These studies resulted in the patenting of many new isolactic polymers.

He then focused his attention on the factors delermining the sterco-
specificity of Ziegler's catalytic sysioms.

On the basis of the hypothesis that it is & transition metal solid com-
pound that activates the olcfin before the occurmence of the insertion in
Ihe metal-alkyl bond, Matta assumed that stercospecificilty was caused by
the surface regularity of the solid. With the aim of obtaining more regular
catalylic surfaces, Natta decided 1o prepare the catalysts using crystalline
TiCh. inscluble in the reaction medium, instead of TiCl.

Once agein Natla's intuition proved true: the isotactic polymer content
in the crude polymer was increased from 409 to 85%. The way was
paved for the commercial production of the isotactic polymer.

| have dwelt on the discovery of isotactic polypropylene as being
Matta's masterpiece. In this research — more than in any other —
Matta's imagination, decp und wide scientific knowledge, decisiveniss,
perseverance, and incredible skill blended harmonically.

After this discovery, Natn developed a series of research projects of
outstanding importance in the new field, Indeed, Sir Roberr Robinson
wrote that Natta « developed the theme of polymerization as a gran-
diose Tugue = ().
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Fig. 6« Development of ihe research of Motin and co-workers on siereospecific polymerizntion.

The results that Natta and his eollaborators obtained concerning the
stereaspecific polvmerization and relaged ficlds can hardly be listed, How-
ever, the development of this research may be inferred from Fig, 6, drown
from a summarizing paper that Natta published in 1965 (%),

The rosearch that Mata developed in the sixties followed the main
trends described sbove. He continued ro direct the research at his Institute
till 1973, when having reached retirement age, Natta left the Institute
he had directed for more than 35 vears.

The importance of MNatin’s dizcoveries Tor the propress of polvmer
science was immediately understood on an international scale.

As early as in January 1933, Professor P.]. Flory made the following
comments on Mallas first paper on isptoctic polymers  submitied (o
TACS (™): « The results described in your manuscript are of extraordi-
nary interest; perhaps one should call them revolutionary in o signifi-
cance » ("),

This was also the opinion of Prof. Tobolski of Princeton UIniversity
when he published his paper « Revalulion in Polymer Chemisiry » in
1957 ().

In addition to a large number of imernational awards, in 1.8.A.. Soviel
Union and Europe, in 1963 Maitta was awarded the Nobel Prize, shared
with K. Fiegler.

However he considered the best aknowledgments Tor his research to
be the data he often received uboul the commercinl production of the new
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Fig. ¥ « Woeld produciion of isotactic palypropylene.

polymers, and the news sbout the progeess of the scientific and industrial
research in the area he had started.

In twenty years the rise in the commercial production of isotactic
polypropylene has besn impressive: the present production amounts (o
more than 3 million tons per year {Fig. 7).

Concerning the repid development of stercospecific polymerization, he
was very proud of the number of patents that researchers all aver the
world had applied for, in the field, in the period [rom 1954 10 1960 ()
4 in 1954 (when the discovery took place). 25 in 1955, approx. 150 in
1956, about 200 in 1957, 1958, 1959, 1960, for a total of about 1000
patents in gix years!

Now, [ wish to hriefly hint at the activity of Prol. Nalta as an educator
and at the impetus he gave to the progress of macromolecular chemisiry
in [taly.

In 1960 he succeeded in persuading CNR (ltalian National Council for
Research) to establish o Mational Centre of Macromolecular Chemistry,
consisting of cight scetions located in Milan, Padup, Turin, Genoa, Pisa
{two' sections), Rome and Naples.

In the sixties, thanks o this Centre, macromelecular chemistry in Italy
reached u high level on an international scale. The lormer Scctions were
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later replaced by un Institute, some Laboratories, and some Research
Centres,

The activity of Giulio Matta as an educator over almost 40 years has
been so swceessful that it ssems unpeccisary to recall it here.

While he was convinced that (he formal lectures were of little vse for
the education of the young students, Natta deeply believed in the formative
value of discussions on specific research topics, and in particular in the
formative velue of the experimental rescarch work and of the mastering
of the theory necessarily connected (o it.

He had an admirable faith in rescarch: « Scientific rescarch is truly
fascinating, and those who do it are interested in every new application »,
he wrote (™) to conclude his last paper dated 1972, « As far o5 1 am
concerned, should I begin anew, I would devote my life to-resenrch ».

He followed his scholars with the greatest interest, and although he
was somewhal critical of their work, particularly from the point of view
of the practical importance of their research, he was very proud and happy
for their success.

It was his opinion thal success in rescarch may be achieved by those
who make a careful choice of the rescarch subjects and who never neglect
the possible application for the results obtained. The research subjects
chosen should be dealt with through hord work, wimost seientific exac-
titude, and criticism. « In this way only », he vsed to say smiling, « if
fortune smiles on us, any success is possible »,

The importsnce of Natta’s schoal for the lialian university -and
industry may be inferred from the following.

OF his zcholars, about twenty have been appointed as full university
Professors in Lialy and abrowd.

The number of those who attained outstanding positions in the industry
is certainly higher; | only recall the few with whom I was more closcely
acquainted: G. Mazzanti, the former President of ENI; M. Bruzzone
and W. Marconi, heading Assoreni's laboralories; G, Crespi, coordinator
of Montedison's research; G. Pregaglia, head rescarch and technology of
Montedison Petrolchimica, and former President of the Italian Chemical
&:u:ie!::.'; A, Walvassori, Managing Director of Donegani Institute SpA;
A, Palvarini, head of Farmoplant’s research; B. Calcagno, of the Pirelli
Company; G. Dall’Asta, former head of Snia Viscosa’s research Centre
of Collelerro; P. Longi, M. Ragazzini, E, Giachetti, G. Paleari, G. Negr,
I. Ronzoni, U, Soldano, and many others.

Their professional and human qualities hold in honowr the School in
which they were formed.

By his example and waork, Giulio Natia Teft a message that everybody
should ponder and convey to the young researcher who did not have the
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luck to meet him — a message of Faith in research and in the benefits
deriving 10 mankind from science and lechnology.

Matta's optimism about the beneficial effects of science and technology
for the Fiture of mankind was the result of the evenis he had witnessed
and of the successes he had altained: the synthesis of ammonia — on
which industry of fertilizers is based — through which the ever increas-
ing world population may be provided with food; the progress achicved
iz certainly higher; 1 only recall the few with whom 1 was mare closely
in the knowledge of biochemical mechanisms on which fife in our world
is based; of the discovery of new materials, often vselel and sometimes
necessary for the sort of life mankind wants o lead a1 the present time.

Matta's message should especially be considered by all thase who seck
any opportunity too attack research snd the chemical industry wunder the
guise of philosophical and ecological motivations that they do not care to
analyse in a critical and conscious way.,
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The Chemistry
of Carbon Monoxide

The first paper of Professor Natta on this subjest hos been published
in 1930 [G. NavTa, M. Strapa, Giorn, Chine, Ind. Appl, 12, 169 (1930)].

His activity in this field iz proved by many publications. We quote, for
instance: G NWarra, B Beam, Clim, Ind, (Milan) 27, B4 (1945 G.
MatTa, P. Piwe, Chivr, Ind. (Milany 37, 109 (1949): G. NaTTa, P. PIRD,
Chim. Ind. (Milany 31, 245 (1949 G. Nartra, P. Mino, Chin Ind,
(Paris) 63, 467 (1950).

Prof, leving WenpeEr wha is particuladly expert in the mentioned
sithject has been requested to give o contribution to the volume., The
contribution is entitled: Chemicals and Fuels from Synthesis Gas.
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Chemicals and Fuels from Synthesis Gas

Inving WeNneR
University of Pittshurgh, Pittshurgh, PA

The chiel purpose of this paper is 1o present, in broad view, the
present state of knowledge and Tuture rofes of synthesis gas, with some
emphasis on the chemistry of carbon monoxide, The chemistry and uses
of synthesis gas are rapidly expanding fields and an attempt will be made
10 sketch the role that synthesis gas will play in the next Iwo decades.
Professer Matla's contribilions o the kinetics and mechanism of the syM-
thesis of methanol (™) and of higher alcohols (*), furnished sound bases
for the commercial exploitation of these syntheses, which sre now of
increasing importance. His work on the hyvdroformylation {oxo) and related
reactions helped build the industries which use these versatile reactions ().
Dxetails of the mechanisme of synthesis gas reactions will not be discussed:
rather the interplay of synthesis pas as a source of chemicals and as & source
of fuels will be examined.

For the past thirty years, petroleum snd natural gas have been the
maost abundant and inexpensive sources of Tucls and chemicals. The oif
embargo in 1973, and more recent socio-political cvents, have not only
increased the costs of these raw materials but also clearly shown the rsks
involved in depending, to a large extent, on oil and gas supplics from a
single geographical arca, In response (o these events, industry and govern-
ment heve initiated a gradual, deliberate shift from petroleum and natural
gas, both for fuels and for chemical feedstocks, toward other fossil fuel
resources, namely coal, shale oil, tar sands, heavy oils, biomass, organic
wastes, afe.

Indusiry hus been using svnthesis gas as a chemical feedstock for many
years. Almost all of the synthesis gas in the United States has been made
by the steam reforming of methane:

Mi
CHi+ HO — . 35H: + CO [1]
T50:900 7
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In Europe (where natural gas was not cheap or available) synthesis gas
was made also by the catalytic steam reforming of naphtha or light gas oil.
For petroleum-derived feedstocks boiling above about 340 °C, partial oxi-
dation using steam and oxygen has been used to produce synthesis gas.
Sinee the world's proven reserves of coal far exceed those of petroleum
ind natural gas, the partial oxidation of coal will very likely be the source
of synthesis gas in the future, It is of interest thae the first synthetic fuel
plant 10 be built in the United States will probably be the American Matural
Rosources Co. (AMNR) lignite to synthetic natural gas (swG} plant 1o be
erected in North Dakoth. ANR plans to process 14,000 tons of coal into
sbour 125 million cubic feet of snG every day. ANR will also produce
two million gallons of methanol per year; the methanol will he used to
ferith sulfur oxides from the swa. The same company is exploring the
possibility of converting part of the synthesis gaz produced to methanal
for conversion to pasoline using Mobil"s zeolite catalysis.

Many plants for the conversion of coal lo synthesis gas are already in
operation outside of the U5, some for many years. These include the
Lurgi fixed bed gasifior ("), which is used by SASO0L and will also be
psed in the above-mentioned AMRE plant, the Koppers-Totzek entroined bed
process (') and the Winkler Nuidized bed process (8" Thera iz a farge
amount of work now being carried out on so-called sceond gencration
conl pasifiers which operate ar higher pressures with greatcr throughputs.
The Texonco and Shell-Koppers processes, along with the British Gas
Simgging Lurgi seem most advonced olthough there are a number of other
gesifiers that appear promising, including Ssarburg-Otio, U-Gas, the
Westinghouse gasifier and the High-Temperature Winkler, among others.

There is & coming turn that seems inevitnble in the future large-scale
usgs of synthesis gas. In places where methone or naphtha have bheen
chewp, they hove been used as the source of synthesis pas, mostly for the
production of chemicals. However, a small plant (SABOL 1) in South
Africa hes been using the Fischer-Tropsch process to convert coal to
liquids for motor fuels and o chemicals; this plant has been in operation
for over 25 years using Lurgi gasifiers, suitable for the gosilication of low-
rank conls, In the U.S., olmaost a half-million barrels of oil equivaient per
day of natural gas have hean used rto-produce synthesis gas for chemicals.
But most of the naturyl gas produced in the US. has been fed into the
network of pipelines Tor distribution throoghout the country.

However, natural gas pipeline networks have been built in many
countries where the gas has only lately become available; these include
the United Kingdom, Germany, Holland, Denmark, Italy and other coun-
trics. These countries intend to keep their pipelines full snd so, in the
g%l decades, many of them will undoubtedly gasify coal to svnthesis pas
which will then be methanated 10 swe, This amounts o a reversal of what
has been the vsual procedure (sce eq. 1); instead of reforming natural gas
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to synthesis gas, synthesis gas will be methanated o produce synthetic
natural gos (Swo or high BTU pas) (eq. 2):

Mi
3H: + CO —— CHy + H:0O [2]
350°%C

Bul this is only the tip of the iceberg, In the long term, synihesis gas,
presenily chiefly a sourse of chemicals, will be used in large amounts
directly as o fuel gas, converted 1o sx6 for fuel use, converted to liguid
[uels such as gasoline and diesel Tuel, or be vsed to gencrate electricity in
whal promises to be both an environmentally acceptable and efficient woy
(coal gasification-combined cycle). As we shall see, even a number of
chemicals made Trom synthesis gas, such ss methanol and ethancl, may
well find larger volume uses sy fuels than as chemicals. And a major
source of the synithesis gas will undoubtedly be coal.

We shall examine the uses of synthesiz gas hy:

i) - looking first at its individual components, hydrogen and carbon
monoxide;

i} - a5 & source of chemicals (which will also have fuel uses);

i) - as a source of gascous and liquid fucls (which leads also to
chemicals);

iv) - and lastly as & direct gaseous fuel for industrial use and for the
generation of electricity.

1. Hydrogen and Carbon Monoxide

[.1. HyprocGEN

Probably the chiel use of synihesis gas at present is o make hydrogen,
Carbon monoxide in the synthesis gas is reacted with steam to yield more
hydragen (the water-shift reaction):

CO 4+ HiD —— C0: 4 H; [3]

Most of the hydrogen from synthesis gas is combined with nitrogen over a
promoted iren catalyst at aboul 450 °C and 150-350 bars (o make ammonia.
Hydrogen is also consumed extensively in various petrochemical and
refining processes such as hydrocracking, hydrorefining, and the hydro-
genation of various unsaturated substances, Also, immense amounts of
hydrogen may be needed after about 1990 for the direct hydrogenation of
conl 1o clean liguid fuels by advanced versions of the old Bergius process
uscd by Germany during World War 11, This hydrogen will be made by
partial oxidation of coal liquefaction bottoms or of coal itsell or by reform-
ing of light gases made during the dircct hydrogenation of ceal. In each
case, the water gas shift reaction will be wsed o convert the CO in the
syhthesis gas to more hydrogen,
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1.2, CARBON MONGXIDE

Carbon monexide as such has a very large number of uses in chemical
manufacture; it also is used in ore reduction, Some important uses of CO
will be discussed below: other uses, along with the mechanisms of car-
bonylation reactions, have been reviewed by many Authors (%),

2. Synihesis Gas as 8 Source of Chemicals and Fuels

This arca of research, development end commercialization 5 so large
that it 15 best understood by dividing it into three parts: (1) direct synthesis
from carbon monoxide end hydrogen; (2) indirect synthesis where methanol
is,used as an intermediate: and (3) syntheses involving a third chemical {an
olefin, a hydrocarbon, a nitrogen-compound, ete.) which reacts with syn-
thesis gas or with carbon monoxide. This third class will not be discussed
in detail (=) [t is obvious from Table 1. that the synthesis of chemicals
and fuels are very much intertwined,

TAH. | - SOME CHEMICALS AND FUELS FIROM SYNTHESIS GAS

Fuel Gaz — CO 4+ Hi | Comhined Cwele Mower Cencrtian
MBECT SYMTIESES INDIRECT SYNTHESES SO0ME  SWYNTHESES WITH
{win mmethanaly A CHEMICAL NOT DERIVED FROM
SYNTHESS A5
methane * lormaldehvde oleding aldehydes
methanp] ® cihnmend ® nleahals®
ethylens glyeol meihyl pcetale ® taluenc terephihnlic acid
ﬂ:;mt' G i methyl fn:".rn.lll: SINFERE
er [(CC00 o f aeetic aci :
i-'-lﬁu'-ﬂll']'?'! oeEn Blnkr dj ; nitronromatics {socyonntes
dicsel fucl® agenie anhydride -
Cely elefing 'tin[il oo=|ale Sirtideg b sl cs
Eﬁ?ﬂ:' C;_;ﬂﬁgnl':?m“ : sceionitrile
K " iesel Fiee] =
ammania othylomns
propFiens
nTE "

mithyl rhusyl ether*

* Hii e m o tack
F. Benmer, talume and wvlbenes;

In the past, manufacturers of chemicals have been comforiable in the
fact that the value ndded to petrochemical feedstocks has enabled them
to pay higher prices [or raw materials. But as the value of chemicals as
fuels increases and as the possibility that povernments will allocate raw
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material resources for fuel vse grows more likely, this advantage may be
threatened.,

Space does not allow an examination of all the reactions leading to the
produocts listed in Table 1. Short discussions of some of the syntheses
invalved with emphasis on some pertinent examples will be all that is

possible.

2.1, CHEMICALS AND FUELS BY DIRECT SYNTHES1S

We have already discussed the synthesis of methane or synthetic natueal
Eas [&MG),

There are o number of well-worked out processes for the synthesis of
methancl (7)., Almost 4 million tons per year or about 70,000 barrels/
day of methanol are now produced in the U.S., accounting for aboul 40%:
of world production.

The Union Carbide Co. has been working on the synthesis of ethylenc
glycol using a soluble rhodium catalyst {#):

Rh o
H: 4+ CO —mmpl % HOCH.CH:0H + CH:CHOHCH,OH -
78% 11%
[#]
+ HOCH;CHOHCH.OH

11%

Under ecrtain conditions, methanol, rather than ethylens glycol, can be
synthesized in high yicld in the same system. While initial work was
conducted at very high pressure (20,000 psi), recent work by Union Car-
bide Tndicates that the reaction pressure can be lowered 1w 5,000 psi or
below using o homogeneous ruthenium catalyst in acetic acid as solvent.
Dupont and others are also working on similer processes, Since the price
of cthylene, the present major source of ethylene plycel {via ethylene
oxide) has been rising steadily and f1s availability may decrcasc, this
process, starling with an equimolar mixture of carbon monoxide and
hydrogen, could hove o significant impact on ethylene reguirements.

Ethanol can be synthesized dircctly from synthesis gas although these
processes are at carly stages of development, Union Coarbide (%), Sagami
Chemical (9, the Institute Frangais du Péteole (IFP) (™) and the Phillips
Petroleum Co, () as well as other companies are investigating this reaction.

The Fischer-Tropsch process has been used to manufacture a wide
array of paraffins, olefins, and oxygenates at the SASOL 1 plant in South
Africa for over 25 years. Ten Lurgi gasifiers operating at 25 stmospheres
gnsify coal fo furnish the synihesis gas. Most of the product consists of
strafght-chain molecules with about 15% of methyl branching. Mo bifunc-
tional compounds such as glyeols are formed,
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In SASOL 1, two parallel processes pre used (7). In 2 fixed bed
{Arge} process run ab 220-240°C, 26 atm and H=CO = 1.7 with &
promoted Fe catalyst, the product containg approximately 22% CeCe gas,
2545 CoCu gasoline, 15% CuwCa middle distiliate and 35% Ca- with
these fractions being typically 50% olefinic. An entrained bed {a recir-
culating fluidized bed) reactor called the Synthol reaclor, operales at 320-
340°C, 22 atm and HzCO =3 with a promoted pulverized melted
magnetite catalyst, The product from this reactor is much lighter {about
52% gas, 33% pasoline, 5% middle distillate); it is sbout 70% olefinic
and contains some 10% of ocxygenated produets: The best gasoline selec-
tivity is 40% and that of dicsel Tuel is 20%,

SASOL 2, some ten fimes larger than SASOL 1 and using only Syn-
thol reactors, started operation in carly 1980, When fully on line, SASOL
2 will convert about 40,000 tons of coal per day into about 58,000 barrcls
per day of liquid products. SASOL 2 uses 36 advanced higher capacity
Lurgi gasifices to convert coal to synthesis gas. SASOL 3 will be completed
in 1982, The entire complex will use 75,000 tons of coal per day, [urnish.
ing about hall of South Africa’s oil needs,

Hoogendoorn () estimated the following distribution of products from
SAS0L 2 (in millions ol lons per year)

Maotor Fucls 1,500,000
Ethylene 185,000
Chemicals 25,000
Tar products 120,000
Aminonia (a5 M) 100000
Sulphur 90,000
Tatal Saleable Producls 2,140,000

5A50L 2 would have seven Fischer-Tropsch reactors consuming 1,900,000
cubic meters of synthesis gas per hour.,

The Isosynthesis, no longer practiced but of considerable interest in
terms of potentially new routes o desirable products, is different from the
Fischer-Tropsch process in that difficultly reducible oxides arc used as
catalyss (™), Secondly, these catalysts give saturated, branched-chain,
aliphatic hydrocarbons contuining 4 1o & carbon atoms. The reason for
priginally developing this process was to produce isobutane for high-
pctane pusoline. The most ellective catalysts are the tetravalent oxides,
thorta, =irconin, and ceria; other oxides, such as tungstic, zinc, chromia,
manganese, and titania are not as eMective in producing isobutane,

Thoria was Tound to be the best catalyst, producing & C+Ce fraction
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containing large amounts of fsobutane. Temperature of operztion was
between 375-475 °C and the pressure was high (300 atm). The amount of
isobutane could be increased by the addition of 20% of alumina to the
thorium oxide,

The most active divalent oxide, zine oxide, produced no liguid hydro-
carbons but gave mainly methane and alcohols, This Isosynthesis should
be explored more fully — catalysts operating at milder conditions are the
Primery target,

Ethylene, propylene and butylenes, Ci-Cs alechols and pTx may alzo be
synthesized directly from synthesiz gas; these will be discussed under the
reactions of methanol {indirect syntheses).

The literature indicates that hydrocarhon chain growth in Fischer-
Tropsch reactions can be modeled s o polymerization process: (*%9).
This suggests that product distribution should be broad and that it would
not be pogsible o achieve high selectivity to many desirable prodocts.
Polymerization modeling, for instence, indicates that moaximum selectivity
lo ethylene s 30%., 1w 0y olefins is 56% and o Ce-Cu gasoling is
478 (™M),

Kugler (**) reasoned that poor hydrogenstion catalysts and relatively
low hydrogen concentrations should be used to increase selectivity to Tight
olefins at the expense of methane production, He confirmed his predictions
using ruthenium cotulysis moedified by strong metal support interactions.
A necessary characteristic of the supporl was its poor abiliy to chemisorb
hydrogen (*).

To shift the produet distribution toward lighter olefins, Kugler used
Ru on 1#ania or Ru on manganese oxide, raised the reaction remperature
above 250 'C and reduced the H:: CO ratio. At 330°C, one atm, and an
H;: CO ratio of 0.5, using By on manganese oxide, he obtained s selec-
livily to CrCi olefing of about 72 wi. % with 19 wt.% of methane present.

Rubrchemie has been investigating Fischer-Tropsch catalysts, including
Iron-manganese catalysis, in an attempt to produce low molecular weight
hydrocarbons in amounts grester thun predicted by the Schulz-Flory pol-
ymerization equaticn, The main product desired is cthylene and Ruhe-
chemie has been achicving some success. Evidently olefins desorb from
the catalyst fairly easily. One reported breakdown of products formed
[rom synthesis gas by Ruhrchemie, in wt. %, is: methane 9.0; ethylene
31.3; propylene 22.2; butenes 17.4; Cr-Ci paraffing 15.7; Ci. pornilins
38 (")

22 INDIRECT SYNTHESES FROM METHANGL

About 40% ol the world's production of methanol is converted into
formatdehyde by a combination of dehydrogenation and oxidation reac-

L) GLULLD NATTAZ PREAHENT EIGNITICANCE OF WIS SCIENTIFIC CONTRIDLITION




tions. The Dupont Company produced ethylene glycol from HCHO and
synthesis gas until 1968 (*). This process or a variant (**) may be revived
because of rising ethylene costs.

Maonsanto has commercialized the homogeneously cotalyzed reaction
of methanol and carbon monoxide o form scetic acid in 999 selectivity
using a thodieum complex as the catalyst (%), The conventional route to
acetic acid invelves the palladivm-catalyzed oxidation of ethylene but the
lower price of the feedstock has led to widespread adoption of the methanol-
hased process. About 40% of the world acetie acid production fs now
made by the Monsanto process.

Methanal can be converted 1o ethanol by lrestment with synthesis gas
in the presence of a homoegeneous cobalt or thodium catalyst (7). Although
a variety of low molecular weight products are also formed, molar selec-
tivities 1o cthanol as high as 82% have been achieved using Co:{COW as
the catalyst in the presence of small amounts of sodivm iodide and ru-
theniom trichloride (*); only about 4% of propunol is formed snd shout
0.3% of butancls, The ethanol can be dehydrated 1o ethylens and this
route [0 ethylene involves only synthesis gas as the starting material, Gulf
Research and Develapment Co. (*) has homolagated methano] 1o ethanol
with the only significant by-products being ethyl ether and methyl acetate
plus smaller amounts of methyl ether, It may be possible to use this
mixture ns a gasoling additive.

221, Acetic anhydride synthesis

It is of historical interest to note that the lost unit to use coal as @ raw

miterial for methenol synthesis in the U.S. emploved o Babeock and Wilcox/
Drapont oxygen blown gesifier (), A commercial scale coal partial oxi-
dation unit was installed at Belle, West Virginia in 1955, It operated for
about 15 months, gasifying about 400 tons per day of coal to pive 24
million standard cubic feel per day of synthesis gos. In pilot plant work
that led to this commercial plant, Dupont began production of a number
of other products based on carbon monoxide, hydragen, methanol snd
ammonia. Among these products were ethylene glyeol, methyl methacrylate,
oren gnd nylon intermediates ('),
_ The synthesis of acctic anbiydride is of particular interest at the moment
because it may be the first chemical intermediate that will he made using
synthesis gas obtained by the gasification of coal in the U8, sdnee 1956,
The Tennessce Eastman Co. (®) plans 1o use a Texsco entrained coal
gusifier to produce acetic anhydride by the carhanylation of methyl acetate;
this chemical will be made from methanal and acetic acid, both produced
from synthesis gas. This route is a net consumer of methane! and CO, not
aecetie acid, and again obviates the use of ethylene. The acetic anhydride
will be used to synthesize cellulose acetate, an important polymer used by
Tennessee Eastman. Eguations for-the reaction can be wrilten:
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CH,OH + CH/CO0H ——s CHCOOCH; [5]

Bl o MNi
CH:COOCH: + CO—(CHiCO)0 [61
catalyst
(CHWCO RO 4 (CeHwO:l — cellulose acetate 4+ CH.COOH (7]
(recycied)

The new process is essentlally a replacement of ketene (made by py-
rolysis of acetic acid) by methanol and carbon monoxide.

2,22, Ethvlidene digestate and. vinyl acetate

Halcon International Inc. () has developed a synthesis of ethylidenc
dincetate by the reductive carbonylation of either methy] acetate or dimethyl
ether. The reaction is carried out under anhvdrous conditions. The catalyst
system resembles those used by Halcon International Inc. for the synthesis
of scetic anhydride, but the présence of some hydrogen mized with the CO
favors the formation of the ethylidene discetate. This compound yields
vinyl acetute on thermal treatment with regeneration of o molecule of acetic
acid, This could be nn attractive route to the formation of vinyvl acetate (%),

2.2.3, Methanol as a fuel

Ouve commercial plant in South Africa produces methanol from coal
but it is anticipated that there will be many such plants built in the next
two decades. Essentially all the methanol produced today is of high purity
and iz used as a chemical, The growing world shortage of petroleum has
tesulted in great interest in the wse of methanol as a fuel,

The Electric Power Hesearch Institute (EPRI) has been studying the
use of methancl as a preésently high-priced, high-quality Tuel suitable for
use in peaking turbines, The use of methanol as an automotive [uel, either
alone or as a blending agent in gasoline in guantilies up 1o 10 o 15%
by volume, has been proposed by many. Methanol mixed with gasoline
has the advantages of raising the octane rating, saving gasoline, and per-
haps lowering emissions, But there are disadvantages: phase separation
due to the addition of water which would be difficull (o prevemt in a dis-
tribution system, some possible corrosion problems, efe. But the methanol-
gasoling blend is being wsed in several countries,

An cthanol-gasoling blend has gained wide acceptance and is =0ld as
= gasohol » in the U.S, The ethanof is made mostly [rom biomass. Several
compaenics are developing syntheses of Ci-Ci alcobiols as fuel additives or

ns gasoline substitutes (25,
2.2.4. The Mobil Methanal-to-Gasolive (MTG) process

In this process, developed by the Mobil Research and Development
Corporation {"*), mecthanol is converted 1o gasoline and water using o
shape-selective artificial zeolite catalyst such as H-Z5M-3 of controlled pore
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size. Gases in the Oy and Cs range, formed during the reaction, can be fed
to an alkylation unit to produce high-octang gasoline, adding to the overall
gasoline. yield. Molecules larger than abowt Cw reform in the catalyss
cavities until they are small enough to emerge. Coke formation is prevented
since polynuclear aromatics are nol formed. The distribution of products
from the Mobil process is compared with products from the SASOL
Fischer-Trepsch reaction in Table 2 (*),

TAR. 2 - FISCHER-TROPSCH (SASOL) AND MOEIL (MTG) PRODUCTS

FROCTESRS
PICOLCT =

EA500, | FIEHH

SEYMTHIDL Y
Bl gas - ol M .3
LI Crica FETH 178
Gasoling Ol g TR
ipsel ':u."«'\:u 34 0
Heavy Qi T G 0
eCampanndds T4 ]
Amonptics, " of gesoline ¥ A

The Muobil process is more selective than the Fischer-Tropsch toute
for converting synthesis gas 1o hydrocarbons. No separation of oxygenates
is required. Mobil has operated 4 barrel o day fixed-bed and fluid-bed
reaciors converling crude (172 water) methanol into abowt 1.5 barrels of
gasoline per day. A 100 barrel per day fluid-bed pilot unit, sponscred by
the U.S. Department of Energy, The Federal Republic of Germany, German
industrial partidipants and Mabil, is under construction in West Germany.
Yields from the fluid-bed process appenr 10 be significontly higher than
those from the fixed-bed unit.

About 70% of the ¢ost of producing Mobil's high octane gasoline from
coall i in the gasification of the cool, about 15% of the cost is in the
conversion of the synthesis gas (o methancl and about 10% is in the
copversion of methanaol to gasoline.

I desired, the Mohil process conditions can be varicd s0 as to yicld o
product which containg more thon 80 wt.% of aromaties.

Both Mobil (™) and BASF (") are investigating catalyte systems to
produce ethylene, propylenc and buiylenes from synihesis gas using zeolites
as catalysts, Since these alefins are primary reaction products (%), operaling
at high space velocities will increase their vield, The yiclds of these olefins
ipproach 90% when water is odded 10 the methanol feed.

While methanol is now being vsed oy the feed in the Mo process, il
may be possible o go directly from synthesis gas 1o olefing withoutl using
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methanal as an intermediate. Physical mixtures of Fischer-Tropsch catalvsis
and zeolites can be used w converl synthesis gas directly o gasoline and
this route is being explored in several laboratorics. Fischer-Tropsch cata-
Ivsts, such as iron or ruthenium, either as part of the silica-alumina mol-
ecular sieve or placed within its pores. are also being investigated @s
systems to produce gasoline, aromatics or low-molecular weight olefins
directly from synthesis gas.

Researchers ot Mobil have developed a heterogeneous Ru catalyst sys-
tem that converls synthesis gas to high octzne gasoline in a single step (7).
Ru metal and an intermediate pore zeolite are used; the Fischer-Tropseh
intermediates are apparently intercepted in il and converted to gasoline.
Mijs, Jacobs and Utterhoeven () compared synthesis gas reaclions over
a RuNoY zeolite, with all the Rue encaged in the zeolite, with a reference
Fischer-Tropseh Ru on 5i0: catalyst. Under « identical » conditions, {252
", H::CO = 3:2) 60% of the reaction products with the Fischer-
Tropsch catalyst were in the Co- range; with the RuY catalyst, less than
195 of the product was in the Cu- product range.

2.2.5. Merlvl Teri-Butyl Erher (MTBE)

sMTRE is & high-octane blending stock ("™), with a rescarch octane
number (RoN) of 117 to 118 and a metor ectane number of 101. Methanal
cin also react with fsonmylenes 10 produce teri-amyl methyl ether {ramEl
which also is a high-octane compound for upgrading gasoline. Inilial
activity in blending mTeE and similar octane extenders occurred in lalian
and West German plants about 5 years ago (7).

mruae was approved for use by the LIS, Environmentnl Prowection
Apency (EPA)Y in February, 1979, Tt can be used as on octang booster 10
replace lead or manganese anti-knock compounds. The ether is produced
by reacting fsobutylene and methanol in the liquid phase over an jon
exchange resin camslyst (*7);

CH:

I
CH:.C=CH: + CHOH —— CH—C—OCH;

I
CH CHy

An estimate of potential serse production for the U.S, has been made, in
millions of pounds per year: 1983, 650; 1985, T00; 1990, 1400 (™).

2.2.6. Formic acid

Abour 60% of the world production of formic acid (about 100,000
tens) is obtained as o by-product of the oxidation of light naphtha or
butene to form acetic scid. Since most new plants make acetic acid by
carbonvlation of methanel, formic acid has become less available via this
oxidative route. More Fformic acid therefore will be made in the future by
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sodium methylate catalyzed reaction of CO with methyl slcohol o give
methyl formale. Synthesis gas can be wsed instead of pure CO. The ester
is treated with hases to displace the equilibrium toward the alkali formate
which is then acidified. The Leonord Process, using a modilication of this
method of synthesizing HCOOH, will be used by Kemira Oy in Finland;
their plant to make 20,000 tons of HCOOH per year should be in operation
in late 1981 (™).

Since retro-esterification can oeeur easily during workup of the CHIOH/
HCOOH mixture, the methyl formate is often treated with ammonia 1o
[orm formamide. The formamide is then hydrolyzed 1o give HCOOH..

5. Svnthesis Gas us o Fuel

Synthesis gas (medium aTu gas) is an excellent fuel by itsell — it has
n heating value of 300-400 sTy per standard cubic foot, depending on the
amount of methane or other combustible material that is formed during
synthesis. The processes for producing intermediale BTU pgases are less
complex and costly than those for producing high sty gas of pipeline
quality. Actually, svnthesis gas is the aristocrat — the blueblood — of coal
gasification products. [t yields more wru per tom of coal, has a higher
flame temperature, smoller volume of combustion products and a higher
percentage of usable heating value than swe (™). It can be transporied
by pipeline up to 100 miles and can be uted to furnish industrial gas for
a wide area. Plants for supplying industrial fuel gas (1pG) from coal are
curtently being planned in Memphis, Tenn. in the US. using U-Gas flu-
idized bed gasifiers. Here it will undergo a minimum of clean-up; in [t
only HiS will be removed, Another 1#G plent is planned for Katowice,
Paland: here Koppers-Totzek gasifiers will be used to gasify the coal, So
large central coal gasifiers will probably be wsed to supply synthesis gas
ps both a fuel and 8 chemical Teedstock in the Tufure.

Coal gasification-combined cycle (Gee) power plants represent a major
and promising new allernative for using coal os a source of electric
power (™), In this vse, the coel gasification system is directly integrated
with a combined cycle power plant. The synthesis gas is combusted under
pressure to drive a gas turbine; the hot exhaust is then used 1o heat waler
for 5 steam turbime. Both turbines are conpled o generators and their
combined efficiencies can yield a system efficiency of 37-39%, coal 10
busbar. Cost and performance estimates indicate that p 1000 MW Texaco
gisifier based plant should be competitive with conventional pulverized
coal-fired plants thar meet standords ser by EPA in 1978, I emission
standards are further tightened, then cee plants would become increasingly
attractive, The Electric Power Research Institute (EPRIDY and. Southern
Californin Edison have been exploring this rovie for baseload use in
eleciricily generation,
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In some ploces in the world, there 2 an exeess of natural gas and no
pipelines exist for iy distribution; the gas is ofien flared. These include
New Zealand, Alnska and the Middle East.

Mew Zealand recently announced the selection of the Mobil M76 process
a5 the core of a 13,000 barcel per day liquid fucls complex to be fed by
the giant Maul gas feld 30 miles off New Zealand's shore. Natural gas
will be reformed (o synthesis gas which will be converted to methanol.
The methanol will be converted 1o gasoline using Mobil's fixed bed reactor
process. New Zealand estimated that the Mobil process is more thermally
efficient than the SASOL process (57% ns compared to 48%) and has
lower investment costs. The cost of Mobil gasoline would be about § 23
per barrel compared with § 34 1o £ 36 per barrel Tor the Fischer-Tropsch
product. The refining requirements of the SASOL/Fischer-Tropsch process:
add aboul 20% to total investment costs; the Mobil process vields gasoline
withoul the need for cxiensive upgrading, As mentioned above, natural
gas, not coal, would be the source of synthesis gas in this case.

In September, 1980, Gull Oil and Gulf Canada and Dome Petroleum
outlined ta the .3, Department of Energy a §1 hillion plan to produce
63,004 barrels & day of methanol from nateral gas in the high Arctic
Fslands of Canada (™). The methunol could he mansported to southern
markets in tankers as early as 1985, Company officials believe thae the
methanol could compete effectively with petroleum products in the trans-
pertation and eleetric utility peaking turhine morkets and pessibly in space
heating and industrial boiler markets as well, Introducing 63,000 barrels
a day ol methanol into the U5, market would hove its problems since
the current U5, markel for methenol is about 70,000 barrels a day. But
EPA has granted authority w Atlantic Richhicld and to Sun Oil to test a
mixture of ter-buty] aleohol and methanol in gasoline; this application
alone, even with a modest 2.5% methanol concentration wsed, could easily
soak up the polential new supply.

Worldwide, trillions of cubic Teet of naturgl gas are flared each year.
In the Middle East. plans are also afoot lo convert this gas to synthesis gas
which would be used to make the easily lransported methanol, along with
other products,
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Heterogeneous Catalysis

The first paper of Professor Natla on this subject has been published
in 19530 [G. MatTa, Giern, Chim, Ind, Appl. 12, 13 (19307].

His activity in this feld is proved by many publicalions. We quole,
for instance: G. Narta, E. Casazza, Giorn, Chim. Ind. Appl. 13, 173
(19310 G, Matta, M. AcLianm, ACC: Accad, MNaz. Lincei, Rend., Classe
ol Fis. Mal. Nal, 2, 387 (19470 G, Matta, Bull. Sec. Chisr, France 1@,
E32 (1949); G, Matra, « Synthesis of methanal = in o« Catalysis =, 111,
F.A. Emmelt ed,, Reinhold, New York 19535,

Prof. Gebor A. Somonral who is particularly expert in the mentioned
subject has been requested to pive a contribution to the volume. The
contribution was given with the participation of Prof, P.HR. Watson and
5 entitled: Recent Advances in Helerogeneous Catalvsis,
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Recent Advances
in Heterogeneous Catalysis(*)

Ganok A. Somorpar and Puiir B, Warson
Materials and Molecular Research Divisior, Luwrence Berkeley Laboratory,
and Depariment of Chemistry, University of California, Berkeley, CA 94720

1. Imirgdiretion

The study of heterogencously catalyzed resctions is, despire its long and
varied history, an area of active and tremendous concemn for both academic
and industrial researchers. The events of the Iast decade have shown us
that we cannot rely on traditional Teedstocks for the future. As a resull
the chemical industry worldwide has embarked on programs of catalytic
research aimed ai failoring catalysts that can more efficiently crack poorer
grades of crude oil or are able to catalyze the formation of fuels and
commodity chemicals from new carbon sources such as biomass and
synthesis gas, CO and Hy. Environmental concerns have resulted in now
breeds of catalysts such as are wsed in sutomobile exhoust systems.

Paralleling these new technical developments there has been n resurgence
of interest in providing microscopic descriplions of catalyst structure and
behuvior, Much of the impetus for this revitalization in helerogeneous
catlysis rescarch has been the rapid and impressive development, both
in an instrumental and theoretical manner, of experimental tools that ore
SensItive [0 various atomic scale properties of surfaces.

Many of the electron end photon spectrescopies have been developed
by surface scientists are being employed with increazing regularity and
success for both model and actual catalysts. As a result it is becoming
clear that we can achicve a detailed microscopic description of the surface
praperties of o catalyst and start 1o find correlations between these proper-
ties and eatalytic performanee and new insights into the catalytic process.
Thus we wre standing ol an exciting time in the histery of heterogencous
catalysis. Many bold new technical developments are underway, and it
appears that in some cases we are drawing ever closer to the catalytic

("} This work wii supporied by ihe Dheecior, Ofice of Energy  Resenrch, QOfice of
Bazie Envrgy Sciences, Chemicnl Sciences Division, U8, Depariment of Energy wpder
Contrace Mumber W-7405-ENGAR.
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chemists’ dream of having a sufficently detailed understanding of stomic
scale factors thar determine the performance of a eatalyst and the mech-
anistic details of the catalyviic performance 1o be able to wilor new catalysts
with suitahle properties to perform specific functions.

In view of this wealth of information this survey limits us by its size
to the discussion of ‘a few sclective arcas of modern catalyss science,
Selection of topics and their treatment reflect the interests of the authors,
and it is certainly not complete since we neglect, for example, some im-
portant aspects of modern catalysis science such as carbon monoxide
chemistry as it is already covered in this volume. However, the subjects
we have chosen we consider to ropresent an interesting selection of recent
dizcoveries which show to advantage the cutting edge of hoth new tech-
nologicol and scientific sdvances,

2, Mew lechniques of cuialysiz resesrch

Owver the past 15 yvears o very large number of experimental 1echniques
have been developed that ean inspect heterogeneous catalyst gurfaces on
the atomic scale (). Many of these rechnigques are divectly spplicoble 1o
the investigations of the small catalyst particles in a conliguration thut is
very similar to that vsed in the industrial fechnology. These sysiems
contiin catalyst particles of 20-150 A in size thot are dispersed on high
surface aren supporls. Photoclectron spectroscopy (xps) can doterming
the composition of the particles and the oxidation states of surfoce atoms
ts many successful experiments testify. Extended x-ray absorplion fine
structure studies {EXAFS), using x-rays from the high intensity synchrotron
or rodnting anode sources, can determing the coordination number of surface
atoms of the small stomic clusters and the surfuce composition,

Most of the other surface sensitive probes must be employed wsing ex-
ternul surfaces as they cannot find their way inside the small pores of the
catalyst suports or they cannot back scatter readily. These probes are
wsually low energy electrons or fons instead of photons thal must also be
employed in high vacuum to obain reproducible results. These surlace
techniques are utilized on model catalyst systems that are [abricsted by the
deposition of small particles on the external surfaces of oxide films, Often
single crystal surfoces of metals or oxides, catalvals with well defined
siructureg and composition are used in these invesltigations,  Low energy
glectron dilffraction (LEED) determines the atomic surface structure of the
clegn surface and of monolavers of adsorbates as long as the surlace species
sre well ordered.  High resolulion electron energy loss spectroscopy
(mreeLs) detgrmines the vibrational spectra of -adsorbed atoms and mol-
ecules and can readily detect hydrogen on surfaces. Auger electron spec-
trescopy (AES) delermines the surface composition along with xrs. Ton
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seattering spectroscopy (155) and secondary lon mass spectroscopy (51Ms)
uree gensitive probes of the surface composition. These are perhaps the
most frequently used technigues of modermn surfoce science for studies of
vitlalysts thal Geined mony other technigques in this held (infrored spec-
froscopy, isotope lobeling, electron spin resonance, Mosshbauer speciroscopy,
to name a few) to provide a picture of the eatalyst surface structure and
composition on the molecufar scale.

Catalysis 15 a kinetic phenomenon, snd studies in this feld require the
determination of rates and product distribution. Usually these studies have
to be carried out ar high pressures and high temperatures. [n order to
bridge the pressure gap that exists between the conditions necessary 10
analyee the surface structure and composition (high vacuum) and those
required lor catalytic reaction studies a low pressure-high pressure reaction
cell wes developed which combines surface science and catalvtic studies (%),
The sensitivity of thiz small reactor iz =0 high that & can readily determine
reaciion rales and product distribulions [or sample catalyvsts no lurger than
| en? in surface ares. Such small area samples can be preparcd with
uniform structure and composition that is usually difficult with high surface
arca catalysis, Thus the correlation between the catalyst surface structure
and the composition on one hand, and s resction rate and product distri-
bution on the olher can be reproducibly stedied and determined. As a
result, the atomic scale characteristics of complex caralysts that make them
active and selecjive are being uncovered.

5. WNew-ohservations and concepts cmerging from surfoce science siudies

3.0, SURFACE IRREGULARITIES, STEPS, AND KINKS ARE ACTIVE SITES
FOR BREAKIMG CHEMICAL BORDS

Studies of transition metal crystal surfaces revealed the imporiance of
atomic height steps and kinks o break H-H, C-H, C-C, and C-0 bonds with
near zéro activation energies ('), On terrace sites of higher svmmenry there
is often a small activation energy Tor Bond scission that decreases the rates
of these elementary surface chemical processes as compared to the chemical
reaction rates at the surface defects. By suitable manipulation of the surface
siructure, the relative concentrations of the various surface irrcgularitics
can be altered that, in twrn, can change the rates of competing surface
reactions and thus the product distribution. By blocking some of these
small concentration surface sites with sulfur or other chemically inert metals,
the reaction selectivity can often be improved,

3.2, THE GXIBATION STATE OF SURFACE ATOMS CAR STRONGLY INFLUENCE
THE SELECTITY OF CATALYTIC HEACTIONS

Recently the catalyzed hydrogenation of CO has been investigated on
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transition metal and metal oxide surfaces (). Very different rates and
product distributions were found ns the oxidation state of the surface atoms
are altered. Rhodium metal produces largely methane from CO and Hs,
while RhaOn produeces olefins and oxygenated produets such as acetalde-
hyde, LaRhe yields alcohols in high concentrations. Tron metal is rendily
poiscned by the building of a multitayer of carbon during the CO-H: reac-
tton; Feath, on-the other hand, remains nctive and selective and exhibits a
product distribution very different from that of ivon.

[t appedars that the changing binding energies and dissociation prob-
ahilities of adsorbed molecules o5 the oxidation states of surfuce soms one
changed strongly influence the surface concententions of ndsorbed species
and the nature’of the reaction intermediates. As a result, the reaction tates
and product distribution are slso altered.,

3.5 MONOLAYERS OF CARBONAUEDUS DEPOSITS ON THE CATALYST PLAY
IMPORTART ROLES 1IN DETERMINING CATALYTIC ACTIVITY AND SELECTIVITY

There gre many hyvdrocarbon reactions that occur at relatively  low
lemperatures (< 200°C); these ore hydrogenation, dehydrogenation, and
isomerization to name a few, These reactions ocour with high turnover
numbers while others need higher temperaturees (> 200 *C), These reac-
tions include dehydracyelization snd hydrogenolysis. "C isotope labeling
experiments revesled thol carbonaceosus overlayers form on the calalyst
surface in both temperature regimes (), During the low temperature reqac-
tions, the carbonsceous deposits rehydrogenate al a rate that is faster than
the turnover number. . Thus the catalytic reactions take place on the metul
surfoce in this circumstunce, However, st high temperatures, the raste of
rehvdregenation of the carbonocesus deposits iz much slower than the
turnover number of the hydrocarbon reactions, As o result the reaction
must take place on top ol the carbongceous fayer — not on the metal surface.
This hoding necessitetes the rethinking of many of the reaction schemes
that assumed Lthe surface reactions 10 occur enly on the metal surface. The
impartance of the chemical bonding of the adsorbates (o the carbonaceous
fragments and the hydrogen transfer between the ragments and the ad-
sorbed molecules 15 clearly indicated by these studies and influence resc-
ity and selectivity of hydrocarbon reactions,

Fod. Thoe BOLE OF ADDITIVES, FLECTRON BONORS AND ACCERTORS
DURIMG CATALYTIC REACTION

The formulation of many catalysts inclode the addition of electron
donors, mostly otkali metals or electron acceptors, halogens or oxyieen, For
exampla, alkali salts are added 1o iron cotnlyvats wsed In ammonin synthesis
or to the iron catalyst vsed for the hydrogenation of corbon monoxide.
Chlorine is added to platinum reforming catalysts that are dispersed on
wluming support.
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These additives play several important roles through which they influ-
ence reactivity and selectivity, These roles are being verified by recent
gurface science studies. Potesgsium helps to remove carbon from iron
surfoces s CO: by o camlytic side rensction that involves the Formation
of KOH and perhaps also KaCOw Potassium increases the heal of adsorption
of Nr on fron, and increases the activation energy Tor dissociation of N
(o owmic nitrogen. [1 olso increases (he dissociation probabilities - of
carhon monoxide on iron and the heat of adsorption of carbon monexide
en platinum,

Charge transfer between the additives and the catalyst leads o charge
r|:|:|i51rih|_.1rinn that con modily the oxidetion states of surlace atoms. Chlor-
ing is know to fTacilitate the redispersion of noble metal porticles.  Thus
the surface structure of catalysts con be aliered by additives most likely
through their effect of the changed relutive surface free energies of the
various crystal faces. Oxypen adsorbed et a kink site on platinum surfaces
wus found to exhibit enhanced catalviic activily i hydroogenolysis reactions,

4, Building of Mew Catalysts

4.1, ADVAKCES 1IN ALLDY CATALYSIS, HIML—T.‘LI-I-IL’ CLUSTERS

There has been a long-standing intercst in cxploring the electronic
factor in catalysis through the use of bimetallic catalysts (%), New develop-
ments in the preparation and charseterization of highly dispersed bimetallic
cluster catalysts have resulted in successful commercialization (") A sup-
ported bimetallic catalyst can be made quite simply by impregnating a
high surface avca support, such as silica or alumina, with an aqueous
saluton of salts of the two metals of intevest. The dried material is then
reduced in hydrogen to provide highly dispersed particles. Alternatively.
the starling point can be 8 molecular complex containing two metal sfoms
ilready bound together, An example is the use of 8i0: impregnoted with
(CoRhy} {CO%e a5 o catalyst precursor (). These procedures result in the
formation of very small metal clusters dispersed on the surface of the
carrier, An interesting guestion is whether the clusters will be mono-
metallic or contain atoms of both metals. On statistical grownds we might
expect them o be himetallic, and this hes been shown experimentally
even for cases in which individual metals show very low bulk miscibility,

Direct experimental verification has emerged in varions ways. First,
o catalytic reaction is used to probe the intersction between the two met-
allic components, A favorite reaction hes been the hydrogenolysiz ol ethane
tor methane. An example of this type of investigation has been performed by
SinPELT for the Cu-Ru and Cu-Os systems supporied on silica (). In these
cases nddition of copper o the Group VII metal markedly reduced the
hydrogenolysis activity, Experiments of this type demonstrate clearly that
the two metals are not isolated from each other on the carrier surface and
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pravides evidence for the existence of himetallic clusters. From the poini
of view of praclical catalysis, such systems are of interest as inhibition of
hydrogenolysis may improve the selectivity to more desirable reactions such
as dehydrocyclization and isomerization,

The second approach 1o characterizing the bimetallic natore of these
cluster catalysts has been that of x-ray diffraction which has been applied
with some success to naphtha reforming cotalysts containing two Group
VI metals (eg., Pi-Pd, Pr-Rh, Pi-1r) (',

Flatinum and iridium crystallize in the f.c.c. structure and form. solid
solutions in all proportions in the bulk, The lattice parameter is & fupc-
lion of the composition and hence can be used 10 demonstrate the presence
of himetallic clusters in silica supported Pr-Ir catalysts, The x-ray diffrac-
tion paticrn from a mixture of 10% PLSIO: with 10% [r-5i0; shown a
broad line due to the overlapping of lines from individual clusters of Pt
and Ir, estimated to be 56 A and 27 in size, respectively. The pattern
from o bimetallic cluster catzlyst (10%% Pt, 10% 1+Si0:) shows a single
symmetric line corresponding 1o clusters of 49 A size and a lattice par-
ameter corresponding 1o a 1:1 mixture of Pt oand Ir, in agreement with
the overall composition, '

The application of x-ray diffraction to mare highly dispersed catalyses
becomes very difficult. In order to obiain information on more highly
dispersed clusters a third technigue, that of extended x-roy absorption fine
slructures (EXars), has been developed (see section 2). exars results on
i 1% Ru-Cu on silica catalyst (") indicate that the ruthenium component
is wery similar to the ruthenium in a silice-supported ruthenium reference
catalyst with an average coordination number of 11 = 1. The ruthenium
atoms are coordinaied mainly te other ruthenium atoms and only to o
minor extent to copper atoms. However, the copper component of Lthe
bimetallic cluster has an average coordination number of 9 + 2.5 and
appears to hove a more equal distribution of eopper and ruthenium
nearest neighbors. These results are consistent with o cluster in which
the copper is present on the surface of a small core of ruthenium atoms.

The ruthenium-copper catalyst is complex in the sense that o distei-
bution of eluster sizes is observed by electron microscopy which may
exhibil some variation in shape. The ExaFs results, especially the average
coordination number of ruthenium close 1o 12, indicate that the majority
of the clusters have a three-dimensional form and that tafts of two atomic
layers are only @ minor component. which had been suppested previously.

4.2, AUTOMOTIVE EXHAUST CATALYSTS

The use of catalytic converters 1o reduce the cmissions of enbiirned
hydrocarbons, CO and nitrogen oxides in exhaust gases, has a history going
back over 40 vears. As carly as 1949, Houdry () developed mufflers for
frucks used in confined spaces such as mines and warchouses. Remarkably,
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one of these anticipated developments that were to oecur on a lorge scale
in the 1970% was o catalyst of monolith-porcelsin rods with an alumina
washcoat on which platinum was deposited,

The impetus that operied up this new field of catalytic chemistry was
given by the United States Federnl Clean Adr Act of 1970 which set stan-
durds of emission that could nol readily be met by the existing technology
of internsl combusiicn engines and spurred on intensive research ellort,
The initial maximum concentration of cmissions were specified W reduce
carbon monoxide and hydrocarbon emissions by 90% or more of those
previously emitted, Contral on nitrogen oxide emissions came somewhat
luters Enforcement of the lnw was delayed and interim standards adopted,
bt sl mew cars (with the exception of Honda which uses an improved
combustion system) sold in the US. since 1976 have been equipped with
catalytic convirtérs.

4.2.2. Exhaust gas composition

fdeally, the automotive engine receives a stoichiometric mixture of
air and gasoline (14.7:1 by weight) which is completely combusied o
€Oy, HiO, and M;. In practice, lean mixtures (16:1) are desirable for
economical cruising, and rich mixtures (12: 1) for starting and accelera-
fion, The combustion process is never complete so that the exhoust gases
contain carbon monoxide, hydrocarbons, hydrogen, and oxvgenaled or-
genics such as formaldchyde. Some of the nitrogen in the air is oxidized
to nitrogen oxides doring combustion.

The major problems associnted with designing catalylic converters s
not just one of fnding n emalvtic sysiem that will produce the required
reductions in emissions, but one that will keep on doing its job for many [
thouzands of miles and under an extremely wide range of operating
vonditions, |

The major difficulty is the requirement of efficient cperation under
transient conditions. In most major catalytic processes employed i the
chemical industry, continuous steady-state operating conditions are ulilized.
In the urban car we have to deal with start-up conditions and with the
recurring transient conditions of stop-and-start urban driving. The concen-
trations of the major pollutants can change deastically with air-to-fuel ratio
during acceleration. The exhaust gas lemperature may vary between 300
and 1000 °C ("} while the gas flow ratc may change by an order of magni-
tude or mare, snd typically affords o contact time with the catalvst of only
n few milliseconds ().

Further constraints on the choice of catalyst are that the oxidizing
atmosphere of the amo exhaust contains not much more than a stoichi-
ometric amount of oxygen and sbout 15 mole-%owater.  The catalyst
should wlso have o lifetime that s a substantial Trsction of the lifetime of
the car. An efficient sutomotive catalytic converter must operate well
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within narrow ranpges in the four variables: gas flow rate, temperature,
gas composition, snd poison concentration. The catalytic syslem can
tolerate cccastonal excursions from these ranges, but prolonged variations
are nol permitied,

4.2.5. Catalyst siralegies

A large research effort has gone into finding suitable catalysts that
will lower nitrogen oxide, carbon monoxide, and hydrocarban emissions,
within the constraints detailed above, The catalytic reduction of NO by
a reducing agent such as CO or M proceeds at reasoneble rates on a number
of catalysts, but if oxygen is present it will be preferentially reduced.
Therefore, it is necessary (o provide a net reducing atmosphere 1o reduce
MO 1o nitrogen. This is in contrast o the oxidizing conditions needed to
convert T and hydrocarbons to CC and water.

Of the many types of catalysts tested, the most successful for both
oxidution snd reduction appear to be the platinum group metals, These
are usunlly dispersed as small crysiallites on alumina, Three major support
shapes are spheroids, wire mesh, and monelithic honcycombs. A washcoat
of high surface area alumina iz usually pleced on the ceramic surface to
act a5 the subserate for the metal. Unfortunately, the use of such catalysts
places o heavy demand on the continued availability of noble metals which
are prineipally mined in the Soviet Union and South Africa. Research to
find & suitable non-noble metal catalyst substitutes for the presently used
platinum based catalysis is an active and important area of research at
present ().

The most successful automobile emission catalyst is the = 3-way re-
dox » system. Simultancous oxidation and reduction can take place in &
single catalytic bed, provided that the air-to-fuel ratio is maintained close
to the stoichiomerric 14.7:1. Tn this window NO. conversion to Nz is still
high, while CO and hydrocatbon is still over B0%. In order to achieve the
precise metering necessary to maintain the stoichiomettie ratio, a feedback
control mechanism, equipped with an oxygen senmsor to measure oxygen
pressure. in the exhaust gas, must be provided. The prime catalysts for
the redox system are rhodium, platinum, palladium, or rhodium-platinum
cilalysts. This catalyst is the workhorse of the avio emission control
technology at present.

4.2.4. Poisoming

The use of platinum-type emission catalysts necessitate the elimination
ol potential poisons from gascline, most prominently lead compounds, All
sutomobiles equipped with catalytic converters must wse unleaded gaso-
line, This means that the octane number of the gasoline must be boosted
by catalytic reforming or cracking and by additives other than tetraméthyl
or tetrnethyl fead. In turn, more erode ofl mest be processed since the

WITEROGENED LS CATALYSIS f1



yield of gasoline from the crude decreases with increasing octane require-
mint.

4.3. Srnong METAL Surrort InTeEractTion (SMS1)

In many important applications such as automotive exhaust purifi-
cation, gasoline octane improvement, and the manufacture of fats and oils,
the catalyst consists of small metal particles distributed in the pores of o
porows inorganic oxide, These support oxides, such as alumina or silica,
have high surface areas, ofien greater than 200 square meters per gram.
A dilute solution of a metal salt con be dispersed over this large arca and,
subsequently, reduced, resulting in very small metallic perticles of the
order of 20 A in size. As @ result, most of the cotalyst atoms are surface
atoms and, as the catalylic reactions occurs on the catalyst surface, this
represents a maore eflicient catalviic utilization of the svailable metal, o
parlicular economic benefil in the case of expensive catalysts such as the
noble metals,

The Tunction of the catalyse support is, therefore, 1o provide an ef-
ficient dispersion of the metallic catalyst and to maintain it under process-
ing conditions by keeping the particles [ur enough apart 1o prevent agglom-
eration. This view of the function of the support being o merely physical
role has been borne out in large measure in practice. In general, the
support has not been thought to exert profound effects on the activity or
selectivity of supporied-metal catalysts ("), and there has been no need 1w
invoke any large degree of metal-support interaction. Mowever, the inti-
mate association of metal and supporl provides a potential for such an
interaction and, in some cases, it has been shown that the nature of the
support can inflluence catalytic activity,

Mare recently, there has appeared evidence for a type of metal-support
interaction of a maore pronounced nalure. This has been termed, « strong
metal-support interaction =, or Sms1 in which there is direct physical
evidence of strong bonding as well as allerations of catalylic properties,

4.3.1, Characteristics af smsi

The most abvious characteristics of a system exhibiting sm31 are shown
in the strongly altered chemisorption propertics. The chemisorption of H:
and CO are vsed on routine basis 1o measure both the dispersion aof the

TAB. 1 - HYDROGEN CHEMISORFTION ON Til: SUPPORTED GROUP ¥I1II METALS
H/M is the ratic of hydrogen nroms adsorhicd 10 ttal meal sions

TRESS
METAL [T w5} REDLICTINN & -2 REDUCTIN [ 5004
Rh Ll 40l
Pl 1.93 0%
o | »EH (LRI
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metal to allow tate measurement on the basis of surface instead of totul
metal atoms, and in the case of CO to gain chemical information from
studies of the CO stretching frequency. The indicator of sms1 behavior is
wseverely depressed ability for the supported metal atoms o chemisorh Hs
or CO. The noble metal impregnated TiO: is first reduced in Ha and then
evucunted before chemisorption measurcments are made.  After reduction at
200"C, the hydrogen chemisorption values (expressed as ratio of hydrogen
atoms sdsorbed to wal metal atoms) are typical of those found on Tamiliar
supports such a2 aluming or silica, Reduction at 300 “C, however, lcads to
& drastic reduction in the ability of the metals to adsorh hydrogen, reducing
the chemisorprion 1o 8l but undetectable levels. Similar behavior is seen
for CO chemisorption, Explanations such as agglomeration of the melal,
due te structural collapse in the presence of sirongly bound hydrogen mal-
ecules from the reduction process, were discounted by careful experimental
procedures,

Tianium oxide is not the only support to show such behavior, nor is
activation al 500°C a necessary prercquisite for smsi behavior. The
oaides of litanium, vanadium, manganese, and niohium are able (o suppress
the chemisorplion of hydrogen onto iridium by an order of mapnitude
when activated in hydrogen for one hour ot 330 °C, The retio of hydrogen

afoms adsorbed o metal aoms continues o decline oz the reduction tem-

perature is raised. The supports which have been tested for sms1 behavior
are listed in Table 2. For supports such as alumina and silica, hydrogen
chemisorplion continues al o high level Tor reduction temperatures wp o
S00°C. Il the temperature i raiged o 700 °C, hydrogen chemisorption
drops slightly due to particle sgglomeration. Thus several binary tran-
sition oxides show striking metal-support interactions, whereas others do
not, A possible explanation for this can be found by exsmining the re-
ducibility of the oxides lo metal or o lower oxide. A elesr correlution
can be traced belween smst behuavior and reducibility, Thosé tramsition
mietal oxides that are highly resistant to reduction do nol show a strong
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metal suppaort interaction, Those that are casily reducible (TiOy, or NbOs),
or are alrcady unsaturated (MnO, ViOy) do. The sfuggish behavior of
Tay:, which only shows o substantial sss1 effect if reduced ar > #00"C,
can be correlated with its intermediate reducibility.

4.3.2. Meral-subsirate bonding

The effect of smsi supports on the supported metal atoms has been
seen directly using an electron microscope in a series of elegant experi-
menls by Baker ot of. (™). A clearer difference was seen for Pt/TiO: than
for other supports such as aluming, silica, and carbon, Much smaller par-
ticle diameters were seen Tor reduction on titania; morecver, the particles
were thin and flai, only a few atoms thick as opposed to the usual hemi-
spherical agpregates. High temperature oxidation transformed the thin
particles o thicker hemispheres. Reduction would: reverse this: behavior
with melting of the thickened platinum aggregates into thin rafts. Clearly,
the sopport metal interaction must be sufficient to outweigh the cofesive
[orces within the metal sggregates. At the same time, thé TiQ: support
reduced lo TiD: which could be reoxidized. The changes in chemisorption
and structucal properties which characterize the sms1 state are strongly
suggestive of a substantial clecironic inferaction at the metal-oxide inter-
face, Consideration of experimental results with theoretical studies, using
molecular orbital methods (%), suggests that two important needs have to
be satisficd to allow smsi behavior,

I. Oxygen pnions must be removed from the surlface o allow a close
ppproach of o metsl atom 0 8 surfece cation,

2. The surface ransition metal cations of the support must he reduced
thereby acquiring d-clectrons. The concomitant loss of surfsce anions
allows a metal-cation approach with electron transfer 1o the metal resulting
in an ionic altractive interaction.

Thus surface reduction fulfills the twin needs of removing oxygen and
reducing the suppore cation, eg. Ti** to Ti**. Clearly these supporis that
contain metal catons which are highly resistant to reduction, eg. ALO,
would not be able to exhibit this type of behavior. This interpretation is
supported by x-ray photoelectron studies which show charge transter (rom
reduced surface eations to the supported metal in Pi/TiO: ("} and Pt/
SeTiOs (5).

The ohserved suppression of H: and CO chemisorption on sms1 ceta-
lysts is rather difficult to account for. Present explenations center on the
unusual and flat topography of the metal particles which do not provide
the correct ensemble of metal atoms for efective adsorption and the
ultered cxidation states of the metal ions at the surfoce,
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4.3.5, SMST edmalvsls

Az chemisorplion must be an essential step in any catalyiic rcaction,
we might expect the strongly aliered chemisorption characteristics of
supported metal catalysts in the sms1 sfate o0 be reflected in differcme
catalylic properties. In particular, for CO-H; synthesis pas chemistry, the
repression of OO and H: chemizorption might lead us to expect lowered
activity, different selectivities, and decreased deactivation rates as compared
[+ non-smst catalysts, Indeed, there are several selective ssast catalysts
under inlense experimental scrutiny et present.  Unfortunately, published
catalytic data for smst catalysts is as yet meager. Studies of methanc
production from CO and H: by Vannice and Garten (%), using supported
nickel and ruthenium catalysts, have shown up to 10-fold greater activity
when the metals were dispersed on a titania support rather thon on alumina,
silica, or carbon. e situ infrared studies showed only small amounts of
CO on the fitania supported metal, but larger amounts if the carrier was
sitica or afumina. In general, the sMs1 catalysts showed a lower selectivity
for methanation and a higher yicld of clefins.: Clearly, n weakened surface-
substrate internction con lend to many beneficinl cotalytic effects.

The nature of the strong metal-support interaction still poses some
importent questions, particularly as to how the oxide-support-to-metsl
charge transfer chenges from system to svstem, [f we can understand the
detoils of such varjation end the response in terms of catalyiic efficiency
and product distribution, 1t may well be possible 1o design new catalysis
with improved properties,

4.4, MEW ZEOLITE CATALYSTS

Zeolites are the larpest volume catalyst used presently in the petroleum
relining and chemical technologies (*), These alumina-silicates are prepared
with various concenteations of aluminum jomns in the tetrahedral silica
framework. The Brensted acidity of the catalyst can be correlated with
the A concentration in the crystal lattice, By using clever synthetic
roules, zeolites with varable pore sizes are prepared that permit onc to
carry oul « shape selective » calalysis. Mofecules that are small enough to
enter the channels in the crystal latice which are of molecular dimensions
{~ 12-22 A range) will react, undergo hydro-cracking, and isomerization,
while molecules which are too lamre 0 enter the pores remain unreacted,
These catalysts are of very large internal surface area and exhibit ordered
lattice structures and high thermal stability.

Recently, rescarchers from the Linde Division of Union Carbide, and
from Mobil Oil Corporation hove reported the synthesis of a new class of
zeolites with very large silicon lo aluminum ion ratio chemical composition.
The materials are made of silicon and oxygen atoms almost exclusively, but
the removal of the gluminum jons does not prevent the formation of the
large internal surface area structures. These new zeolites, one of which
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is named sylicalite by the Union Carbide researchers, are often hydrophobic,
rejecting water while adsorbing hydrocarbons. The small concentration of
aluminum jons lelt behind in the silica framewark can be used to lon ex-
change metals of various Iypes into the structure, thus producing a new
class of catalysts with low Bronsted acidity.

The most successful new zeolite is called #sn-3 by the Mobil re
searchers, The catalyst has been employed in o new technology to pro-
duce high octane gasoline with o large concentration of aromatic molecules
from methanol. Sinee methanol can be readily produced from CO and Ha,
this new technology represents a breakthrough for indirect liquification of
synthesis pas, CO and H: 1o high octane fuel. zsm-5 has also been used
le isomerize toluene and for various selective reactions of olefins. The
new catalyst is much more resistant 1o coking than the more neidic reolites,
and maintains the same thermal stebility,

At present, zeolites provide new and exiciting opportunitics to develop
catulytic technologies of great importance, both in the chemical and per-
roleum industries, As a result of new sdvances of catalyst synthesis, it is
likely that an entirely new femily of zeolites with intriguing chemical
properties will become available in the near future,
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Elastomers

The first paper of Professor Matta on this subject has been published
in 1942 [G. NatTa, Chim. Ind. (Milan) 24, 419 (1942},

His ectivity in this feld is proved by many publications. We quoete,
for instance: G, NatrTa, P, Corranmv, Angew. Chem. 68, 615 (1956);
G. NaTTA, Rubber Plusties Age 38, 4953 (1957); G, Narra, C. CresPl,
Chimt. T, (Milar) 41, 123 (1939),

Prof. Mario Bruzzose who has collaborated with Giulio Matts in this
field Troms the beginning has been requested to give a contribution 1o the
volume. The contribution is cntitled: Synthetic Hydrocarbon Rubbers.
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Synthetic Hydrocarbon Rubbers

Mario Bruzzone
Assoreni, Settore Processi ¢ Prodolii Polimerici, S, Donale Milanese ifraly)

1. History

Synthetic hydrocarbon rubbers (sies) are bassed on hydrocarbon mono-
mers, Le. menomers which contain only carbon and hydragen atoms,

The first surs were svnthesized with the aim of ohisining & substitute
for natural rubber during its shortage for war reasons (First and Second
Waorld Wars),

Alter the Second World War, surs showed & spectacular growth which
continued in spite of the restoration of the natural rubiber supply, =0 that
nowadays they hold an unquestionable first position in towal rubber eon.
sumption (Fig. 1),

The reasons for the sur suceess alter the Second Wearld War are:

the development of petrochemistry and the related sbundant supply, ot
a lower cost, of monomers formerly abtained from agriculiural products or
From carhochemisiry;

the tremendous expansion of the autamoiive industry on a worldwide
busis, and the consequent impossibility. for natural rubber, 1o cope with
the Fast growing demand;

the technical-economical advantages of sum with respect to fntural
rubber in several applications.

As a conscquence, SHRs consumption overcame that of natural rubber
and this situntion is likely to lnst in the future, in spite of Ihe increasing
price of perroleam.

As-a matter of fact, notwithstanding the excellent propertics of nutural
rubber, some of which are nol vet overcome by any existing sum, some
important factors stand against o massive recovery of natural rubher,

Among these factors are the long term investment and the high labour
intensity of natural rubber and the possibility of land utilization for more
profitsble prodiuctions.

A Hevea Brasiliensis \ree requires in fact approximately 7 YERES
hefore beginning the production of rubber, and the productivity  per
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employee and per year is about only 2 tons, as compared with 500-600
tons ol a ews-1 4-polyisoprene plont with a nameplate capacity of 30,000
BOME [er yesr.

In favour of natural rubber the advantages of a low requirement of
[ossil encrgy ([or fertilizers, chemicals and processing) and of low environ-
mental pollution are claimed, however,

Another competitor of surs could have been represented, in principle,
by other synthetic rubbers thal contnin heteroatoms (fe, atoms different
from carbon and hydrogen) in the main chain or as side groups.

In lact, several monumers which contain heteroatoms such a5 oxygen,
sulphur, nitrogen, chlorine and so on are supplied by the petrochemical
industry al a reasonable price, comparable at least to that of some hydro-
carbon monomers,

However, the heteroatoms containing rubbers have not succeeded so
far in displacing hydrocarbon rubbers (ie. sums and namral rubber) from
the tyre field, that has hegemonized till now the rubber consumption {Fig.
2). and were confined to limited, albeit indispensable, applications.

O1HER
AFALICETIENE

a5 %

Fig. 1| - Warld rubber prodiciion in Fig. 2 - Perceniage world rubber con-
1974 (million 1om). sBr = Sux (5.59466) 4 sumption {5k + w&) for «iyres s, for
-+ BE (L1D0B] & e (OHIBY 4+ EPDM apfomailve aon yres and «aiherss
(052 o win (0,500), Oiher synihede applicalions,

rubbers = co (DB = mMes {0,343
Dinta in parenthesis; production expressed
in millien tons Tor coch type, Comnsump
tBon: sHw comsdimplien in 1979 reached
B2 million tons (979 of proeduction),

After WW 11, the only suins available were s8R (styrenc-butadicnc
tubber) and butyl rubber {{sobutylene-isoprene rubber), but approximitely
ten years afler the war the erganometallic chemistry and the stercospecific
polymerization, with the owstanding contribution of K. Ziegler and G.
Natia, opened the way for a host of new molecular and macromolecular
sEruCtures.
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Up to now, as will be cutlined fater on, we have only begun 1o tackle
some of the possibilities offered by organometallic chemistey und by stereo-
specific polymerization, bt most is still o be done.

2. Hydrocarhon monomers

Mozt of the monomers wsed nowadays for production of surs come,
directly or indirectly, from naphtha cracker or from refinery streams.

However, only the G and, potentially, the C fractions have a substan-
tinl outlet 1n sHRs.

In Cy fraction butadicae, isebutylene and butene-1 are already presen
and need-only fo be separated by extrective distillation.

In the Cs fraction iseprene, civ and trans piperylene and eyclopentadiene
{which transforms into the dimer) are present.

Dicyclopentadienc can be easily reverted 10 eyclopentadicne, and after
partial hydrogenation cyelopentene is obtained, another interesting hydro-
carhon monomer.

In general, monomers obtained by sepuration are cheaper than mono-
mers ohtained by synthesis. However, the difficully of collecting sizahle
quantities of €y feaction and the problem of isomer separntion (that of
course worsens, as the number of carbon atoms increases) compels the
praduction of some monomers by synthesis,

A relevant factor in a hydrocarbon monomer is its purity, particalarly
when the monomer 15 polymerized in the presence of a small quantity of
catalyst (high yield processes) or when the impurity has a high tendency
to conrdinate with the catalylic centre,

Sometimes, purification is as important as polymerization Tor the overall
process ecanomy and therelore improved monomer separation ond purifi-
cition techniques are a challenge for Tuture work.

The monomers directly used today for commereinl production of sans
are listed in Table 1, in arder of increasing earbon aroms,

Another monomer present in the Cr cut of naphtha cracker, fe. pip-
erylene (efz and frans isomers) has not been included in the table; its
possible use as a monomer for production of o new sur has been recently
pointed out {see below),

Among the monomers indicated in Table 1, butadiene and styrene are
used in large quantitics for sur. lsoprene, isobutylene, ethylene and pro-
pylene are used in sizable quamtities and 1 4-hexadiene, S-ethyliden-2-
norbornene and digyclopentadiene in small quantitics, a5 co-monomers,

An cconomie synthesis of isoprene is still o challenge for the chemist,
notwithstanding the long list of possible synthetic routes already available,
indicated in the table.

Besides the monomers listed in Table 1, o host of new monomers have
Been recently synthesized, as shown in Table 2. Most of these syntheses
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have been made possible by the progress of organometallic chemistry, and
often specificity and yield are excellent.

Table 2 gives only an idea of the manylold possibilities for synthesis of
new or modified suns by using less conventionnl monomers.

3. Polymerizalion processes

Polymerization processes for production of sHr can be listed as:
il - emulsion processes

i) - solution processes

ifi) - slurry processes

iv) - bulk processes,

Emulsion processes are performed by emulsifying monomers in water.
Polymerization is performed in the presence of catalysts {in parlicular
radical catalysis),

Al the end of the polymerization step Lthe rubber emulgion is coagulated
in the form of small crumbs by addition of cosgulation agents. The crumbs
are collected by filtration and then dried and baled,

Of course emulsion processes are not suitable for catalyst systems
incompatible with water, such as most fonic catalysts, and in particular
with most stercoregulating catalyst syslems.

An exception is represented by some rhodium based catalysts, that
pelymerize butadiene to a high trons polymer in water emulsion (7).

The emulsion process is used for the synthesis of the most important
SR, T.e. SBR, & styrene butadiene copolymer based on radical catalysis of
redox type.

A certain stereorcgulation of butadiene addition is obtained also wilh
radical catalysts, by lowering the polymerization temperature (%),

Solution processes are performed by adding a catalyst to a monomers
solution, normally in hydrocarbon solvents. The nature of the solvent
(aliphatic or aromatie, polar or apelar) has Trequently an imporiant effect
on the course of pelymerization,

Depending on the initial monomer content, on the degree of monomer
conversion into polymer and on the polymer molecular weight, the solution
viscosity incrgases and eventually reaches a limit beyond which it is very
difficult to handle it for mass and heat transfer problems (polymerization
Js in general exothermic),

Orwing to the fact that a high molecular weight is mandatory for rubber
performance, monomer conversion must be stopped 1o avoid an excessive
viscogity when the rubber content in the solution attains a limit of
13-20 wi %o,

This fact imposes an expensive recvele of solvents and of unreacied
monomers. In the next step the rubber solution is steam stripped or desol-
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ventized. After stripping, rubber is obtained in the form of small crumbs
that are dried in an air oven or in a mechanical dryer and baled.

In some cases, before the stripping section, also a washing section is
provided, in which the rubber sclution is washed with water for extracting
the cetalyst residucs that could affcct the rubber properties.

Im o slurry process, the rubber is partially Insoluble in the reaction
medium, so that a separation occurs during the polymerization step. This
fact is favourable in that the solution viscosity is reduced allowing a higher
rubber content to be reached @t the end of polymerization.

However, due to the intrinsic sticky nature of many rubbers, cubber
separation can involve problems of reactors and equipments fouling.

A slurry process 15 used for buty] rubber production and, in some cases,
for (ethylene co-propylene) polymers and lerpolymers,

Bulk polymerization, i.e. monomers polymerization in the absence of
solvents and of polymerization medium, has a historical background, in
that it was used for sHr production till w WW 1L

Apparently, apart from some literature and patenl quotation, this type
of polymerization has not been resumed for sHR production,

However, a reconsideration of bulk polymerization of sur, by toking
advantage of new catalyst systems and equipments, seems 10 be of interes
for simplifying the process and for reducing its cnergy requirement,

A step in this dircction (f.e. solventless polymerization processes) has
been already taken by the plastics andustry.

4. Rubber structure and physical propertics

Refore dealing with the properties of different surs, that will be the
subject of the next paragraphs, some clements of rubber physics ane
necessary in order to understand the relation betwesn properties and struc
ture of SHk.

4.1. PRIMARY PROPERTIES OF SHR
The primary properties of o SHR are:
i} - high clongation (i.e. up 10 1000%)
it) - substantial recovery of the initial length upon removel of stress

iii) - retractive force substantially arising [rom entropy change induced
by elongation, at difference with ¢lastic. but non rubberlike, materials.

These propertics ask for a structure based on long-chain molecules,
possessing many freely rotating links, with weak interoctions among dif-
ferent chains except al a lew places along their length where they are
interlocked to Form a three-dimensional network.

The parent macromolecules, from which the network is chiained, arc
called « primary chains «, the network junctions « crosslinks » and the
chains between two consecutive ¢rosslinks « network chaing ».
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When deforming the above mentioned network, e.g. by stretching it, 2
retractive force builds up, arising from the entropy lowering induced by
elongation.

Only a rathet small component of force comes from intramolecular
energy changes.

The entropic component of retractive force springs out from the re-
duction of the number of possible chain conformations imposed by
clongation.

The meaning of the above mentioned facts from the standpoint of
elustomer synthesis is that the primary molecular weight should be high
{up 1o 10" g/mal), that the high primary molecular weight should not be
obtained by branching the chain, that the menomer units should be chosen
in order o allow n reasonable rotation of (he main chain bonds, that any
imtermolecular interaction (crystallization, for example) should be avoided.

Also the network chain length should be high, so as to preserve the
passibility of attaining a high elongstion.

In fact the maximum theoretical extension of the network chain B
telated to the square oot of the number of network chain links, that in its
turn is inversely proportionsl to the crosslinking density of the netwerk.

The primary moleeular weight (M) should be at least o decade larger
than that of & network chuin (M.) in order to avoid an elastically inefficient
network 1o he formed [when MM, = 20 the efficiency loss is roughly
10% (™)].

The sccondary propertics (secondary in the sense that they are not
always compulsory, and thut they are not requested to be present simul-
tuneously at the highest level) of a snur arc:

iv) - high strength

v) - pood dynamic properties

vi} - pood apeing resistance

vit) - good processability.

4.2, STHENGTH

As to the mesning of strength, tensile strength, tear strength, fatigue
resistance, flex ceacking resistence. abrasion resistance efe. are intended
for, depending on the spplicalion.

The most studicd form of strength, in terms of & property/structure
relationship, is moncaxial tensile strength.

Unfortunately, a pure tensife fracture is expericnced very seldom in a
rubber object.

The ascertained ways for increasing tensile strength by acting on rubber
structure (and therefore excluding the action of reinforcing fillersh are:

a) - a decrease of crosslinking density of the network. An adverse
effect on elastic recovery ond on dynamic properties cnsues,
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b - o choice of o rather weak erosslink for building the network, In
other words, o erosslink able (o creep when overstressed, The drawhacks
are similar to that of point a);

¢) - o decrease of chain internnl mobility, for example by hindering
the rotation of some main chain bonds. The tensile strength iz increased
through o dissipative viscoelastic process, that, however, s effective only
im a narrow range of twemperatures or extension rates (<)

d} - the synthesis of a block copolymer able o give rise to hard
domains, dispersed in a rubbery phase (%)

¢} - the synthesis of a regular molecular strocture, amorphous rom
zere up to.a moderate elongation but able to undergo a fast erystallization
at high sirnin.

The last form of reinforeement seems o be the cleverest one, in that
crystallization reinforcement is operative only when, and where, the clas-
INEr EXperiences an overstrain,

In the normal low strain condition the elastomer is amorphous and its
dynamic hehaviour con outperform that of filler-reinforced elastomers.

However, the requirements in terms of molecular strugture for o strain

erystallizable sum are not yet completely clarified and deserve some ad-
ditivnal remarks.

A strain induced crystallization involves a transition from amorphous
glole inle o particolar crystalline state in which the chaing are extended
and substantially oriented in the strain direction {extended chiain ceystalline
slate) whereas the crystallizution in a isotropic (non extended) or nearly
isotropic (low extended) states tnkes place in o folded way (folded chain
erystalling state).

The distinction between the two erystalline states is important in that
extended chain crystallization is o favourable phenomenon for rubber
performance, whereas folded chain ervstallization is not.

In fact, extended chain crystallization contributes o rubber reinforce-
menl under strain and eventually o strength, whereas Tolded chain crvstal-
lization causes an indesirable hardening of rubber ot low temperature and
a {reversible) loss of elastomeric propertics.

A « stale diagram » including the above mentioned crystalline states
and the amorphous state has been theoretically predicted (%) and represented
in Fig. 3.

The borderline between amorphous and  crystalline extended  chain
state complies substantially with Flory's equation (®);

! J— R
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Al = melling enthalpy
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[ L/L: = elongation ratio
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= isolropic melling lemperature
Te = melling temperalure under sieain,

This couation predicts that the lower is the melting enthalpy, the higher
is the effect of strain in increasing the melting point.

The Increase of melting point has also a pasitive cffect on crystallization
kinetic in that it enhances the nucleation rate ().

In conclusion, as an indication for the synthesis of improved crystal-
lizable sums, o low melting enthalpy seems necessary in order to achieve
a fast crystullization upon sirain, also at eather high temperature.  How-
ever, no theoretical predictions as 1o the structwral [eatures for achieving
a low melting enthalpy in a macromolecule are available till now, The
melting enthalpics and the isotropic melting point of a few crystallizable
surs are reported in Table 3.

Ad 1o the folded chain ceystallization, it has been shown that this
unfavourable phenomencn can be at lesst slowed down by vontrolling the
segmental friction (e.g. by a moderate inerense of glass point) of the
macromolecule ().
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However, a basic research effort also on this importent poinl seems
ta be apportune, for a better orientation of the synthesis toward improved
structures.

Beyond the ascertained influence of strain crystallization on tensile
strength, its influence on other forms of strength, such as tear strength,
fatigue resistance, flex crocking has been demonstrated.

On the contrury, the ohrasion resistance of a rubber does not appear
ta he related with its ability 1o crystallize upon strain (7).

Wea have omitted so far the influence of fillers on strength, in that this
type of reinforcement is not directly connected with elastomer structure,
It is known however that rubber in almost every application is used in a
filled form. We sholl limit ourselves only to point out that strength
achieved by use of reinforcing fillers, important though it g, does not
erases the effect on sirength of factors listed above In points from a) to ek

43, DywamMIc PROPERTIES

Drealing now with peint iv), fe. dynamic propertics of s, o com-
prehensive approach is that of determining seme basic viscoelastic par-
ameters of rubber in a range of frequencies and of temperatures by mech-
amical spectrometry. Within the limit of linear viscoelasticity (ie. small
deformation), by applying the method of reduced variables () it is possible
to extend the evaluation of the above mentioned viscoclastio paramelers
ta & much wider range of temperature or of frequencics.

We shall limit curselves 1o a few considerations on some plots of
viscoelastic parameters in function of frequency and of temperature, in
order o give an idea of their utility in foreseeing some rubber properties,

In Fig. 4 storage modulus (G') and loss modulus (G7) are reported in
function of temperature for three different raw clastomers; cistactic poly-
hutadiene, cistactic polylsoprene and a chlorinated butyl rubber.

¢ changes with lemperature from 107 MPa (glossy state) down 1o less
than 1 MPa (rubbery state), G shows u peak in correspondence with the
transition [rom pglassy to rubbery stare. Cistactic polybutadicne shows
a lower glass point in respect to the other two elastomers.

Mareover, G plot tell us that the transition glassy-rubbery state of
elastamers with similer glass point (f.e. cistactic polyisoprene snd chlori-
niated butyvl rubber) ¢an be more or less abrupt in function of lemperature.
Another peint of interest is the singular bulging (see arrow) shown by
cistactic polybutadicne, due to a partial crystallization of the palymer.
This bulging disappears when the polymer is quenched, or when the
cistacticity is decrensed.

In Fig. 5 G and loss factor (tan & = G”/G) are reported in [unction
of Frequency for the same raw elastomers. The curves of & show a zone
in which & in nearly constant {rubbery platesu) included between two
gones in which G increases abruptly with frequency.
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I'he height of the rubbery plateau of a row elastomer s o Tunction of
the topological interactions (entanglements) of elastomer chains, Topo-
logical interactions of chains are connected with their structure even if this
i connection has not vet been clarified. Since topologicsl interactions are
not connested with plass poinl (see Table 4} or olher cuslomary paramelers,
their determination {e.g, from rubbery platesu beight or other experiments)
should be included in every new clastomer evaluation,
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As o the zones in which G increases abruptly with frequency, the low
frequency zone is the « flow zone », 115 position and shape is imporiant for
clastomer processing. When the clastomer is cross-linked (chemical or
physical cross-links) the Oew zone disappears and transforms into an
exiension of the rubbery plateau.

The abrupt high frequency zone of &, likely the maximum of tan £,
is connected with the glass transition (as already mentioned, temperature
and frequency are interconvertible and a high frequency corresponds 10 a
low 1emperature),

From the height of the rubbery plateau in the G'fIrequency plot, the
lower lopological interaction of cistactic polvisoprene in respect 1o cistactic
pelybutadiene is inferred.

Several additional elastomer properties can be desumed from viseo.
elastic parameters plotied in funclion of temperature and frequency.

Amaong others, the rubber coeflicient of friction and the gas permeability
ean be desumed in a suitable zone of frequencies.

However, other dynamic properties of clastomers in which viscoelas
ticity exceeds a lincar behaviour (high deformation, crystallization) should
be determined by specific experiment,

4.4, AGEING RESISTAMCE

The ogeing resistance of a rubber [point v) of paragraph 417 en-
compasses 4 large range of phenomena such as oxygen, ozone, light, heat,
corona effect resistonce, fatipue and so on.

In general, the resistance of o rubber 1o ageing is connected with a struc-
turg in which the unssturations (necessary for rubber vuoleanizalion with
sulphur) are redvced 1o n minimum in the maln chain, An even better
resistance is ohtained when the main chain is completely saturated and
the unsaturations are situated, when present, in side groups. Also the case
of unsaturated cycles inserted in the main chain hos been studied: in this
case the = invulnerability » of rubber to, for example, ozone, is due 1o the
fact that the unsaluration is by-passed by a saturated chain.

In considering ageing resistance one should take into account not only
the chain resistance, but also the crosedinks resistance. A carbon-carbon
bond, obtained by & peroxide cure or by radiation is stronger than o mono-
sulphidie bond (eflicient cure), and the last is stronger than a disulphidie
bend,

At a very high temperature, in the presence of oxygen, also the higher
tendency of tertigry carbon atoms w form hydroperoxides {(and eventually
to chain scission) in respect to secondary and primary carbon atoms is o
be considered. O course, the ageing resistance is improved by suitable
additives (antioxidants, anliozonants, antilatipue, antimetsl additives) but
the intrinsic resistance of the molecular chain 10 environment i not erased
by the addition of any antiageing chemical.
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4.5 PROCESSABILITY

Rubber processability is connected with several interrelated factors,

4.5.1. Rheolopical behaviour

Among these, rheological behaviour of the viscoelastic material, rep-
resenied by a raw elastomer or its compounds, controls the resistance o
deformntion, the energy consumption for imposing a flow and the elastic
recovery that follows a deformation or a flow.

A yiscoelsstic behaviour is beneficial, unlike a pure viscous one, for
achieving a good dispersion of fillers and sdditives in the rubber,

Owing to the large deformalions generally imposed by processing, o
large-strain or non lingar theory of viscoelesticity must be applied in several
CASES,

The customary messure for evaluating clastomer processability is its
bulk shear viscosity, and in particular the Mooney viscosity, In order o
achieve a better prediction of processability and, moreover, to got some
indication as 10 the struclural features influencing processability, Mooney
viscosity can be implemented with measurements of shear viscosity in a
wide range of shear rotes, measurements of transient shear viscosity,
measurements of elongation viscosity.

The elasticity of the raw rubber and ils connection with structure can
be evaluated by topological interactions (see paragraph 4.3) and by maxi-
mum relaxation time (7 that are conpected with clostic memory [maxi-
mum relaxation time is desumed from relaxation times spectrum H(7),
calculated by G’ or G” of paragraph 4.3).

4.5.2. Ultimute properties

A second facter of paramount importance for processing is the ultimate
properties of raw rubber of its compounds. In other words, the cohesion
af rubber during processing should be sufficient (o bear the stresses imposed
by the rheological conditions of process without fracturing. In fact a
material that fractures tears or erumbles i5 unprocessable.

The structural features governing the ullimate properties of a raw
elastomer are some of those already indicated for vuleanized rubbers [poinis
e} and ¢) of paragraph 4.2] . In particular, strain induced crystallization has
an outstanding favournble effect in increasing the ultimate propertics of
a raw tubber during processing, The « green strength » obtained by a
crystallization mechanism is of particular importance for some particolarly
demanding rubber processes (c.g. radial Lyres).

5. Synthesis and properties of SHRs

From the considerations made so far on the importance of the role of
crystallization on elastomer processing and properties, and on the import-
ance of stereospecific catalysis in supplying regular structures sble 1o
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undergo a strain induced crystallization, the opportunity stems out of classi-
fying sHrs as follows:

i} - amorphous sHirs: amorphous and monophasic both in unstretched
and stretched state;

ii} - crystallizable surs: amorphous and monophasic in unstretched
state, show crystalline domains in an amorphous matrix upon streiching;

fif) - biphasic surs: show a hard (glassy or crystalline) phase in an
amorphous matrix both in unstretched snd stretched siate.

The last sHRrs are particular block copolymers (thermoclastomers) that
will be described later on.

TABLE 5 - CRYSTALLIZABLE HYDROCAREON SYNTHETIC RUBBERS
ACROMT M srrucTuen | so) MOTT
Cistactic palybutodiens T+ \F\X/\N
an (1] [= Ay ] Eﬂ-'ﬂl!'lt
wo e W Nd ealalyd
ur I-0 i Co, MNi calalysi
HE a.0 20 Tl cadalysd
Cistaetiz polvisoprens L
a0 14 LI Ti catalyss
Ugs Ao 1.5 14 catalyat
Transtactis palypentenamer TrA W
as 5 Woeatalyst
Polyitrans butadizne
o] Tﬂp:ryl.me.‘l i ang ] v utul}:t

Tramsioctic palyhutndiens and Hu calalysi

refabed styrene copolymers

fla caralyst

it s 114 Y

Paly tsobistylens /{\/
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5.1. CRYSTALLITABLE SHR

Several erystallizable surs, both commersial or experimental, are lsted
in Table 5. These surs are characterized by the fact that their structural
regularity allows a strain crystallization to be obtained, at least in certain
conditions of stroin and temperature.

As it can be inferred from the (able, there are different ways as to
obtuin crystallizahle Swms.

The first cme is based on rogular (tactic) homopolymers. By using
different eatalyst systems it is possible to obtain small changes of tacticity,
and hence of melling point. These small changes have an important effect
on-SHR properties,

The second one is based on high melting point, tactic structures in which
suitable comonomer units have becn placed in order to decrease tho
melting point down 1o near room temperature.

The third one is based on regular altemating copolymers, which can
be considered as new regular homopolymers in which repeating units are
composed of o couple of different monomers.

3.1.1. Cistactic polvbuladienes

Cistactic polybutadicnes of different tacticity are obained with Ziegler-
Natta cainlyst svstems (Table &),

TABLE & - CATALYST SYSTEMS FOR CISTACTIC POLYBUTADIENES

CATALYET E¥STEM BOLYENT cix e

il 4 ALK,
TiICl: 4 AlRy]
TiCl + All 4 AR,

aramatic YA

CaClypy + AlRLCI

Colacacly = A1RCL

CaCl + AIRLCH  pctivoroe amimatic ar
Colly 4+ AICl + thiophene

Colaeacl: + AIHCI:E!F+ AlBrs

34 black

MifCOOR):, - AlE + BF, ammotie of

NHCOCKRY + ARF + Ticl alighatic &2
L, ColCOORY, + AR, -+ ALRX, aliphatic T
g
o NdIOR) + AR £ ALRX, ; ;
FOMCOOR), + ALR, + AIRX, aliphntic o
g
UiallylhX 4 AIRX,
T LORN + AR + ARX, alfphatic Eel
Hoe: X = h.ll_l:.'ﬂ., )
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Catalyst systems are characterized by the transition clement used;
however, other factors such as the ligands nature, the co-catalyst, the pre-
sence of Lewis bases or acids, the polymerization medium (aliphatic or
aromatic hydrocarbon) have a paramount importance on the activity and
specificity of a catalyst system.

Among the catalyst systems lisied in Table 6 the ones based on titanium,
cobalt and nickel have been applied in commercial production of rubber.

The systems based on cerium have been abandoned for the adverse
effect of this meral on the elestomer ageing.

Alzo the newest catalyst systems are based on transition clements of the
I-block of periodic table [ie neodymium (%) and vraniem ()] . Neodymium,
unlike cerium, hes not a variable electronic structure (due to possibility of
the inner 4f level electrons of the last element to cccupy a valence clectronic
level), Therefore both neodymium and uranium ar not objectionable for
promoting rubber cxidation. A peculiarity of catalysts based on f-black
elements is their extremely high stereospecificity in butadiene polymeriz-
stion. The high stereospecificity is maintained in spite of rather wide
temperature varations and is practically independent on the nature of
halogen ligand (see Table 7).

TABLE T - DEPENDENCE OF POLYBUTADIENE CISTACTICITY (&)
OM THE MATURE OF HALOGEN LIGAND
FOR DIFFERENT CATALYST SYSTEMS

PLARLCEGES
TRAMBITIONAL METAL

F l Br I Ref,
s Ti 35 T &Y a3 (]
% Ca L a al 50 ()
= Hi O a5 k0 1] ™
= Ce a7 ug 4 ag )
Eﬁ Hd G4 ] o5 (1
w0 1] [ 68,5 925 (A ]

%1 Drpoblambed date of oue lalorstonies,

Meliing peints of polybutadienes obtained with catalyst systems based
on differcnt transition metals are reporied in Table 8.

Catalyst systems described so far are very active in promoting butadienc
polymerization, and the transition metal content in the final rubber {in
absence of a washing step) ranges from some ten to some hundred ppm.

A particularly useful peculiarity of the fblock catalysts is thal the
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TARLE # - MELTING POINT AND HALF-CRYSTALLIZATION TIMES
OF CISTACTIC POLYBUTADIENES

CATALYSET THAMNSITION HALF CRYSTALLIZATION

L4 ois S MELTING POISNT [7C)

FIETAL Tarar dmin.d
u ] + 2.2 3
Mi a7 =11 0
Co 57 —50 o
Ti o — & G5 DDk

Etats foom mof. {®)
b1 Ieinperiliie; — WAl

polymerization can be performed in aliphatic solvent, that are safer than
aromatic ones,

As to the elastomer propertics, it has been chserved that also relatively
small increnses of tacticity have a substantial effect on processability, tack,
groen strengih and other valuable characteristics of the elastomer in a raw
state (Table 9) ().

TABLE 9 - TACTICITY AND PROCESSABILITY OF POLYRUTADIENES

CATALYET SySETEM Li Th Co i L

L =iy 2 | a7 a7 gz

Mill processshility 23C B L& G G G
(raw claziomerd £ O I F ] ] G
e It it F G [}

TEEC B B B F G

Mill processsbility 252 18 ] ] G G
{blsck erock) Al o It F G G O
& 1§ B F F L]

e B B B P F

Taockiness (kpfom? = = L5 2 2 3

o= good F = fnir I = had

Diana - i pll (7

Also the elastomer properties after vulcanization are favourably affected
by an increase of cistacticity.
~ Tensile sirength and ¢longation at break of cross-linked, unfilled poly-
butadiencs of different tacticity are reported in function of cross-linking
denzity in Fig. 6 and of temperature in Fig. 7. Similar improvements due
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to tacticity are noticed also when the elastomers are reinforced with fillers,

A certain susceplibility of cistactic polybuladienes (o undergo a crys-
tallization at low temperature in isotropic (ie. unsirained) state has been
found. This susceptibility is higher in respect to natural rubber and
cistactic polyisoprenes.

The first experimental production on an industrial scale of extremely
high cistactic polybutadienes based on [-block elements has been performed
by ANIC of Italy in 1980, The catalyst has been developed by the Author

and his associates.
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5.1.2. Cistactic polyisoprenes

Cistactic polyisoprencs of different tacticity are obtsined both with
Fiegler-Matta catalyst systems and by anionic systems. The most important
transition element for oblsiming cistactic polyizoprenes 15 Glanium.

On this element are based the catalyst systems for commercial pro-
duction of highly cistactic polyisoprene, in conjunction with aluminum
alkyls (M), or with aluminum hydride derivatives ().

Other transition metals suileble [or obleining highly cistactic poly-
isoprenes are the [-block elements, fe. some lanthanides and uranium (*).
These catalyst systéms have not been commercialized till now.

A cistactic polyisoprene, with a somewhat lower tacticity in respect o
Ziegler-Matia catalysts 15 obtained by anionic catelysts, such as lhithium
alkyls,

In Table 10 some typical calalyst systems, used for production of
cistactic polvisoprenes are reported.

TABLE 10 - CATALYST 5YSTEMS FOR CISTACTIC POLYISOFPRENES

AMICRUSTRUCTUNE T

CATALYST SYSTEMSE SOLVEST
L 1ok 1.2 5.4
1h- TiCh + AlR: + &nisole + £5 aliphatic
0.5 — i5
3 - THCL 4 {HAIN-CHy, aliphntic
- LI alkyls aliphatic 42,5 1.5 — 6.0
AHAIN-GCHL ), o hexajicpmpylimdsnalang] b @ cage-simamined d (=, ircd by rracing alummmen

ol ppnopylaning b= ole peciesce of Badpogen amd of o cilaly,

In spite of the fact that a lower cistacticity has an unfavourable effect
or rubber processability and properties, likewise to cistactic polybutadienes,
in favour of anionic catalysis stands the absence of transfer and 1ermination
reactions. The molecular weight of rubber can be increased virtually at
will, without facing problems of long branching or gel formation. In
comparisan with cistactic polybutadiene, & polyisoprene process has to
deal with very severs chemical and technological problems.

Apart from the above mentioned imporiance of reaching the highest
cistacticity, a cistactic polyisoprenc should be synthesized at the highest
molecular weight (at differcnce with cistactic polybutadiene, whose
molecular weight has a upper limit due to processabilityd, avoiding any
long branching formation.

At equal molecular weight the more linear are the chains and the
narrower is the MWD, the better are the dynamic properties of the net-
work, at equal cross-linking density.

For the above considerations a polyisopréne process is designed in

ELANTUMIES 93



——

order 0 produee 8 very high molecular weight and finear product {and
hence to deal with very viscoud solutions),

The suitable moleculnr weight for a correct compromise between
processability and properties is then obtained by the cuslomer by mechanical
degradation. In fact, st difference with cistactic polybutadiene, cistactic
polyisoprene is easily degraded by mechanical break-down, whose charag-
teristic is that of breaking preferentially the longer chains and furthermore
to break them in the middle. The resulting MW is therefore very different
from the one obtained by regulating the molecular weight during the
synthesis.

The above requirements of high cistacticity, high molecular weight,
low branching, low gel, low oligomer conient are in a good deal solved
by a carcful contrel of the catalyst system, that in some cases is based on a
complex catalyst mixture [see 1) of Table 10] ond in other cases on a
single, well defined co-catalvst [see 2) of the same Table]. On the lost
calalyst, developed in our laborstories, is based the Snamprogetli pro-
cess '),

A last but nonetheless important point for a cistactic polyisoprene
process is the control of the cataly=t residues, in relation 1o the well known
sensitivity of cistactic polyisoprene (natural and synthetic) to certain melal
Poisons.

As 1o the propertics of cistactic polyisoprenes, cistacticity affecis, like-
wise cistactic polybutadienes, both processability and propertics, In the
case of cistactic polyisoprenes the edect of tacticily is cven more iImpotiant,
in that it allows very high mechanical propertics, also in the sbsence of
reinforcing hllers, 1o be reached.

Somc mechanical propertics of different cistectic polyisoprenes in fune-
tion of crosslinking density and of temperature {*) are reported in Fig. 8
and Fig. 9,

They show that, also al a rather low level of tacticity, pelyisoprene is
able 1o erystallize upon streiching, ns shown by the high value of tensile
strength attained by the peak of the 92.5% cis polymer shown in Fig. 8
However, the narcow range of cross-linking densities in which such
high tensile strempth is obtained and the rather low temperature beyond
which the polymer behaves as amorphous, stand for as serfous limits in the
porformance of a « low » cistactic polyisoprene,

Also in the rew state a « low » clstactic polvisoprene shows inferior
processability, tack, green strength in comparison to high cistactic poly-
isoprenes. This behaviour matches that of cistactic polybutadienes, in
Munction of tacticity.

Ancther intcressing property of cistactic polyisoprene, not connected
with crystullization, i i1s low tendency 1o entangle. As pointed oul in
chapter 4, this fact is relevant for achieving pood dynamic properiies and
ool processability,

a4 GRIUHLIG MATTA: PRESENT SIGNIFICAMCE OF NS SCIENTIFIC CONTRIRLITION



SN

E T

T T 1 Fig. A fon the leff) - Tensile strenpth
I 4 ol cisdacile pelylsoprenes of different
incticity in [onsiion of erosalinking
desstly, Puse gom vuloanizaies.
7% &b
L]
S
S0t -
&
E = 05 e Si% -
T
4 1ol NP2V cls 2l
L]
= Fig. 9 {hefow) - Tenslle propertics of
E ;mﬂnkciﬂe ﬂmr:nﬂr af  different
iy ction of tempersiune.
m | Pure gum vilcanizaies, Crosslinking
densities: solid  line 87%  cls:
16-10" mol em-'. Solid line 9%
I:II:I : ; ; cim: !.ll--‘ill" :u:;m"‘. ubn!h:! lines
- 5T% and 96% el 2,010 " med cm .
CROSSLINK TENSITY DU mol-cei™) ﬁ'"
k- =
i o
=50 &
R b= 10}
o,
= 40 s B
: f =\
i 0
E e o o —‘-"‘1. E?'ﬁ.s
20 Z st N, eT'gs 95';.3__%
Ll = L 5 "'i.__.
& 10 % k 36% cis ~=a
G ~mamans
= E d 1 1 1 i ] i i
-40 -0 0+20 =40 +80 =80 -0 -20 0 +30 +&0 +60 «80
TEMPERATURE, "C TEMFERATURE, "C

5.1.3, Transiaciic polyperienmers

Trapstnctic polypentenamers are obtained with particular Ziegler-
Matta catalyst systems based on tungsten of molibdenum, that are able 1o
open the cyclopentene ring (Y). Various schemes have been put forward
a4 to the mechanism of ring cpening pelymerization, that has been gener-
alized to many cycloolefins. Unlike other addition polymerizations the
polymerization enthalpy of cyclopentene is very low, as suggested by the
fact that the total number of single and double bonds does not change
during polymetization. The rather small negative polymerization enthalpy
comes from the release of ring tension that s siill present in cyclopentens.

ELASTOMERS 95



Since the polvmerization entropy of cyelopentene is negative, likewise most
addition polymerizations, the only driving force toward polymer fermation
comes [rom the said ring tension, and the ceiling lemperature (the miaxi-
mum tempeérature at which polymerization is possible) is rather low.

The polymerization process can be performed in solution ar in bulk,
In order to increase conversion and polymerization rale, an sctivator in
the catalyst system is mecessary. Particular care is needed in order lo
avoid side cationic reaction, and te conirol the isomerization [rom frans
to ¢z of the double bonds of the chain. A certain presence of cis double
bonds is however necessary for reasons that will be explained later,

The molecular weight of the polymer can be controlled by sddition
of non-cyclic olefins during polymerization or by addition of small quanti-
ties of water, that is claimed 1o have o beneficial effect alse on Mwp
and hence on processability.

As o the properties of frams polypentenamer, they are in agreement
with those one should expee! [rom some thermodynamic propertics of this
palymer,

Melting point is higher than that of cistactic polybutadiene and close
to thal of ¢lstactic polyisoprene (Table 3). Glass point is close to that of
cistactic polybutadiene and much lower than that of cistactic polyisoprene
{Table 3). Melting enthalpy is higher than that of cistactic polybutediene
andl much more higher than that of cistactic polvicoprene (Table 3). As
a eonsequence, [rom the considerations made in chapter 4, this crysial-
lizable sur should show a high tendency to erysoallize at low temperature,
alse in lsotropic {unstretched) stote, In o siretched sinte, crysinllization
should depend heavily on iemperature,

The above facls have been conflirmed by experiment {*) and stand for
as the main limitations for trans pelypenlenamer in s application as a suR.

The high crystallization rate of trees polypentenamer at low temperature
is shown in Fig. 10 in comparison with other elaslomers,

The above crystallization rate can be decreased by foweting the trans-
tacticity of the polymer, but this is abtained to the detriment of mechanical
properties,

In fact, a compromise has been found by sctting the frams content at
approximately 85%.

In conclusion, trans polypentenamer shows the sume drawbacks, albeit
in o larger extent, of cistactic polybutadiene in compatizon 1o cistactic
polyisoprene. This lact end the doubtful monomer availability and cost
have held back the rubber producers 1ill now from synthesizing on a
commercial scale this interesting crvstallizable rubber.

As to other erystallizable polyalkenamers (and particularly those with
more than 5 cerbon atoms in the cyele), the reader iz directed 1o specialized
publications tn-this feld ™).
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5.1.4. Polyftrang butadiens co-piperylene)

Some interesting prapertics of frams polypenlenamer, such as its very
high green strength, attructed the attention of some researchers of our
laboratory, looking for an improvement of this property, in connection with
the widespread adoption of the radial tyre technology in the last years,
but looking alse for o more straight end economic way of synthesizing a
high green strength sem.

They found eventually d possibility of reaching this aim by restming
former work (") on the copolymerization of butadiene, in trans configu-
ration, with 1,3-pentadiene (piperylenc). On the grounds of the improve-
ments chiained in the synthesis and in the propeniies of the copolymers,
pely(rrens-hutadiene co-piperylene) now stands for es ome of the more
vinhle high green strength sHRs (™,

The principle of the approach for obtaining crystallizable rubbers fram
transtactic polybuladiene struciures is based on the well known Flory's
gouakion

1 i R
[ﬁ], =+ R
where
(Tek = copolymer melting point
(Tl = homopolymer meliing point®
Ay = melting enthalpy
Xs = mole lraction of parent polymer
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that predicts a lowering of melling point of & crystallizable polymer, when
non eo-crystallizable comenomer units are interspersed along the chains,

[t is outside the scope of this work (o consider the cases of a non random
comonamer distribution and the possibilitics of insertion of the forcign
comonomer within, or outside, the crystal lattice.

11 is only necessary to say Lhat piperylene, or betler piperylene units in
eeriain configuration, are able (o decrease the melting point of a transtactic
polybutadiens from 145 "C down 1o ambient temperature. The absence
of crystallinity in the vulcanized, fsotropic or moderately exiended, state
is of course an unavoidable requirement for rubber elasticity,

The cotalyst systems wsed for poly(fruns-butadicne co-piperylene) are
based on vanadium chelates and aluminum alkyl halogenides [also titanium
catalysts have been later reported (T)1. Polymer vield is excellent (under
3.5 mol of transition metal per ton of rubber). Any copolymer composi-
tien can be obtained without any particular problem.

The reaclivity of piperyvlene is higher than that of butadiene, during
their copolymerization. The melting point can be easily tailored by conirol-
ling the copolymer composition in compliance with the application,

The process cen be in solution {(aromatic hydrocarbons) or in bulk.
Only the trans isomer of piperviene is polymerized (siereoclective polym-
erization). The ofs isomer and iseprene behave as diluents.

Even ¢yclopemadiene acts only as a moderate poison in thizs polym-
erization, at difference with polyisoprene. Therefore, also some C. cuts
can be used a5 comonomers without any’ difficult and expensive separation
problem.

As [ar os the ecconomics of the process are concerncd, they depend on
the svailability of suitable Cs cuts, It should be pointed out that the more
interesting copolymer compositions for obtaining crystallizeble sur, need
only 30% wit of piperylene, the remaining being butadiene, Therefore, at
diference with polypentenamers, only 1/3 in wi of Cs monomer is requested
and, moreover, the comonomer is obtained mercly by extruction and does
not need any further chemical transformation,

The process has not been commercialized 6l now. It has been tested
successfully in & pilot plant scale in our laboratory with Cs cuts of differcnt
SOUNCES,

Ag o the properties, bevond the ahove mentioned excellent green
strength (Fig. 1), alzo tack and other valuable processing properties show
the beneficial effect of strain induced crystallization. Particularly interesting
are the blends with synthetic cistaciie polyisoprene, in order to achieve o
synergism of properties: polv{rrans-butadiene co-piperylen) improves the
green strength of synthetic cistactic polyisoprene and the last one imparts
tor the blend its unique sbility to crystallize also in sdverse conditions (high
sirain rates, high temperalures).

Among the others valuable characteristics of poly{trans-butadiene co-
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piperylene) is the facl that the non co-crystallizing piperylenc units increase
ihe glass point of transtactic polybutadiene (which is close w that of cis
tactic polybutadiene) and, as 1 consequence, the skid resistance of the
copolymer is improved in respect 1o cistactic polybutadiene.

5.1.5. Transtactic polyvbuladienes ynd their styrene copolymers

Independently From what has been said in poini 5.1.4, other research
groups tried to obtain useful, high green strength rubbers from transtactic
polybutadiene structures, Crystallizable elastomers have been obizined both
by transtactic polybutadiene homopolymers and by poly(frans-butadiens co-
styrenc), In the last case, the copolymers were random and the styrene
content for obtuining the best results ranged spproximately between 2.5
and 7.5 mol % (")

The catalyst system was bascd on a comples of barium alkoxides,
waler. and butyl lithium.

The 1.2- content obinined with the above catalyst system was about
1/3 of that obtsined with alfin catalysts.

In respect to a butyl lithium catalyst, operating in hydrocarbon solution,
the cistacticity is lowered from 35% (o 14%.

A typical microstructure of home and copolymers of buladiene obtained
with the barium based catolyst system is given in Table 5.

The polymerization process is done in aromatic hydrocarbon seluticn
and gives n very broad MWD, A rather low polymerization temperalure
(22 *C) is necessary for reaching the highest (80% ) transtacticity,

As to the properties of the rubber, they appear to be close in some
respeet 1o those of (fraps-butadiens co-piperylene) polymers described in

paragraph 5.1.4.



5.1.6. (Trans-butadiene co-monoolefin] alternating polymers

Repular macromolecular structures, potentially intercsting as crystal-
lizable surs, can be obtained by alternating copolymerization of two dif-
ferent monomers or by polymerization of the same monomer in two alter-
nite configurations {(equibinary polymers). An alternating copolymerization
allows o new chain, i.e. composed of new repeating units, to be obtained.
The repeating unit can be composed for example of subunit couples such
ag: ethylene-frans-butadiene, propylenc-trans-hutedicne, efs-butadiene-frars-
butadiene.

In the first two cases, the repeating unit encompasses six carbon stoms
whereas in the last ane up to eight carbon atoms.

Therefore, the repeating unit length is well phove that obtained in the
customary 1,2 or 1.4 addition.

Other possibilities for increasing beyond four carbon stoms the repeat-
ing unit length, are offered by ring opening polymerization of cycloalke-
namers with 3 or more carbon atoms in the ring (see parsgraph 5.1.3) or
by the 1,6 addition of conjugated trienes.

However, alternating polymerization is particularly interesting in that
it allows the above sald new repeating units to be abtained also from
relatively abundant and cheap monomers.

In the last ten years, two alternafing structures hove sttracied particular
aflention as possible new surs. They are polylfrinis=hutndiene co-ethylene)
and poly(frans-butadiene co-propylene). OF course, many other structures
can be synthesized, provided thet o suitable catalyst system is found,

Both the abave mentioned copolymers are nol synthesizable via ring
opening polymerization, in that cyclohexene ring is refroctory to this reac-
tiom,

Poly(trarns-butadiens  co-cthylene) is crysialline also at rather high
temperature, 50 that it cannot be wsed 85 0 SHR, unless transtacticity, or
elternation degree, are reduced 10 a certain extent,

Poly(trans-butedicne co-propylene) has been more thoroughly studied
up 1o a pilot plant scale (). The catalvat is & modified Ziepler-Natin
catalyst based on vanadium or Hienium (®). 11 is charocterized by the foct
that the tramsilion metal component and the aluminum alkyl derivative
are reacted al a very low tempersture (— 70 "C} in order to give a suitable
catalyst. The presence of halogens as ligands and carbonyl compounds nre
¢laimed as necessary in order 10 enhance the catalyst activity and the poly-
mer moelecular weight, It seems that the polymerization proceeds through
an alternating coordination of each monomer 1o the catalyst centre,

The aliernation degree is very high (more than 799:). Termination
occurs preferably st a propylene terminal unii by hydrogen bets elimination.
Also the polymerization should be carried out at low temperature some-
what 10 prejudice of polymerization rate and yield,

The ability of this alternating palymer to crystallize upon streiching is
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not clesrly demonstrated and in a recent publication (™) the crystallization
of this polymer in a unsiretched state has been ruled owi. However, some
characteristics such us green strength, mechanical propertics and x ray
puttern scems to indicate (%) the possibility of an cffect of the polymer
regularity in the degree of chains orientation in a vulcanized, stretched
sample.

The glass point is low {— 74.3 “C). The cure rate is slower in respect
to conventional diene rubbers, as expected by the lower unsaturation con-
tent. The aging resistance is improved accordingly.

5.1.7. Polyisobutylens

Polyisobutylene is the first man made crystallizable surs. It is prac-
tically not crystallizable in the isotropic slate. However, it undergoes a
ready crystallization upon etretching, In order to stretch the chains, a
network is necessary however and this, in its turn, requires a ¢ertain amount
of unsaturation, provided, for example, by a diene comonomer. In fact o
peroxide cure of polyisobutylene is not possible and a sulphur cure requires
such an unsaturation (see parsgraph 5.2.4). Notwithstanding the above
mentioned good characteristics as a crysiallizable surs, polyisobutylene
crystellization is very sensitive 1o the comonomer conlent, s0 that i
behaves as an amorphous rubber beyond a certain content of comonomer
units. Moreaver, the sirain crystallization of polyisobutylene vanishes at
rather low temperature.

We shall deal with amorphous fsobutylene copolymers in the next
chapler,

5.2, AMDRPHOLIS SHRS

Amorphous skrs arc unable to crystallize both in the isotropic and
strained state. The structure of amorphous rubbers is generally irregular
but alsp cases of regular, yet substantially amorphous structures are known
(e isotactic polvhexena-17).

An homopolymer can be irregularly structured for constitutional ir-
regularities (head-tail and tail-head addition of monomer, 1,2 addition
and | 4 addition efe.) for geometric irregularities (random presence of cis
and trars units) or for stereo irregularities (irmegular sequencies of asym-
metric carbon atoms in the chain).

Another way for obtaining irregular structures is based on the randomn
copolymerization of two or more monomers.

As it has been said in chopter 4, a way for improving the mechanical
propertics of an amorphous rubber {in both vulcanized and unvulcanized
stnte} is that of decressing the chain mobility, by hindering the rotation of
some main chain bonds. This can be achieved, for example, by inserting
in the chain monomers with bulky side groups.

The mechanicel properties (e.g. tensile strength) can be improved in
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this way, by a mechanism of viscoclastic reinforcement at lzast in a range
of temperatures and strain rates.

However, this type of reinforcement is not sufficient in the absence of
reinforcing fillers.

The description of the action of thiz extremely imporiont component of
a rubber recipe is vutside the scope of this work.,

It is only necessary lo say here thal an amorphous rubber is so weak,
that its practical applicalion would be impossible without reinforcing
fillers.

It has been postulated that the viscoelastic behaviour of an amorphous
sHR could be predicted, provided that iis glass transition temperature is
known (*'), The « shift factor » able to reduce the viscoelastic behaviour
of any sHR to a single master curve, is relaled with glass transition tem-
perature by the equation (WLF equition):

Ty e e AT — )
52 + tTl =Ssad |£}

whiere

ity = shift factor
Ty = glass point

However, the failure of the above equation to explain some deviations
of great impartance in the rubber behaviour, suggests its use only as a first
approximation, submitting to the experiment the final evaluation of the
viscoelastic behaviour of & new macromaolecular structure and its connection
with properties.

The forecasting of T, instead iz considered sufficiently reliable, on the
bagis of empirical equations based on group contributions ().

In characterizing a new macromolecular structure, and particularly an
amorphous sik, also its characteristic topological interaction should be
taken into account, and not merely the glass point, as cusiomary.

In chapter 4 the imporlance of this purameter, that is not corrclated to
the glass poinl, has been already pointed oul.

In Table 11 structures of several amorphous sHRS are reported,

52.1. ser

For spr is intended here only poly(buladiens co-styrene) oblained in
emulsion by radical catalysts, Other poly(butadiene co-styrene) obtained in
solution by anionic catalysts will be dealt with in the next section.

sei is the most important sur. lts world capacity was as high s 6.5
million tons in 1979,

SBR i a random copolyvmer of buladiene and styrene, generally con-
taining 13.4 mol % of styrene (23 wt % ). The buladiene units in a « cold
SBR » are in a 68/14/18 ratio for trans/cis/vinyl isomer units,
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TABLE 11 - AMORPHOUS HYDROCARBON SYNTHETIC RUBBERS

ACROIMETRL ETRUCTURE { %6 sioL)

(butadiene co-syrenel EA 11 =
[rexlo cadalysis)
-.'-.4
]

Lowinctic polyhutadiesss and Solirlion  &0R

selated siyrene copolymers {hw and high
[nnicmic calolyse) iyl T Y
m
LR LIRS
Abnchic, kigh vingl butadsenes
{apionie il Elu:gjfnflbfutu ()/
antalyses] ey

“Poly(isebuiylene ¢o lsoprene) e '\M/\

- L L R s

Palylethylens co-propylench
a0 amd rerpolymers

P e
i e

Palyinorbarmensh /[:kz/\

The catalyst system of the most common sik to-day is a free radical
redox system that allows high polymerization rates 1o be achieved also
at low temperaturs (5 °C). Therefore, the resulting rubber has been named
w cold rubber ».

“The catalyst récipe reparted in Table 12 gives only an idea of the

tremendous amount of sofistication reached by this technology, and of the
related work of so many scientists,
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TAHLE 12 « POLYMERIZATION RECIFE OF SHH 1500 (« COLD RUBRER =)

{parts En wi}
1, 5-Fndiene T2
} Monomers

Siyrene I8
Water 1450 Reaction  mediom
Farty ncid nnd or rosin sonp 15 Emulsifier
KCl 3 }

Emulsion stabilizers
Auxiliary swrfnce active ngent 3
f-dadecyl mercaplan MW control
pmenthone Fydroperoxide 0063

Hedox caenlyst
Fe:500 « THO 008
Eiliglendinmineaerraacetic ncid anly 0,050 Fo iona comploxing agem
Sedium formaldehyde sulfoxylate 0,044 Ferric —+ [errous lons seducing ngent

In the Table, the main functions of different ingredients are indicated,

As to the process, we shall imit ourselves to point out thal the concept
of emulsion polymerization, besides having been one of the more fascinating
achicvement of polymer chemistry, represents also to-dey the mest elegant
way for synthesizing high molecular weight molecules (such as those of
sHR, that exceed thet of many plastics of one, and in certain cases of two,
orders of magnitude) without meeting any problem connected with soluticn
or bulk viscosity, intrinsically connected with a high molecular weight.

Moreover, water is hardly surmountable, as a heat transfor medium,

Ag to the copolymerization reasction, the reactivity ratios of butadiene
und styrene in g radical initiated polymerization are sufficiently close as to
avoid any problem of homogeneity within a polymerization reactor, also
when the polymerization reaction is performed in continuous. 1t should be
pointed out that rry = 1 and therefore the polymerization allows a random
geddition of the two monomers.

Another relevant aspect of the radical emulsion polymerization is that,
in a batch polymerization, in the central part of Lhe curve representing the
conversion in function of time, the conversion rate i= praciically constant.
This is at difference with a balch solution polymerization, in which a
continuous lowering of conversion rate in function of time is noted accord-
ing to a first order Kinetic dependence on monomer concentration. The
finishing step of an emulsion process s of course different from that of a
solution process. After stripping out the unreacted monomers from the rub-
ber emulsion and adding an antioxidant, the rubber is recovered by con-
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trolled coagulation in the form af crimbs. The crumbe are dewalered pnd
dried in a hoe air oven or in g Mechanical dryer,

The final rubher CONtEing, in a rather hi
+ on rubber constituents coming from emulsifier residues,

Part of non-gyre application of rubber

oAt has allowed the tremendous
EXpansion of the alomotive indust i

its high coeflicient of friction, coupled with a low wen :
Ameng the best rubbers for safe and fong lasting tyre treads.

owever, in the lag years, the tyre technology change from g biased
0 4 radial tyre, the MComing in the nan tyre field of
15 work-horse of SHR
; . o face our the Mast pegsi-

€ realize that the space left for xpg presentution here does nog do
Justice 1o the historical, scientific and cronomical imporiance of this dean
of SHR, The interested reades s addressed therefore to |he ma

ny excellent
Teviews éxisting on this importan; subject (4,

322, Low tactic polvbutadienes and their rardom Etyrene copolymers

As it hue Been Poisted out in paragraph 5.1.2, lithium alkyls initintors
Promote isoprens polymerization ¥ & rather high s polymer in hydro-
carbon solvens

On the vonirary butadiene, in the same conditions, is polymerized 1o a

W lactic polymer, with 4 48/44/8 ratio for frans/cis fvinyl monomer
Uhits, Thercfore, anianic initintors and, among them, lithium alkyls, are
ML suitable for obtaining trystallizable, buladiene based elastamers,

In spite of this fact, a set of features of anionie citalysis is Unique gnd
gives the reason for the Conlinuous growih of s application, side by side
With Ziegler-Naig cittalysis,

One of these Teatures is that of allowing 5 hroag range of microstre.
lures 10 be ohtsined In the polymer. starting from the ghoye said 48/44 /8
frans/cis{ viny] UP 10 A practically 100¢; vinyl atactic Polybitadiene,

The MRSt rac g variation g ehtained by adding electron dongr
salvents or by modifying the catalyst system with *Uilable additives.

The second feature s thar of 4 facile copolymerization with styrene,
Any siyrens compesition can be obtained with 5 rather good contral of the
MiCrosimiciure of butadiene tunits, within he limits aboye indicated for
butadiene homopolymers. The copolymerization with styrens can be per-
formed in such 4 Way 45 to obiain randam or block copolymers. Block
Copolymers will be degls with in paragraph 5.3,
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The third feature, connected with the « living » character of lithium
initiated polymerization in particular conditions, is that of allowing a very
good control of molecular weight, from low 1o extremely high, without any
chain tcansfer reaction. In a living pelymerization all the chaing grow
simultancously and molecular weight is in stoichiometric relation with the
initintor. As u consequence, o particularly narrow MWD (Poisson distribu-
tion} is obtained in the polymer.

The first commercial production of o #4/48/8 truns,cis/vinyl buta-
diene homopolymer begun in the fifties (Firestone Tire & Rubber Co.,
LUSA} and its growth has not been hampered by cistactic polybutadienes.

Mechanical properties and several processing characteristics of this
pelybutadiene are inferior to that of cistactic polybutadicnes, due to the
ahsence of crystallization.

However, dynamic properties and other properties related to them
(abrasion, cocfficient of friction for example) are similar, in that they
depend on the total content of 1,4 addition (cis + frams). An advantage
of high 1,4 (cis + trams) lithium initisted polybutadiene is its suitability
as a rubber for extremely low lemperatures, owing to its low glass paint
and ta its intrinsic resistance o low tempersture crystallization.

Another advantage is its narrow MWD and its clacity that make it an
ideal reinforcing agent for high impect polystyrene,

Besides the above mentioned lithium initiated butadicne homopolymer,
also anionic, random butadiene styrene copolymers have obtained & rather
good commercial success, These so called « solution sBR » have a buta-
diene units microstructure similar 1o that of the above mentioned bula-
diene homopolymer (see Table 11) and a styrene content close to that of
n conventional emulsion sBR.

The fact that the properties of several poly(butadiens co-styrenc) as
st depend on their glass point, independently from the fact that & certain
glass point has been obtsined by increasing the siyrenc content or the
vinyl addition, has been recently pointed oul (). The effectiveness of
vinyl units in respeet to that of styrene units {(both measured as wi %)
in increasing the gless point in approximately 0.8,

By taking sdvantage of the versatility of the anionic catalysis and of
the nhove mentioned substantial convertibility of styrene and vinyl units
contents, high vinyl butadiene homopelymers and their random styrene
copolymer are covering nowadays o very broad spectrum of characteristics,
tallored to the application.

As to the polymerization process, it is generally performed in solution.
The imporiance of solvent in regulating the butadiene units microstructure
haz been already pointed out,

Also the function of selvent as a chain transier agent should be taken
in due account.

A chain transfer solvent (such as toluene) should be avoided in order
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o reach very high molecular weight polymers, or very narrow MWD, A
ceriain amount of chain transfer is instead henciicial in order to control
the molecular weight, without resorting to - an inctesse of the rather
expensive anjonic initiator.

The polymerization process emperature. is in general higher than that
of a Ziegler-Natta polymerization and s semi-adinbatic polymerization is
common, due w the slready mentioned absence of transfer reactions and
te the irrelevance of small microstructure variations caused by temperature.
The reader inlerested in anjonic palymerization applicd to the synthesis of
sHi, ig directed to the many pood reviews existing on this subject [sec,
for example, refl. (™) and (*)].

32,5, Isobutvlene copolvmers and their derivatives

As it has been pointed out in paragraph 5.1.7, when in a ésobutylene
chain comoenomer units are inserted, such as isoprene units, the endency
of the rubber 10 crystallize by sirain decreases and eventually venishes.

The maost imporiant copolymer of fschutylene is poly(ischutviens co-
woprene), f.e. the well known butyl rubber. Isoprens content is normally
low (0.8-4.2 mol %) and isoprene units are mainly in trans 1,4 configue-
ation.

The catalyst used for production of buty]l rubber s AICL in methyl
chloride, The reaction is performed ar a very low temperature (— 100 "C).
The initiation. step is very Fast and leads to the formation of carbonium
lﬂd!‘: The propagation step is also very fast and ]:lmnnm:ls may be via free
ions {a carhocation at the fip of the growing chain) or via a carbocation/
gegenion pair.

Termination and transfer reaction should be minimized in that the
good properties of fsebutylene chains arc fully exploited, as a sir, only
when molecular welght is very high (ie. more than 150,000 up 1
1,000,000,

Termination and transfer reactions 1o the monomers are reduced by
performing the polymerization at low temperature, that is also mandatory
lor increasing the rale and the polymer yvield. Great attention is deserved
o fmpuritics (e.g. buene.1, for example) that act a3 chain rerminators or
a5 chain transfer agents.

Also the comonomer, necessary for imtroducing unsaturations in the
chains, is a chain transfer agent. Therefore it is chosen, among the dienes,
bearing in mind also this aspect of polvmerization beside its renctivity
with fsobutylene,
 As to the process, thot of buyl rubber repecsents o brilliant achicve-
ment of chemical engineering, The polymerization is very fast and is com-
pleted in o motier of seconds, A very efficient heat exchanger and 2 power-
ful and efficient stirrer is necessary in order o maintain the temperature
al —100"°C, The ratlo between monomers and polymerization medium
(methyl chloride) is 30/70 wi. The resclor is cooled with liquid cthylene,
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flawing in the reactor jacket and in a internal heat exchanger. Another
feature of the butyl rubber process is that rubber is produced as a slurry,
suspended in the reaction medium. As butyl rubber is very sticky, also
problems of reactor fouling are present.

The slurry is Hashed in hoi water and unrcacted isobutylenc is re-
eycled, The rubber is added with acid scavenger and stabilizers and dried,

As 1o the product, butyl rubber holds a limited but qualified part of
&Hk market. _

Its main characteristics are: low gas permeability (inner tubes and
inner liners of lyres), high heat and oxidation resistance (automobile radi-
alor hases, « bags » for tyre vulcanization efe.) low resilience (mechanical
shocks dampers efe.), high resistance to ozone snd corona effect (high
voltage cables insulation).

The low resilience of butyl rubber is unique among sHus, in that it is
coupled with a very low rlass point (7).

Some of the above mentioned butyl rubber applications are threatened
however by other sun, and in particular by poly(ethylene co-propylene)
co- and terpolymers.

Some novel, recent improvements in the field of butyl rubber are worth
mentioning, They deal with improvements of butyl rubber process and
products. As to the process, research groups have worked independently
in USA and in cur laboraories (*) in order 1o reduce the energy ond the
invesiment required by the conventional process, operating ai — 100 "C.
A considerable amount of energy is required for providing the frigories at
— 100 “C in order to balance the polymerization enthalpy and the reactor
stirring energy and, moreover, for cooling down the feods. entering the
reactor. As to the first two terms, the energy saving obtaincd by operating
the reaclor at — 50°C instead of — 100°C, as customary, is theoretically
1Camol cvele):

WI'--IIH-"'I'_F_ WI_—!'I"I:’_ — I 1?3 H — wh{:ﬂ'_ o ]?3 . 223

l|-"l"'|--:n:|:|'-|,'| i 2K —n Ta
where Ta i3 the ambient temperalure, Putting Ta = 296 K, the energy
saving should be as high as 34%.

As mentioned sbove, both in US.A. and in our laboratories improved
catalyst systems have been found {syncatalysts) based on aluminum: alkyls
or alkvl halides and a2 co-catalyst that can be a proton source {(eg. HCI,
a carbonium ion source {eg. fbulvlehloride), a chloronium jon source
{e.g. chloring) that allows high molecular weight butyl rubber to e
obtained also a1 a moderately low temperature (— 50 °C).

The syncatalyst process has not been developed 1ill now,

As to the product improvement, a greal deal of research has been
directed to the improvement of co-vulcanization of butyl rubber with diene
rubbers.
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Apparently this can be done in the synthesis step by increasing the
unsaturations (*) but has not yet been applied. The co-vulcanization is
currently achieved by post- modifying butyl rubber by chlorination or by
bromination, Both c¢hlorinated and brominated butyl rubber have been
commercinlly exploited for many years. The last improvements in the
field of butyl rubber, ai o laboratory bevel, are:

— bulyl rubbers « immune » 1o ozone attack. The isoprene comono-
mer is substituted by cyclopentadiene. Cyclopentene rings are inseried in
the main chain and therefore the unsaturation (site of ozone atlack) s
by-passed by a ssturated chain, Alwo S-pinene has been supgested as a
comonomer ()

— butyl rubber with more active unsaturation sites.  Insicad of
increasing the unsaturation content, more pctive conjugated double bend
systems arg inserted in the chain. Thiz was done independently in- USA
by dehydrochlorination of o chlornated butyl rubber (™) and in our
luboratories (™) by using new tricne comonomers (such as 1.3,5-hexadie-
ne, Le. the vinylog of 1.3 butadiene) that are also very reactive in polym-
erization.

324, Polviethvlene co-propylene) co- and terpolymers

The history of poly(ethylene co-propylene) co- and terpolymers is rather
recent. [t begun in 1955, f.e. a quarter of & ceniury apo. Also this achieve-
ment of mecromolecular science is marked by the outstanding contribution

of Natta and his school, Immediately after the discovery of isotactic paly-

propylene it was found that isotactic polvpropilens conlained a rather
larpe amount of atactic (amorphous) polypropylene that could be extracted
by low boiling solvents. The amount of alactic palymer was guite high in
the catly isotactic polypropylenes and therefore Natte stimulated the author
of this review 1o find a possible wse as a rubber of this « sub-product ».

After some unsuccessful tentatives of crosslinking it with peroxides

‘{also utactic polypropilene, likely isobuiylene, shows a too high scission

raie 1o be crosslinked in this way) we found a possibility of crosslinking it
via chlorosulfonation and curing with metal oxides (™). This way had

-;-‘rbﬂ_ﬂ already exploited by Du Pont [or crosslinking a chlorinated and
chlorosulphonated polyethylene {Hypalon),

At difference with Hypalon, we tried 10 aveid as much as possible the
chain chlorination since atactic polypropilene was already amorphous.
However, the elastic properties of chlorosulphonated atactic polypropylens

-_Ilr.mr:d ot o be unsatisfactory and we realized that this fact was due to
‘AN exeessive presence of side proups (e, methyl groups) along the chain,
‘also in the absence of a chlorination,

In order to reduce the numhber of methyl groups along the chain a

possibility was offered by the copolymerization of ethylene with propylene.
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As soon as suilable catalysis for synthesizing a sulficiently amorphous
copolymer were found, the copelymer was chlorosulphonsted and cured
and gave rise to the first ethylene propylene rubber (). According to
our expeciations, the dynamic characteristics were tremendously improved
in respect o that of atactic polypropylene, in Tunction of the ethylene
content of the copalymer.

Thiz discovery lead to o frantic work both in the synthesis laboratory,
in order 1o find @ suitable termonomer able 1o achicve & sulphur ¢ross-
linkable cthylenc-propylene rubber, and in the curing laboralory in order
to find & vinhle method for curing the copolymer already obtained.

The copelymer was cured with peroxides (), with peroxides and sul-
phur (®), with peroxides ond maleic anhydride (7)., with peroxides and
difunctonal hydrocurbon monomers (™).

Other viable routes were that of chlorinating and dehydrochlorinating
the copelymer (™) in order to achieve unsaturations in the polymer chain
and that of sulphonating the chains with 50, complexes ().

The synthesis of a sulphur crosslinkable terpolymer succeded later
on, when o research group of Dunlop found that dicyclopentadiene was
ahle 1o rerpolymerize easily with ethylene and propylene ("), The expla-
nation was that the unsaturation of the « cyelohexene ring » of dicyclo-
pentadiens was activated by the strain imposed by the endomethylenic
group. Of the two dicyclopentadiene {somers, exo dicyclopentudiene was
Tound more suitoble than endodicyclopentadiene ().

Another importont feature of dicyclopentadiene as o termonomer wis
that the second unsaturation of the termonomer (i.e, thet of « cyclopentene
ring ») was substantinfly unaffected during polymerization, and therefore
it woy inserted in the chaing as a crosslinking site.

Independently, & research group of Du Pont found that also 1.4-hexa-
dieng was o suitable ermonomer. In this case, the vinyl group of the
termonomer wag used for achieving the erpolymerization, whereas the
internal wmsaturation was unaffected during polymerizution and remained
as a crosslinking site in the chain.

The catalyst systems used nowndeys for producing polylethylene co-
propylene) co- and erpolymers are not substantially different from: the best
eatalysts found in the early work ot the Politeenico of Milan ("),

They are based on hydrocarbon soluble vanadium compounds and
aluminum alkyls or aluminum alkyl halides. The presence of halogen
ligands in the catalyst system seems necessary nlso in this case,

Among the vanadium compounds, YOCL is preferved for stability and
price.

When the vanadium compound is put in contaet with aluminum alkyls.
a fast reduction of the first takes pluce and the catalyst site is formed.
However, at difference with other catalyst systems, a Tast decay of catalytic
activity 15 noted in function of (Gme.
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The catalyst activity decay has been explained in lerms of an over-
reduction of vanadium, The over-reduction can be hampered by including
in the catalyst recipe specific vanadium reoxidizing agents.

A typicel feature of ethylene propylene copolymerization is that the
reactivitics of ethylenc and prapylene arve guite Jifferent.

Reactivity ratics velues of 15-30 have been reported for ethvlene and
of 0.06-0.03 for propvlene.

As to the process, the aforementioned difference of reactivity of ethyl-
ene and propylenc should be taken into account.

In order to reduce the perturbing influence of monomer feed com-
position on monomer reactor composition (related fo the difference of
monomers réactivity) the monomer conversion of the reactor is generally
kept ot & rather low Tevel.

As this fact is detrimental to termonomer « utilization », sn arrange-
ment of a series of reaclors is opportune. OF course, an efficient stirring
of reaciors is mandatory in order (0 achieve a sufficient reactor homogeneity.

Poly(ethylene co-propylenc) solutions are very viscous also at low
pelymer content: a content of more than 8% wi is hardly achicved. A
pussible way for increasing this figure is thet of performing the copolym-
erizition in the absence of solvents ("), Liquid propylene performs in this
case both as a monomer and a3 a polymerization medium. The copolymer,
insoluble in liquid propylenc, precipitates as a slurry and this fact allows
an incrense of polymer content fo be obisined, al a reasonable slurry
viscosity. The process temperature is also imporiant, in that a compromise
ghould be reached between polymerization rate and vanadium catalyst
denctivation.

The polymerization temperature is generally balow 4 "C.

Also the fhnishing section of the process (catalyst deactivation and
cofalyst residues remowval) descrves particular atiention. Any cationic
side reaction should be controlled in order to avoid & branching and even
n crosslinking of the terpolymer.

Moreover co- and terpolymers should be free of vanadium residues

in order to avoid a possible oxidative degradation and discolouring of

the polymer.
As to the properties, poly(ethylene co-propylene) co- and terpolymers

e unigque among SHR in that they display an excellent ageing resistance

eoupled with very good dynamic properiies. Their ageing and czone resisi-
ance excels that already good of Butyl rubber, in relation to the fact that
the unsaturations are located in side groups and not in the main chain. In

telation 1o these good characteristics and to the unlimited availability of
“ethylene and propylene monomers, the future of this sur looks particularly
- promising.

“The propertics of (ethvlene co-propyléene) polymers and terpolymers

depend upon:
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— ethylene content
= gthylenc distribution (copolymer randomness)
— WD

= |ETMONOMmEer iy,

Copolymer randomness is important in achieving good elastomeric
properties also at rather high ethylene content. The higher the ethylene
content is, the better are the dynamic properties, provided thal long ethyl-
ene sequencies are avoided, which could give rise 1o an undesirable crys-
tallinity, MW and MWD contral (hydrogen is suitable as a choin transfer
agent) are of paramount importance for achieving a sufficient level of
processability. Processability is considered the weak point of poly(ethylene
co-propylene) co- and terpolymers. This lect could be relsted to the un-
usually high topological interaction shown by ethylene propylene chuin (7).
Only by decreasing MW it is p-umhla to decrease the raw rubber elasticity
Dr!gmatnd by lopological interaction. A good MWD control allows a

compromise to be Tound between processability and dynemic properties
of the vuleanizate,

As 1o the termonomer choice, it depends both on its behaviour in the
polymerization stage and in the curing stage.

As to the polymerization stage, a5 already pointed out, the iermonomer
should:

— have two resctive sites with specific funciions, without any fune
tionel interference between them. The first site should allow a fast, com-
plete and random terpolymerization with cthylene and propylenc. The
second site should be inactive during polymerization.

— be sulficiently stable.

= be low in molecular weight for a favourable unsaturation/weight
ratio and for easing the recovery of the non reacted monomer,
As to the curing stage the termonomer should:

— @ive high and constant moduli (at equal ermonomer content) in @
reasonable time at a reasonsble vuleanization temperature, A decay of
moduli (reversion) or a continuous inorease of them during & prolonged
cure {marching modulus) are considered unsatisfuctory.

— reach the sbove mentioned moduli plateay in a short time (high
cure rate). Of course, cure rates should be compared ot equal level of
moduli plateau or at eqgusl termonomer content,

— o not give a premature vuleanization (scorching) during storage
and processing.

Mest of the above specilications are metl by Lhe three commercial ter
monomers used to-day. They asre (Table 1) S-ethylidene-2-norbomene,
-ﬂm}'*:lﬂp&ntudmn: and 1 4-hexadiene.
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S-ethylidene-2-norbomene is considered one of the best wermonomers: it
has the same reactive norbornene « head » of dicyclopentadicne, but its
ethylidene « tail » is both more inert in polymerization step and maore
reactive incurlng siep.

Moleculor weight of S-gthylidene-2-norbornene is intermediate between
dicyclopentadiene (10 carbon atoms) and 14-hexadiene (6 carbon atoms).

The cure rates ol the shove mentioned termonomers have been com-
pared (™}, The rating i, in order of decreasing cure rate constant
i = ENB > por. Other highly reactive new termonomers have been
recently proposed. They are based on o norbomene « head » with o con-
jugated E!Duh]_ﬂ bond system in the « tail » (™) (fg. 12).

1]

m [[II] Fig. 12 - Tricne lermamomers con-
laining o conjugzied dowhble bomd
systeimn in cromseid (1] ned  cisoid

(1] [II0] [I¥] conformation. [1]
I-erpropylidens  dicyelopeniadicns

i3 Hidene: tricyobo-[5.2.1.06"] -
(e SRR
| dicychopenisdiene (tricyclo. [5.2:1.0° "]
\@ -2.58 decarciene); (011 56
E?
(1] [1e]

yiene=Enorhamene; (1Y) cyclopen-
tndinyl-5-ende-norbom-2-enyl-medh-

ane derivaiives.

By using these termonomers, the chains are provided with very reactive
double bond systems, uselul for polymer postmodifications such as grafting,
functionalization and 20 on.

Owing to the reactivily of these lermonomers, their content can be
kept below the customary value of 1-2 mol %, used for conventional ter-
monomers. The reader interested in deepening the subject of poly{ethylene
co-propylened and of related ferpolymers (e and mErom) i dicected
to the recent excellent reviews, such as (7).

5.1.5 Polynorbornene

Recently, another amorphous sk has been produced on a commercial
scale, i.e. polynorbornene or poly(bicyelo [2.2.1] heplens-2),

By tungsten based catalyst. one ring of norbornens is opened (®), o
that a chain containing | 3-cyclopentylene allernated with vinylene groups
{in cis and {rang configuration) is cbtained (Tahle 11).
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The glass transidon is rather high (3545 "C) so that a reduction of
glasy transition with plasticizers is necessary.

The high molecular weight, {up to 2 millions) allows a high guantity
of oil and filler (o be added still maintaining rather pood mechanical and
dynamic properties.

The unsaturations in the chein provide the reactive sites for o sulphur
vilcanization,

The litersture datn on the polymer properties are not yer sufficient
for a conclusion on the application possibilitics of this new sHR, in com-
petition with the already exisiing ones.

3.2.b. Other amorphous sHS

Among the host of possible amorphous surs we shall limit our aftention
o eistactic polypentenamer, poly(cis-dsoprene co-cis-buladiene), and hex-
ene-1 copolymers.

Cistoctic polypentenamer is ohiained by ring opening polymerization
of eyclopentene with i twoe componcnis catalyst system based on MoCls
and AlEn (). The polymerization is performed in bulk, below — 10°C
in order to preserve o high eis tacticity. At — 40°C the polymer eis
tucticity is above 99% ., At this wemperature, o conversion of 500 is
obtained in B h. The glass point of the pelymer is claimed 10 be very
low [— 135"C, measured by flexural modulus (%)), lower than that of
transpolypentenamer and of cistactic polybutadiene. The meliing point is
50 low (— 41 °C) amd the cryswallization so slow that the rubber can be
considered smorphons. The exceptionally low glass poinl supgests ils nse
as o tubber for applications at extremely low remperatune,

Poly(cis-isoprene-co-cis-butadiene) can be svnthesized by uranium (%)
and rare earths () bazed catalysts,

The cis tecticity is high, the copolymers are homogencous and random.
Maolecular weight, particularly with neodymium catalysts, can reach a
very high value. An isoprene content of approximately 15% wi is sullicient
for obiaining an smorphous polymer also ol low lemperature or in a
stretched state.. Any copolymer composition can be obtained, depending
on the monomers ratio.

The imerest of this copelymer stems from the possibility of its use as
a compatibilizing agent Tor cistactic polyisoprene and cistactic polybuta-
diene, that are incompatible.

Polymers, copolymers and terpolymers of hexene-1 have been pro-
duced recently (M),

By carly work of MNatta and co-workers it was known that the glass
points of polyalphaolefin homopalymers showed a maximum for polypropy-
lene and polybutense-1 and then decreased ngain for polypentenc-1 and
polyhexenc-1. The glass transition of polyhexene-1 is rather low (— 30°C),
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The wse of hexene-1 co- and lerpelymer as a new sHi has been recently
tested by Goodyear (™), In particular the copolymers of hexene-1 with 1.4
hexadiens (in order to provide unsaturations for sulphur cross-linking)
and the terpolymers with bulene-1 (apparently in order o reduce the
cost) were tested.

These copolymers and terpolymers are claimed 1o have an exceptionally
high resistance 1o fex cracking.

A low Mooney viscosily also for very high molecular weight has been
found,

5.3, MULTIPHASE SHRS

From a physical standpoint, multiphase siurs sre sans which do not
need a chemical cross-linking step for forming a network: the network
is formed only by physical interaclion among sepments (hard sequencies)
of severa]l molecular chains, :

The meaning of the definition « hard sequencies » will be explained
later on.

The physical interaction among hard sequencies should weaken above
n certain temperalure, in order (0 allow an easy processing of the rubber,
gnd to strengthen below il. in order to provide a strong anchoring point
(physical cross-link} for the soft sequencies of the molecular chain.

The solt sequencies should be conpecled &t both ends with hard se-
quencies in order to perform as effective network chains (see paragraph 4).
 The length and the physical characteristics of the soft sequencies (e.g.
itlass point efc.) are subjected to the same requirements of o conventional
network chain, and therefore they do not need any particulur explanation.
s0me additional remarks appear 1o be opportune instead as to the strue-
ture and function of hard sequencies.

In a multiphase sur the physical interaction among hard sequéncies
5 based on van der Waels forces, thet are guite weak in comparison o
u chemical bond. In orer to incresse the mechanical resistance of the
physical cross-link, the hard sequencies should be sufficiently long, in
order to increase the overall van der Waals interaction among chains.
Secondly, a dense packing of hard sequencies is necessary [or increasing
the above mentioned interaction and for avoiding as much as possible their
interference with the function of the foft sequencies.

The dense packing of hard sequencies calls for their separation as
microdomains, dispersed in a rubbery phase made of soft (und possibly
only soft) sequencies.

The microdomains formed by hard seguencies, are given the adjective
of « hard » in that they are below their melting point or their glass point.
The melling or the glass point of hard microdomaing should be chosen
as 8 compromise between the temperalure range of processing and  the
temperature range experienced by rubber during its use.
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In conclusion:

1) = The chain structure of a multiphase sum should be composed of
hard and soft segmenis. The soft segments should be always bonded at
both ends with hard segmenis. Calling H the hard sepments and § the
soft segments, structures such as:

i i}
g 5
H5H  HSHSHSH HSASH  HS4S5H
8
H

are allowed, whereas structures such as

5
HS SHS HSHSHS SHSHSHS HS8H

are not {4 and 4 are chemical tri and tetrafunctional bonds).

2) - The soft sequencies should have length and physical character-
istits (Ty) suitable for a rubbery network chain.

3) - The hard sequencies should have length and physical character
istics as to scparate from the rubbery phase in form of microdomains, whose
melling point or glass point should be a suituble compromise between
rubber processability and upper temperature limit of use.

From & technological standpoint, multiphuse sun show the following
advoniages:

— do not need chemical cross-linking agents and allow time and cost
of compounding and cross-linking steps of & conventional sug to be avoided;

— since the physicel cross-link is reversible with 1emperature, a reutil-
ization of scraps s possible;

— also very bulky rubber objecis can be made inexpensively by injec-
tion molding, whereas a chemical cure should require unaceeptable long
curing times in & press, [or heat transfer reasons;

— the physical crosslink allows a certain network relaxation that
Improves the mechanical properties of the rubber, also in the absence of
a strain crystallization of the sofi segments.

The disudvantages are related to;
— an inferior resistance of the physical eross-link, compered 0 2
chemical one, when subjected (0 o thermal or mechanical stress. In

particular multiphase surs are prone 1o creep in unfavourable _Eempn:*rar.um,.l’
stress-duration conditions;

— an inferior aging resistance in comparison 1o 4 chemical cross-linked
rubber, at equal composition of soft sequencies, has been noticed.
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From the physical considerations put [orth just now, mulliphase sHrs
can be classified on the basis of the characteristics of the hard domains as:

1y - mulliphase sukrs with plassy. microdomains
2) - multiphase sims with crvstalline microdemains.

We shall deal with multiphase surs by following this order, in relation
to their presemt commercial importance. Howoever, also the second 1ype
ol multiphnse siiks has guined recently a remarkable success.

5.3.1. Muliiphase surs with plassy microdoiraging

A greae desl of multiphase surs that have obtained a large commercial
suceess is based on anionie polvmerization, They are generally relaied
o a5 « block polymers = or « thermoplastic elasiomers »,

A typical, il not unigue, feature of anionic polymerization is that of
breing, in certain conditicens, wemination and transfer-free, as pointed out
early by Zicgler (™).

The potential of this fact in obtaining block polymers with pre-deter-
mined sequencies was poimed out by Szwarc. who coined for (his kind
of polymerization the suggestive term of living polymerization (™).

The existense of o living chain end allows the length, and the position
along the chain of sequencies of two {or more) monomers to be controlled,
complying with the primary reguirements of a multiphase sHg.

In 1965 Shell (™) followed in 1968 by Phillips (") begun in US.A, the
commercial production of (butadiene co-styrene) block polymers,

The choice of hydrocarbon monomers suscepiible of anionic polym-
erization is quite limited. The more commaon ones are indicated in Table 13,

TARLE 13 - HYDROCARBON MOMOMERS FOR BLOCK MOLYMERS
Y ANIONIC POLYMERIEATION

Minuolefine {Tar hord scquences) Sityrens, potert-buiylsyrene, mmethylsiveene
Drioleling (fer soft sequenciesh Buludicee. issprenc, ether dbencs

_T]:LE main routes for obtaiming amonic bleck copolymers svitable as

SHR are

A} o three steps process with monofunctional initiators;
H) & two steps process with difunctional initiators;
Ch o two steps process with monolunctional initiators, followed by a

coupling reaction,

:'n_t'_r::l.:'mmt_sr k)



A, Theee steps procese ndth neompofunetiona] infiiarars

In compliance with the structural requirement of 4 block copolymer
suitable for sar, the simplest stroctore is:

HEH

where H is o hard sequence and § o soft sequence. When styrenc is chosen
as the monomer for the H sequence, it should be polymerized first, in the
presence of the anionic initiotor, One of the best initistor iz sec-butyl
lithium, in that it is more active than other butyl lithium isomers in pro-
viding a sulliciently fast vate of initiation of styrene also in apolar, hydro-
corbon solvents.

Apolar, hydrocarbon solvents are necessary so as to avoid that during
the synthesis of the second sepment based-on o diene, this could odd in o
configuration differemt from 14 (eis -+ trans) and therefore unsuitoble
lor on elEstomer.

At the end of the first step, the initiator should be completely urilized,
the styrene monomer should be depleted and only styryllithium specics at
the end of living chains should be present.

At this point the second step tokes place with the addition of the
second monomer (e.g. butadiene), The initiation of butadiene polymeriz-
ation by styryllithium speeies is quite rapid (the cross over rate constant
K..n I8 high, where £ = for styrenc end B for butadicneg). Butadicne is.
polymerized until depletion ond then styrene is added (third step).

At difference with the eross over rate constant K5 the opposite cross
over constent Ky, 15 rather slow, but can be accelerated by the addition
of small emount of polar substances, such ad diethylether, terrahydrofuran,
dimethoxyethome ore.

M Tero sleps process with difarctione! jeitiators

The three steps process is.complicated and time consuming, Moreaver,
every monomer addition can give rise to an introduction of peisons in the
polymerization reactor, with the resuli of obiaining. instead of a pure
triblock polymer, o mixture of it with its parent polymers.

Some particular dilithium  derivatives, such as 1 4-dilithio-1,1,4.4.-
tetraphenylbutane (™) are swfficiently pure and soluble in hydrocarbon
tnédia {necessary for the reasons already pointed out) for obtaining the
three block copelymer (exemplified in the three step process) in only two
sleps,

The dilithium initiator is put in contact with the first monomer, that
iz in this case the diene, A chain iz obtained bearing al both prowing ends
dienyl lithium species.

The second step involves the addilion of the monomer necessury for

s¥ithesizing the hard segment (eg. styrene, a-methylstyrenc).

“'E- GIULID NATTAD PRESINT SIGHITIEANCE OF HIS SCIPNTIFIC CONTRIBIFTTON




3t
15

ar

The finel product is similar to thot obtained with a three dtep process,
with the advantage of o simplificd and faster procedure,

The two steps process bazed on difunctional initiator is the process
ol choice when one of thé cross over rate constants is #ero, which maokes
imposgible to synthesize o HSH block polymer by n three steps process,

L Twe sleps prooes il moaofienotiaral deiiwors, fflowsd by @ coepling reactio

This process has gained wider acceptance in that it allows the same
polymet of the « throe steps process » to be obiained vet reducing the
polymerizotion time to one half. Moreover, the danger of unwanted
lerminations due (o impuorities introduced with the feeds is reduced, likely
the preceding process B.

The first two steps are similar 10 the « three steps process » A,

A diblock ehain is obtained with lithium dienyl species at one end.

Al the end of the sccond step, & coupling agent, provided with two or
more electrophilic funetions, s added,

By reaction of the electrophilic specics with the corbanionic omes
present in the system a block copolymer is formed with o linear, o trifune-
tivnal brunched, & terrefunctional branched sorucrure:

H H
& &
H5—5H HSLSH HS45H
5
H

depending on the functionality of the eoupling agent. In other words, the

[irst structure from left is obtsined with a difonctional coupling sgent,

whereas the second one with a trifunctional agent and the third one with
a tetrafunetional agent.

Of course, the functionality of the coupling agent can be increased
beyond #. Polvstyrenes with degrees of branching up o 11 have been

‘obimined.

The coupling agent can be chosen asmong a long list of di- or mulii-
[unctional electrophilic chemicals (such as, Tor example, dibromomethane,
chlorosilunes and =0 on).

The muain requirgments of a good coupling agent are a high coupling

efficiency, that depends also on the nature of the lithiated species, and the
Cabsence of side resctions, in particular of radical side reactions that pgive

rise (o an unwanted rundom bronched polymer.

Among multiphase suns with giassy microdomains particular attention

deserves a cluss of polymiers obtained from styrene-butadienc-styrens or
f_ll;tlm styrene-isoprene-styrene. copolymers by hydrogenation of the poly-
 digne egment.
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By n post polymerization hydrogenation, a styrenc-butadienc-styrenc
block copolymer is transformed in a styrene-EB-styrene copaolymer in
which EB means a random copolymer of ethylene snd butene-1. The
butene-1 units come from the vinyl butadiene units of the parenl poly-
butadiene hlock.

The glass transition of the solt block of the hydrogenaied polymer is
sufficiently low, depending on the vinyl addition of the parent polymer,
and the ageing resistance is improved.

The hydrogenated block copolymer has been commercialized by Shell
Chemical Corp, under the trade mark of Kraton G.

The hydrogenation post reaction is performed with hydrogen in the
presence of catalysts (for example cobalt of nickel salts) in mild conditions
{50*C, 3.5 kg/cm’) in order to achicve a complete hydrogenation of the
polydiene block, avoeiding any hydrogenolisis of the chains and any hydro-
genation of the styrene rings.  Also hydropenated block polymers show very
good mechanical properties likely the parent polvmer, also in the absence
of reinforcing fillers (see paragraph 4.2).

3.3.2. Muliiphase suams with crystalline microdomains

The firsr multiphase sHr with crystalline microdomains (stercoblock
polymer) appears to be that ¢laimed in an early patent (™), by Naita and
collaborators. 1t was a partially isotactic polypropylenz, or polybutene-I,
obtained by cxtraction of the raw polymer. The clastomevic properties
wirg improved by o partial chlorination.

In these multiphase surs the ervsialline domains were associations of
isotactic sequencies whereos the soft sepments were atactic sequencies.
Both the Iength of the isoractic and atactle sequencies, and their succession
werne not contralled. Moreover, the clastic properties of the stactic pro-
pylene or bulene sequencies were not good. In spite of that, the mechanical
properties of this ancestor of polyolefin multiphase seiks have been found
vutstanding, also in the absence of reinforcing fillers.

Uniroyal developed the first polyelefin thermoplastic elastomer (™™,
based on blends of polvpropylens and polylethylene co-propylene) fol-
lowed by several other Companics. Depending on the patents disclosed (il
now, the blending of a crystolling and of a rubbery olefin polymer may
requirve oF not & cross-linking step. However, some crosslinking and graf-
ting reactions can resull from o mere mechanical action during the blending
step of the polymers.

Of course, the mechenical-dynamic characteristics of these blends
connol outperform  those of well defined block - polymers  obtained by
anionie polymerization, However, the low cost ond the high npeing resist-
ance of polyolefin blends, together with (heir acceprable mechanical
characteristics, hes gained to them a remarkable success in o sector of
the market at mid-way between the plastics and the clastomer sectors,
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A Lypical application of polyolefin blends is that of sutomotive bumpers;
however, the opplication field of these versatile materials is expanding
al o fost pace.

The newecomer, among mulliphase Surs with erystalline microdomains,
seems Lo be syndiotactic 1,2 polybutadiene with low crystallinity, This

polymer has been commercialized by Japancse Synthetic Rubber, in
1975("™),

6. Perspectives

As pointed out in chapter 1, the main cutlet of swr is, and is likely
o continue (o be, the tyre seclor.

Among the mein requirements of the Iyre sector, in terms of rubber
striicture, are improved sik for radial tyre technology and for low rolling
resistance tyres. Both these requirements seem to be compliable, at least 1o
a certain extent, by new cryseallizable and amorphous sHRs.

Beside the tyre sector, other applications of sur re likely to show
good perspectives for the years ahead.

The past decades have heen marked by the teansport of EMEFEY FESCUICES
in the form of gas or liquids. The next decades will deal with the transport
of tremendous amounts of solids: g, coal and low grade ores.

It seems a reasonahle forecast thar rubber, and in particular sur, will
play an important tole in this change, Alsa the rubber structure should
be specifically designed 1o comply with this application (e.g. high abrasion
resistance, good dynamic properties lor low power requirements and 50 onl.

Other new outlets rely upon the ingenuity and fantasy of the ruhber
scienlists and techniciaons. As an example, | would mention here the solar
heat exchanger that has been recently proposed (™) and that 1akes advanti-
Bt of a sur with outstanding environmental resistance.

No doubt many other broad-use applications of sHrs can be discovered
in the future.
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Vinyl Polymers

The first paper of Professor Natta on this subject has been -publizhed
in 1934 [G. Natva, Giorn. Chim. Ind. Appl. 16, 285 (1934)].

His activity in this feld is proved by many publications. We quote,
for instance: G. Mavra, R. Ricamonti, At Ace. Naz, Lincei, Rend.,
Classe Sci, Fis, Mat. Nat (6) 24, 381 (1936); G. NATTa, P. CORRADINI,
LW, Basst, Makrontol. Chem. 18, 435 (1936); G. NATTA, G. DALL'ASTA,
G. Mazzanmi, U, Grannis, S, Cesca, Angew. Chem. 71, 205 (1959),

Prof, Paolo Corrapint who has collaborated with Giulio Natta in this
field from the beginning has been requested to give a contribution to the
volime. The contribution is entitled: The Role of the Discovery and In-
vestigation of Stereoregulur Polymers in Macromolecular Chemisiry,
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The Role of the Discovery and
Investigation of Stereoregular Polymers
in Macromolecular Chemistry

PaoLo CoRrapiNg
Pstituto Chimice dell'Universita, Napali

The discovery and utilization of the properties of matter has marked
simee the beginning of mankind’s history the various steps of the civilizagion
process: this fact is explicitely aknowledged when we talk of stone age or
iron age.

Even earlier in his history the mankind had learned to utilize for his
needs various species of macromolecular materials of natural origing such
as wood, leather, various fibers.

Yet the scientific understanding of the common chemical and molecular
basis of the mosl relevant characteristics of these materials, which is the
ohject of the macromolecular science, starled, however, only in the 207%
with the work of Staudinger; less than sixty years ago.

It may be interesting to go back for a moment to that period, in order
o better undersiand the meaning of the discovery and scientific investi-
pation of stercorcgular polymers by Giulio Natta and his school.

The possible existence of long chain molecyles was indecd already im-
plicit in the second half of the past century in the ideas of valence for-
mulated by Kekulé and others; this idea was, however, overlooked in the
following years because chemists were coneerned to deal only with small
molecules having defined and unique formulss. The habit to think of
polymeric substences in terms of formules corresponding to relative mol-
ecular massés not too high, vsually cyclic, was, in Fact, more correspond-
ing to the prevailing paradigms of the scientific community of the time,
that considered as purpose of the chemist the preparation and isolation of
pure substances, &8 pure substance being one containing all identical mal-
eoules. The scientists were thus lead, at the beginning of this century, 1o
the wrong opinion that natural rubber should be mainly constituted by
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dimeric rings of isoprene, while cyclic formulas containing a variable bt
small number of monomers were proposed for the synthetic polymers of
SLYICnE,

The formation of colloidal solutions should have heen considered as
an evidence in favour of much higher molecular masses. This phenomenon
was, however, explained in terins of aggregation of the eyclic oligomers in
larger entities through the action of secondary or partial valences, whose
nature wis, however, unexplained,

The term « macromiclecule » was proposed firstly by Staudinger in
1922 ("% the [act that polymers are constituted by very large molecules
(macromolecules), each formed by hundreds or thousands of constitutional
units, was accepted by the scientific community only in the following years,
when new evidence in favour of Staudinger ideas was continuously gained,

The x-ray investigation of some natural polymers (cellulose, natural
rubber, puttapercha) was a new important contribution 1o a hetter under-
standing of the concept of mecremolecule; it was thus possible 1o demon-
#irate that the results of the x-roy diffrsction of cellulose fibers are in
complete agreement with a chain formula, containing a very large number
of identical structural units. As shown in Fig. 1, which is taken from o
peper by Meyer and Mark {1928) (%), these units play in the crystals of a
polymer = role very similar o thut of low molecular weight molecules in
their unit cell; the macromelecules thus cross successive cells through the
whole crysial laitice,
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Fig. | - Bepresenearion of cel-
lmdose chales in ilse crastals ns Fig. 2 - Monomer uniis {abave) and ihe polymeric
ﬂl!;?'l by Meyer and Mark :I;';mu of cellulose as reported by Carathers in
1,

~ The identity of the structural units along the chain of a crystalline
palymer may be granted if the chemical structure of the polymer is regular:
s shown in Fig, 2, which is taken from a paper of Carcthers (1931) (M,
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the chein of cellulose is composed of units which are all 3-glucose units
and all in a8 1.4 sequence.

Analogously, the constitutional units present in the chain of the natural
polyisoprenes arve all equal and correspond to a- 1.4 enchainement; the
double bonds are always in the frans configuration in guitapercha and in
the eis configuration in nutural rubber (Fig. 3).

i \
H
S ™
N
1:---"' ™~ "
& H cﬁ CH, Fig. 3 - Sterewisomerism of ihe repentlng units
im mnfurnl polvisoprone pelymers as reporied
cn ferm Frars Form by Caroilsers in 1950,

We define today os o regular polvmer o linear polymer whose mol-
ccules can be substantially deseribed by a unigue specics of constitutional
unitz in 8 unique sequential arrangement. We define a polymer: as siereo-
regeder iF the succession of configurations is regular oo (we mean by con-
fipuration the sputial arrangement of the vorious bonds, withowt considering
the multiplicity of orrangements, which arise Trom rotation around single
bonds),

Cellulose, guttapercha and maturel rubber are examples of stereoregular
polymers, which nature is able o synthesize.  The researches conducted
in the three decades past 1922, when Staudinger firstly propesed the term
« macromolecule », led 10 the synthesis of semicevsialling polymers — as
the nylons by polycondensation snd low density polyethylene by polvad-
dition — ail polymers of great practical importance. These are regulir
polymers, whose constitutional units can have only & unigue conbiguration;
consequently, they do not show problems of siereoregularity, On the other
hand, the vinyl polymers olready known ot the time — as poly(vinyl
chloride) or polystyrene, chiained by radical polymerization processes —
resulted amorphous at a roentgenographic examination, even if they had
a quite regular constitution.

Anyway, the researchers of those vears did nol recognize that the lack:
of erystullinily was 1o be related to the lack of regularity in the succession
of configurations, as we will discuss later on.

Thi discovery of how to synthesize stereoregular polymers was made
by Mattw snd his co-workers i 1954, [0 may be interesting o recall some
aspects of this fascimaling hstory.

Crystalling polvmers of e.olefing were unknown al the time. In 1947
Schildknecht (*y obtained crystalling polymers from wvinyl alkyl ethers
using a process of cstionic polymerization at low tempersture. These
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crystalline polymers could be molded giving rise to plastle materials of
same rigidity, differently from the amorphous polymers previously obtained
From the same vinyl alkyl cthers, much more soluble, rubbery ond stcky.

Schildkneche published also some x-rey diffraction patterns of the poly-
mers he had obtained, but he did not give them o correct interpretation,
nor emphasized he the problem of stercoregularity as cleatly as later did
Matla and co-workers, who — for the fiest time — studied and determined
(alter the discovery of the isotnctic vinyl polymers) the sterie structure
— &lill isotactic — of the Schildknecht's polymers (%)

In the early 307, there woad the quite contemporary discovery — in
three different laborateries — of precesses for the polymerization of ethylene
at low presstires using solid cetalysts: the cetalyst used by the Standard
Qi of Indiana was molibdénumi{ V1) oxide supported on aluminum oxide;
the cne by Phyllips Petrolesm, chromium{V1) oxide sill supported on
silicafalumina; the catalyst studied by Ziegler and his co-workers, ot the
Max Planck Institute at Mihihcim, resulied from the reaction botween
trigthylaluminum and titnnium tetrachloride, Mowadeys it is hypothesized
that the mechanism of polymerization is guite similar for all three calalysts.

The polyethylene obtained iz more highly cryswlline, more rgid and

dense and has & much more regular structure than the one previously

known obtainable at very high temperature and pressure and which had
been industrially produced in the previous 15 years. The latter shows
macromolecules with both long snd short branches and s consequently
less: cryvatalline than the almost completely lincar polvethylene obipined
with the catalytic processes mentioned above, Anyway, it is obvious thai
polyethylene does not present tertiory carbon atoms in its constitutional
unit, bence it does not show problems of stercoisomerism,

It may be worth describing in some detsil how the catalysts based on
titanivemn chlovide and aluminumalkyls for the polymerizaton of ethylene

“were discovered by Ziegler and eo-workers.

They discavered firstly the reaction of growth of alkyl chaing with
Ethivlene on dluminumelkyls (Scheme), as shown in [1]. The reaction iz

- cotalytic one; alter several additions the intermediote product, as it can

be seen in [2] in the scheme, gives rise (o a hydride and an olefin and,
due to the addition of a new olefin 10 the hydreide — as shown in [3] —
the cycle starts again ("),

In the presence of propylene, the reaction stops leading 1o the forma-
tiori of n well-defined dimer. This fact, discussed by Zicgler during a
lecture given in Prankfurt in 1952, struck Prof. Natta, who was in the

‘audience, In particular Nata was impressed by the specifichy {(not yet
“stercospecificity) of the reaction which — due o the use of organometallic
-eitulysss — mode it possible to obtain, starting from propylenc, & unigue
imer: while it was well known that the usual dimerization catalysts, which
‘met through a cationic mechanism, give complex mixtures of isomers: (7).
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In the same year, Ziegler was struck by a casual observation which
reveeled itsell aflterwards o be of a great importance: the olipomerization
of ethylene stopped with the dimer, to give butene-1, in the presence of a
smiall amount of nickel. The nickel seems to have been deposited by
mistake on the walls of a8 nol well-cleaned autoclave, Starting from this
ohservation, Ziegler considered the possible influence that small amounis
of ather elements could have on the reaction of oligomerization of ethylene.
It was this rescarch that, al the end of 1933, gave striking resulis. In the
presence of a catalyst formed by the reaction between ttanium tetrachloride
and triethylaluminum, in & hydrocarbon medium, ethylens is rupidly ab-
sorbed, even at atmospheric pressure, to give a high polymer.

While the first discovery of catalysts based on transition metal halides
and aluminumalkyls musl be attributed 10 Ziegler, on the other hand the
merit of the most important subsequent developments in the field of the
scignce of macremolecules is to be atfributed 1o Natta and his school. The
thread line that led MNatta to his discoveries is different from Ziegler's. Baoth
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Matta and Ziegler had a greal sensibility towards the problems of industrial
chemistry but Ziegler was mainly o preal erganic chemist, while Natla's
interests had been directed at physical and structural chemistry since the
beginning of his career.

Natta graduated in engineering when very young.  His works were
mitislly directed towards the study by x-ray diffraction tochniques of the
structure of crystals and towards the resolution of various structural prob-
lems, In 1932 he mer Staudinger al Freiburg, and since then he was attract-
ed by the study of lincar high polymets, with the aim of determining their
lattice structure by means of electron scattering diffraction from thin films.
In 1938, after having studied in the laboratory, from & chemical and
structural point of view, the catalytic processes for the synthesis of meth-
anol and of higher slcohols, he wag charged with the direction of the
resedrches and the study of synthetic rubber production processes in Ttaly.
These studies led to the first [talinn industrial realization of butadienc-

‘slyrenc copolymers.

Coite at the same time Natta began to study — at the Palitecnico of
Milan — the possible applications of petroleum derivatives, and in par-
ticular of olefins, as raw materials for chemical syntheses, as, for example,
the oxcsynthesis of aldehydes.

In 1952 Matta was at Frankfuri for a lecture given by Ziegler, and
— s | already reported — he was impressed by the presented resulis,
With the cooperation of Prof, Pino, who was his assistant st the time,
and of some researchers of the Montecatini Company, he began to study
the kinetics of pelymerization of cthylene in the presence of aluminumalkyls.

At the end of 1953, Ziegler discovered the process of polymerization
of ethylene at low pressune, | remember, as personally lived, those charm-
ing -days dense of fascinating outcomes at the beginning of 1954, when
it was found in our laboratories that the Ziegler catalysts could polymerize
(besides ethylene) propylene, styrene and several a-olefins to high linear
polymers; these polymers oppeared crystalline when cxamined by x-ray
diffruction techniques, and were able to give oriented fibres,

| remember the enthusiasm and the restless activity which urged Matia

A hig young co-workers 1o the synthests and structural characterization

of the new products.

After twentylive years. we may ask the reason why the slereospecifie
pelymerization was discovered in a laboretory with no greal experience
(il least in comparison with other laboratories) in the ficld of the synthesis
of polymers; 1 think that & series of favourable circumstances determined
this discovery:

i) we were in a University laboratory, with a mentality concerning
the fundamental research more apen then inan industrial laboratory, but
not-insensible 1o applicative problems;
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iip we had in this laboraiory small groups of very good scientists,
with experience in the fields of organic, industrial organic, organemeiallic
and structural chemistry; this complexity of differcmt experiences was al
that time hardly availuble in other more specialized laboratories:

iii) with the aim fo characterize the ethylene oligomers, various pro-
cesses of extraction and roentgenographic charmcterization had been im-
plemented; these processes were particularly suitable [or the new polymers:

iv) through an agreement with the Montecatini Company, sbout fifteen
post-graduates. selected among the best ones in all the lalisn Universities,
were etich year sent to the laboratory 10 attend courses of specialization in
arganic aliphatlc chemistry and to collaborate to the various research
projects: it was thus very casy, after the fiest discovery, 1o have o quite
high number of researchers in the new ficld:

v} the laboratory was directed by Prol, Natta, ferile and productive
mind, & well known and inlernationally recopnized experi on the two
essential aspects of the problems o be tackled: structural chemistry and
catalytic synthesis;

vit the Meniecatini Company was sble 1o give a ready and large
Fmuncial support,

This series of lavourable circumstances {financial support, rescarchers,
interdisciplinary approach) determined the fact thal, while other lubora-
tories (Ziegler's in Mihlheim and the industrial laboratories of Phyllips
Petroleum and Standard Oil of Indiana) dealt carlicr than Matta with
catalysts able (at lesst partially) to polymerize =-olefins in an ordered
manner, they did not succeed in recognizing in time the value of the new
polymerigation processes and to implement the catalytic systems; they did
not have, on the other hond, the possibility to characterize from the struc-
tural point of view, with the same rapidity, the crystalline polymers which
ceuld be obtained and 1o exiend the investigation 1o new monomers.

Inn less than one year since the preparation of the first polymer of pro-
pylene, Maita was able to communicate, in the meeting of the Accademia
dei Lineei of December 1954, that a new chapter had been disclosed in the
ficld of macromolecular chemistry, due o the discovery of processes which
allowed Lo obtain polymers with an extracedinary regularity in their strue
ture from both the poine of view of their chemical conslitution and the
configutation of the successive monomeric units along the chain of cach
macromolecule {*).

The clarity and depth with which the results were presented are worth
to be remembered. Vinyl polymers may be considered to be canstiluted of
structurial units containing a tertiary carbon stom (Fig. 4} so-that in 2
palymer with a finite length this carbon atom may be looked al us asymme-
tric: hence it Is possible to have rwo kinds of enantiomeric units. There-
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[ore, 1t was convenient o examine whether the observed crystallinity could
have been determined by o regular succession of steric configurations Tor
each monomeris unit.

The xray examination allowed to determine the lsttice constants of
erystalline polypropylens, pulybutens-1 and polystyrene, The identity period

‘along the chain axis — as determined by fibre dillraction patterns —

resulted to be of the order of &5 A, and could be atiributed to a chain
segment containing three monomeric wnits. Therefore, it was (o be excluded
that the erystallinity could have originsted from a reguolar alternance of
monomeric unils chamelerized by enantiomeric steric configurations, On
the contrary, it was evident that the pelymeric chains had 10 be constituted
By regular successions of monomeric units with the same steric configur-
ation ("), This kind of structure was given the denomination « isotactic »
(from the greek words « isos », the same, and « tasso », 10 put in orcder).
The examination of the crystal structure of fsotactic polymers — expecially
polypropylene — showed that the chain conformation of these polymers is
alwiys helical. Fig. 5 shows the chain conformation of isotactic crystalline
polvpropylens as reported ina paper presented by Matta and Corradind to
the Accademia det Lincei in 1954.

Fig. & shows a more detailed model (comprising also the hydrogen atoms)
of the chain of polypropylene, in two orthogomal projections, along the
axiz and perpendiculaely to the axis of the chain.

It is seen that & ternary helix with three monomeric units per repeating

it 15 formed by the aliernation of earbon-carbon honds in gowefe and

frans conlormations. Helicoidal chain structures inoa polymer allow 1he
repetition of identical confipurmtional units in such & way tha they take
eguivalent conformations in respect to an axis. 1t may be interesting to
recal] that at the beginning of the fiftics the application of similar prin-
ciples led Pawling 1o suggest the =-helix model Tor polyaminoacid and
Watson: and Crick 1o the double helix model Tor DNA.

Az an example, Fig. 7 shows a comparison of the chain conlormation
of an isotactic polymer having 3.5 monomeric units per pitch (poly-4-
methylpentengd with that of an e-helix having 3.7 aminoacid residues per
pitch.

Soon aflter the discovery of isctactic polypropylene the resedrch in
Italy started to be directed along three different lines (™).
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i} study of the synthesis of other types of stereorepular polymers from
mgnomers with a chemical structure other than that of the simpler a-clefins;

I} improvement of the study of the possible configurational successions
in the new polymers and establishement of the relutionships between
chemical structure and macromolecular confermation;

i) study of the most Favourable canditions for the synthesis of olefinic
ind diolefinic hydrocarbon polymers in high yields and with high stereo.
regularity and study of the polymerization resction mechanism.

These lines have, indeed, proved very ruitful and have coniributed
enermously to enlarge the field of macromolecular chemistry.

Remarkable results were obtained, for instance, in the study af diene
polymers. It was possible to obtain and charcterize from (he struciural
point of view isoprenic polymers with a 1.4 sequence having the double
bonds atways.in the cis or in the frans configuration, as in the case of the
well known natural polymers, rubber and guttapercha, The discovery of
the stereospecilic catalvsis of polymerization has thus allowed mankind (o
disclose a new field which had always been thought to be in absolute
control of nature,

In the case of the buladicne polymers, il was feasible 10 isolate and to
characterize from the struciural viewpoint all the four possible sterso-
regular polymers, two with 1,4 and twe with 1,2 enchainement,

Fig. 8 shows the projection along (lower) and perpendiculary to the

Fig. B - Conformaibons in the cevamliing saie of the four pausible
slercoregulsr chains of polybutndiene © o) 14 pransp by 14 ol gl 1.2
syndiacaetie; dp 1:2 isatacric).
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chain axis (higher) of their chain conformations in the crystalline state (7).
The melting painl of the 1 4-trans polybutadiene (Fig. 8,a) is higher than
that of polyethylene, while the | 4-cis polybuladiene (Fig. 8,b) is amorphous
at room (emperature and can be crystallized only il stretched. The latter
is a particularly good synthetic rubber.

Two different kinds of swereoregular polymers ean be oligined with
butadiene when the sequence of monomeric units is of the 1,2 type. The
first of them (Fig, 8,¢), crystallizes with & chain conformation of ternary
helix very similar (o that previcusly shown for polypropylene; it is an
i=otectic polymer, characterized by the repetition of monomerie units with
the seme configuration, The second, on the other hand (Fig. 8.d) is charac-
terized by the alternation of monomeric units which are chemically equiv-
alent, but are in an cpposile steric configurmtion. The latter kind of se-
quence of configurations was given the name of « syndiotactic », from
the greek words « syn dyo », every twa, and « tasso », o put in order,

This discovery led to recognize thiat even the fong fime known polv(vinyl
chioride) exhibited a small degree of crystallinity due to the presence of
short sequences of syndiotactic configurations (7).

Fig. 9 shows the first representation proposed for distinguishing easily
the different types of sterecisomerism present in viny]l polymers, viewing
the main chaing os lying down on a plane: 1) isotactic sequence of configur-
utions: ii) syndiotaclic sequence of configurations; 1) no order present,
atactic sequence of configurations,

Besides the stereoregular polymers of dienes, the thorough investigation
of the possibilities offered by the Zisgler-Natta cotalysts in parlicular and

ISOTSCTIC
SYNDEITACTIC

Flﬁ. B . ﬁl!.:ﬂllll.' L=l TR
ATAETIC tntlon of the conliguration of

svtaetie,  syndiowmede  amil
nractic vinyl palymers.
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ol the siereospecific polymerization catalysis in general has led to the se

quisition of new classes of polymers, too numerous (o be discussed here.

I shall briefly mention, because of their importance as elastomers, only the
ethylenc-propylene copolymers and the stereoregular polvmers obtained by
a metathesis reaction through the opening of the cyclopentene ring. Among
the most recent predominantly scientific investigations on the mechanism

of stereoregulotion, | will recall those on the polymerization of alkenes

baving a chiral center in the side chaine, which have been carried on
mainly by the school of Pino ().

The need of o better understanding of how the sequences of configur-
ations could affect the physical properties of the new polymers has led to
a more careful investigation of the relationship among chemical structure,
confarmation and organization of macromolecules and physical properties.

As | have already mentioned, one of the strong points of Natia's school
— especially al the beginning of the rescarches in the field of the stereo
specilic polimerizations — was the use of solvent fractionation on the crude
polymers obtained, Unlike polymers obtained with different pelymerization
procedures known before, it soon became cvident that, in the case of pro-
pylenc polymers, the Tractionation, o least under certain conditions, did
net take place according to the maolecular masses. OF the fractions with
comparable intrinsic viscosities, those insoluble in ether, were clearly
crystalline for temperatures below ot least 130 "C, while the ones insoluble
in acetone, but soluble in ather, were completely amorphious, even at low
temperature,

The fraction inseluble in boiling s-heptane showed a melting point
higher than 160°C. The crystallinity increased with increasing melting
pednt and insalubility, as it results from the x-ray diffraction patterns shown
in Fig. 2. The explanation of these phenomena was correcily [dentified
by Natta and co-workers in the presence, in the various extracted Fractions,
of different distributions of configurations. With the impravement of nu-

wlear megnelic resonance techniques, this conclusion was fully confirmed,

atid allowed also to give a décper insight into several aspects concerning
the polymerization mechanism (M),

It can be uselul, at this point, (0 represent the possible successions of
cenfigurations [or a vinyl polymer, on the ground of relative local con-
higurations,

AL it resulls from Fig, 10, two monomeric units in sequence (consli-
tuting & « dyad »} can have oe non-equivalent relative configurations: in
analogy with the clussic case of tartaric acids, these relative configurations
are indicated as « mesa » and « recemic = respectively.

A polymer will be ideally isotectic if all the dyads are meso; it will be
ideally syndictactic iT all the dyads are racemic; in general, and according
1o the catalylic system, intermediate sitnations can occur,

Lel us suppose now that, in the heterogeneous catalytic system orig-
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inated by the resction between TiCl and aluminumalkyls, active sites of
a different nature con be found; these active sites could differ both in their
regiospecificily and capability of stereorcgulation. 11 that is true, some
active sites could have an cextremely high capability of sierecregulation,
giving rise to macromolecules insoluble in boiling r-heptane, with o per-
centage of « meso » dyads nod Tar from 1009, while other active sites
could have a lower cupability of stereorcgulation, so justifying the existence
of fractions with increasing solubility, 4ill the complete amorphous frac
tions even soluble in ether (Fig. 113,

The correct understanding of the reasons why it is possible to find frac-
tions with different stereoregularity allowed to reach an immediate outcome
of great technological importance, that is the synthesis of polypropylenes
characierized — even unfractioned — by an extremely high degree of iso-
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tacticity. This is possible starting, rother than from liquid TiCl (the
catalyst wsed by Ziegler for polyethylene), from solid TiCls, with a high
degree of subdivision, in its violet polymorphic layer-structured forms a,
v or & (the last two structurally characterized by Matta and co-woarkers) (7).
The extensive use of fractionation techniques and the comprehension that,
in some catalytic systems, the presence of active sites characterized by
extremely dilferent capabilities of siereoregulation is possible, led some-
times to the identification and characterization of stereoregular palymers
of & completcly new kind. On the other hand, the synthesis and charac-
terization of such polymers were the obvious starting point for the prep-
aration of « ad hoc » eatalytic systems for the production of polymers with
satisfactory yields and steric purity.

The first polybutadiene with a strueture mostly of the 1 4-cis type was
isolated and identified, by means of x-riys, by extraction from & crude
polymer containing equal percentages of 1, 4trans and 14-cis units: the
syndictactic polypropylens was firstly isolated in quantities of about 1%
of the starting erude polymer (mostly isotectic and prepared by catalytic
systems constituted by TiCl and Iythiumalkyls), starting from the obser-
vition that, at the x-ray examination, the hexanie extract was characterized
by both the classic diffraction lines for isotactic polymers and one anomalous
line, not particularly intense, corresponding to a Bragg distance of 5.4 A.

The successive synthesis in high vields of syndiotactie polvpropylene
using homogeneous catalysts {different from the heterogencous ones for
the synthesis of isotactic polypropylens) constituted by VCl and dicthyl-
monochloridealuminum allowed its complete structural characterization,
The syndiotactic polypropylene can crystallize in two different crystalline
madifications arising from o dilferent chain conformation. Fig. 12 shows

&

IS

Fig. 12 = Compnrison among ibe chain
mrﬁurrlnﬂhn:jn[_ mr:_nrﬂtﬂﬁu?nﬂlr-p
prapylenes: ispdnctic po Py
ene; B syndioiscic  polypropylcne,
helicoddzl - modilication: C) syndio-
tacile polypropylent, nearly rigrag
c planar modification.
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8 comparison between the models for the isotactic polypropyiene chain (a
ternary helix slong which the chein bonds assume aliernatively a frams
and a garche conformation) and the two possible syndictactic polypropylens
chain conformations: o planar xig-zag conformation, at the right hand side
of the lgure, corresponding 10 an all-frares bond sequence, and a helicoidal
conlormation, in the middle of the fgure, in which bond pairs in froms
(8 = 180°) conformation alternate with bond pairs in gouche (B = — 607)
conformation, [t was possibhle to demonstrate that the chain conformations
experimentally found for both these and other stereoregular polymers are
in excellent agreement with the conformations foreseable on the ground of
the minimization of the internal energy (once the configuration has been
agsigned) under the condition of the repetition along cne axis.

Withowt this condition, it is possible to foresee the conformation

distributien Tor unperturbed chaing, both in 8 solvents and in the meli,
i@l

The isotactic polypropylene chain (Fig. 13) corresponds — in the melr
== 10 a succession of short spiralized segments, alternating in opposite
senses (%), Even il it is not possible here to give a decper insight into the
spetial conformation of polymeric choing, whose study was greatly promoted
by the discovery of stereoregular polymers, and into the implications be-
tween molecular organization and physical properties, it may be appropriate
to cite two meaningful sentences from the lecture given by Prof, P.J. Flory
in the nccasion of his Mobel prize ().
o Comprehension of the spatin] relationship between the atoms of o
moleenle is o universal prerequisite for bridging (he connection he:
tween the graphie formula and the properties of the substance so
constituted. 1T the marked differences in properties that distinguish
the preat variely of polymeric substances, both notural snd synthetic,
gre to be rationally undersiood in fundamental moteculor terms, this
must be the focus of future research =,

[t may be of intercst now o shortly discuss the possible mechanizm

that leads 10 the extremely high stereoregularily observed for palypropyl-
engs, As we have alrewdy reporied, high stereorepularity had been pre-
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viously found only in natural polymers, obtined by enzymatic caralysis.

For somc catalytic systems based on layered TICh it was found, by
means of nuclear magnetic resenance studies that the resulting polypropylene
macromolecules may show a Traction of « meso » dynds higher than 999,
und that in such polymers the « racemic » dyads sppear always 1o be in
pairs. With reference to the lower parl of Fig. 14, the few inversions of

conliguration scem (0 happen according 10 the model a) rather than ac-
cording to model b).

IITITIMTI:ILT Ir:L:rrfirr-:lilmljuﬂ'nIE:
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L o L Fig. 14 - Passible nversions
i T L T ol mﬂ!‘mﬂw _sleng  the
(b -!Hrnl n]:-:ml- Iu:L |mp1 ﬁl:': e o fmﬂﬂlnm sy

The monomer molecules show a strong tendeney to be inserted on each
entalytic site always with the same configuration. The hypothesis that the
chirality of the chain which is growing on o metal-carbon bond influences
the reactivity of the prochiral faces of the olefin con be excluded, hecause
this hypothesis would be in agreement with model b) and not with model
ab. The structural investigation of the isotectic polymers of eis and frans
I-:de-propylene shows, on the other hand, that the addition mechanism of
the double bond is always cis, A possible model of the catalyst's surface
(TiCL in layers) which could b in good agreement with the high stereo-

specificily observed is shown in Fig. 13 ().

Suppose that on o surface titanium atom are bound the prowing chain
imnd an olefin molecule in the proper orentation to give & primary insertion
by cis migration. The intrinsie chirality of the cotalytic site (in the case
of the fgure, A) would determine & shew orientation of the first carbon-

‘carhon bond of the growing chain: the insertion of the alefin is thus mare

Fig. 15 = Mossible mod-
el of 0 estalyde A slie
al the TiCl; surfoce:
while ihe zhain s
bound 10 msume a
chiral orlenmarion. the
prefented coordination
of ihe olefin ia with
the S-fuce (onse ).
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difficult in model by (because of steric interactions among the methyl
proup of the olein and the chain atoms), while the insertion 15 easier in
model @), The models a) and by differ mainly with respect to the coordi-
nation face (N or §) of the olefin on the litanium stoms. We would have
them & preferential insertion of the olefin with a given chiralily on a given
site. and this kind of insertion would be reproduced again even if an error
ovcurred. This is confirmed. by the synthesis of macromolecules, starting
from racemic mixtures of optically sctive menomers, in which the mono-
merie units have a specific prevalence of chirality, according 1o the chirality
of the site on which they have grown.

The various points already discussed in this paper have given an idea
of the enormous consequences that the discovery of stereoregular polymers
has produced in the field of macromolecular science; it may be gppropriate
al this poiot to try o give a quick Mash on the most recenl improvements
of the stereospecific catalysts, on the technological versatility of polypropyl-
enc — the most important of the polymers eblained wilh stercospecific
catalysts — and on the weight that the new gynthetic processes have had
on the induestrial productions.

Some vears ago, the feeling was that nothing better than a clarification
and & betler control of the siereospecificity mechenism could be obtained
in the research on the catalysts, The art (if not the science) of preparing
TiCly catalysts with the highest possible surface activity appeared to be
well consolidaied,

Al the end of the Sixties, however, new catalytic systems {for the pol-
ymerization of ethylene were implemented, in which the Btanium chloride
ig supporled on a matrix, as, for instance, magnesium oxide or chloride.
These new catalysts show a very high activity in the polymerization of
ethylene, with yields of the order of 10° instead of 10* grams of polymer
per gram of titanium. In the second generation plants for the production”
al high density polyethylene, the use of these catalysts avoids (he expensive
process of separating the catalyst Trom the polviet.

The new catalysts however were unsatisiying in the polymerization of
propylens, where a control of the succession of the meso versus the racemic
configurations elong the palymer chain is necessary. The isotacticity index
{the insoluble fraction in boiling n-heptane) of polypropylenes which can
be obtained with high yields using catalysts for ethylene polymerization
of the above kind, is in fact in the range 3060%. This means that ap-
proximately one hall of the macromolecules have 8 fraction of relative
meso configurations lower than 95%, so that the most interesting techno-
logical characteristics of the polymer are heavily damaged. More recently,
the rézsarch to design o high vield supported catalyst also for the fsotactic
polvmerization of propylene oo has led, with the help of the previons
experience in the field, 1o the implementation in the Montedison research
labaratories of a new catalytic system which is capable of so high yields
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(300 000 g of polymer per gram of ritanium) that the depuration process
cai be eliminated in the production planis; on the other side, the isotacricity
is 50 high, that the heavy cost of the extraction of the amarphous fraction
can be considerably reduced,

The research efforts to a better comprehension of the action mechanism
of the Ziegler-Matta catalysts, of the nature of the catalyst surface and of
the influence of various chemical agents sre now paying back, in this way,
also in lerms of a simpler industris] process.

Al the same time, studies intended o a better comprehension of the
relationship belween structure and properfies have also advanced. The
uge of synthelic polymeric malterials — and of composites in which the
polymers gre present — is always increasing, in substinution (ai time,
ameliorative) of natural, metallic or ceromic materinls. In the near future,
considering also the increasing consciougness of the limitation of the avail-
sble resources and the need to increase the added value of the productions,
it may be foreseen that the effores of the producers of polymeric materials
will be shifted [rom the concept of quantity to thai of quality and apiness
of the products to their specific usage. It is realized that the propertics
which allow to design a polymeric material for » certain usage depend.
somelimes in a very complex way, also on the physical structure of the
material and on ils evelution in the time,

We can speak of « tailor-made » polymers — using an expression dear
1o Prof. Mark — in referring 10 specific chemical steuctures, desighed to
A cerlain usage. However, also diferences in physical structure of the same
material, oblained with o suitable treatment, or very small differences in
chemical structure for materials which are practically identical from the
chemical vicwpoint, can result in noticeable differences in the menufocture
and in the mechanical properties of the final products,

The manner of organization of the cryztalline and amorphous phases in
a polymeric solid with a given chemical structure is heavily dependent on
the thermal and mechanical history of the sample. Fig. 16 shows the
complexity of the molecular organization in & semicrystalling polvmer. The
crystals of a polymer appedr W0 be as lamellas; the short axis of the lamellas
is coincident with the axis of the macromolecular chains, Each chain is
folded many times inside a single crvstal {obtained from dilute solurion)
as shown in the upper parl of the figure, but it may belong o maeny
different crystals in the bulk of o polymer (lower part). The crystals and
the amorphous regions can be oriented, depending on the manufacture
process,

The amorphous regions sre placed among the crystals; they can contain
cntire macromolecules (wsually with lower melecular weight and tacticity),
portions of macromolecules {8 few decads of constitutional units) which
belong te chain felds on the surlface of the erystalling lamellas or to tie chains
inierconnecting adjacent crystals, Without giving mare details, a significant
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example of the influence of the monufacturing process and of the resulting
regulnted morphology on the mechanical properties is provided just by
isotactic polypropylene. Depending on the process we can obtain from a
single material with given chemical structure (')

1) strong hbres, which require high stresses o underzo small defor-
mations and then break;

i) ductile fibres, capable 1o sustain very high deformations (1 000%)
belore breaking:

iti} Fragile fibres, which break up soon with very small deformations;

iv} elastic fibres, capsble to deform up to 100% with the total re
covering of the original length when the applied stress is removed.

From a single polymeric material it is possible o cbtain extremely
different mechanical behaviars. 1t is not possible 1o observe such extremely
different behaviors in metallic or ceramic materials,

Similar considerations can be made in the case of polymeric films,.
with reference to the optical and mechanical properties, 1o their per-
meability to gases and to their weldability,

It is possible to speak today not only of « tailor made s chemical
structures bul also of o taflor made «» physical structures.
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lhe pragress of the scientific and technological investigation of poly-
mers, marked by the important discoveries of polymerization processes
with coordinate catalysis, hes led the industrial production of polymeric
materials in the world to maore than 50 million tons per vear; this quantity
is [0 times lower in mass, but of the same order in volume, than the world
production of raw sieel, 1t is important (o underline that the production of
synthetic polymeric materials was 500 (imes lower 50 years ago and 30
times lower 30 years ago than the present production. Today in the Wesi
Europe, the consumption of polymeric materials is more than 30 kg per year
proocapite,

Iz this an uncading increass?

The oil crisis has led 1o a decrease, bul not 1w a stop of the growth rate
of production; on the other side the global needs of energy and petroleum
(a3 @ starting material) for the production of polymeric materials, at least
in volume compare Tnvourably with the production needs of other materials,
as for instance, aluminum or steel (Table 1), Table 2 shows data on the
1978 consumption of the five main thermoplastic materials in the West
Europe and all over the world (™).

TAR. 1 - ENERGY HWEEDS FOR THE PREPARATION
OF S0OME INDUSTRIAL MRODUCTS {1976)

MEH UNIT RAES TEH LUHIT WWILLRAN

kide k1 fem!
Afunsimumn 245 ; 60
“Eieel +5 340
G ass 0 a0
Papsr 1] Hid
I'oiysi e 1+ 1500 (i)
Polyivieyl chlorides i 130 133
Fdvaleling 1 a5 |45}

m—

Tho reporied valoes compelse the cocrgeife confent of raw maferiols; such a5 petroleum
lin-parenificss),

The five main thermoptastic materials (which cover more than 50%

of the overall industrial production of polymeric materials), are low and

high density polvethylene, polypropylene, polystyrene and  poly(vinyl
chloride).

Twia of them, the high density polvethylene and palypropylene, are prod-
ueed using anionic catalytic processes of the Zicgler-Natta kind, Ameng
the thermoplastic materials for which s sensible growth rate can still be
forezecn we find the isotactic polypropylene, which represents today the
10% of the overall production and could increase, according to reliable
eatimales, to 8 15% in the next fen years. A high increase can be in
particular expected for polypropylene polymers in composites with pglass
fibres, or modified by blending or copolymerization with ethylene to give
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TAR, 2 - CONSUMIFTION OF THERMOPLASTIC MATERIALS
I

N WESTEEN EURCPE AND IN THE WORLE (1975)
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polymers maore Nexible and resistant ar low temperature. Formulations of
pulypropylene with ethylene-propylens copolymers may result, finally, in
thermoplastic clastomers (which are plastic st higher temperatures and
rubbirs at room temperaiore), which should be ineressingly used in the
automohile industry.

The present trends of macromolecular science fit into the scenery Just
sketched and are conditioned 10 some extent by the world wide tendency
ta enlarge the fields of usage of the existing polymeric materials (with the
largest increments in the fields of housing, agriculture, transporiation),

by specializing their guality in relationship 1o uses.

It is evident thaot

maocromclecular chemistry s becoming presently o malure science, and to
this end, great has been the role of the discovery and investigalion of the
sierenspecific polymerization and of the stereoregular poelymers, marked
by the genius of Prof, Giulio Natta.
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Stereospecific
Polymerization of o-Olefins

The first paper of Professor Natla on this subject has been published
in 1955 [G. Narra, P. Pino, P Comgaming, F. Danvsso, E. ManTica,
G. Mazzanti, G, MowacrLio, [, Am. Chem. Soc, 77, 1708 (1935)] .

His activity in this field s proved by many publications. We quote,
for instance: G. NaTTA, Nuevo Cimento 15 (10} Suppl. 1, 9 (1960} G.
MNaTra, M. Farina, M. PErarpo, Makromel. Chem. 38, 13 (196800 G.
NatTa, 1. Pasauon, A, Zamesrv, |, Am. Chem. Soc. 84, 1488 (1962);

G, Narra, G, Dart'AsTa, G, MazzanTi, |, Pasouos, A, VALVASSOR]

and A, ZameeLrr, [, Am. Chem, Soc. 83, 3345 (19613 G. MNatrra, Chim.
Ind, (Milar) 46 397 {1964).

Prof. Adellfo Zamprinl whoe is panicularly expert in the mentioned
subject has been requested to give o contribution to the volume. The con-
tribution is entitled: Some Aspeers of the Mechanism of Stereospecific
Polymerization of a-Olefins.
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Some Aspects of the Mechanism of
Stereospecific Polymerization of a-Olefins

ADOLFD ZAMBELL]
Istitute Chimico dell’Universita, Napoli

1. Introduction

Stereospecific polymerization of s-olefins has been extensively reviewed
few years ago in an excellent book ('), ) '

As a consequence this article will jusl consider some topics concerning
the dilferent mechanisms of stereoregulation and the structure of polymeric
materials obtained in the presence of different catalysts,

Fig. 1 shows the Fischer projections of three different stereoregular
forms of polypropylene. Isotactic and syndiotactic polypropylenes (Fig. la
and b) are obtained by homopolymerization of propene in the presence
of suEr!s;hln catalysts, eg. TiCE-ANCH:LCE and VCL-ALC:H:):CI respect-
ively (™)

Head-1o-head-tail-to-tail ervifiro diisotactic polypropylene {Fig. 1c) is

b) sme see

L ---I—E—n—o—u—c—o_i_i_on- Fig. 1
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chlained by copolymerization of cis-2-bulene with ethylene in the prescnce
of VCL-ALCH: b (')

In order (o succeed in preparing isolactic and syndiotactic poly-
propylene, regiospecific and stereospecific processes are required.

For the preparation of head-to-head-tail-to-tail erpthro dilsotactic poly-
propylene it is required that:

_ i} - the overall 3h:rt,'q|:hl:mica] nm::l-'mnism of addition to the double
bond of ofs-2-butene iz cis;

ii} - the addition of 2-butene molecules to a given growing chain
produces mopomer units having constant configuration;

i1} - thaf slernate copolymerization with ethylene is achieved.

In the following sections some aspects of the polymerization mechanisms
e considered in order o understand how the previous requirements are
met in the presence of the quoted catalytic systems.  Ethylene-propene
copolymerization is also briefly considered.

2, Isotactic polypropyiene

lsolactic specific polymerization of propene is iypically performed in
the presence of heterogeneous catalvtic systems consisting of & halide of
early transition metals (in bulk or supperted) and of a base metallorganic
compound ('), Polymerization occurs on the surface of the solid cocatalyst
and the analysis of the end proups of the polymer shows thai chain
growlh involves insertion of the monomer on reactive metal-carbon
bonds (),

A number of evidences show thal the sctoive metal 5 the ransilion
ane ("). 11 hes alse besn experimentally observed that;

11 - the averall stercochemical mechanism of addition o the double
bond of the monomer is cfs (")

ii) - the regiospecificity of the monomer inscrtion is primuary (or metal
o Co) (343

Mi + CiHa

MICH:CH(CHa} ...
primary inseriion of propene

e O CHCHCH, ..

secondary insertion of propenc

iii) - the stereochemical sequence of the configurations of the sub-
cstituted carbons is accounted for by the < enantiomorphous sites »
model (%),
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This model assumes that the whole catalyst is s racemic mixture of
enantiomorphous catalytic sites (0 preferring sites and L preferring sites).

The probability that the addition of the monomer gives a monomer
unit having o (1) configuration is PoolPi) for the niu) preferring sites,
The probabifity of having 1{p) configuration is PulPw) = | — PoslPu).
Of course Pan = PL.

It is important to point out that the p or L preferring character of the
active siles 8 not related to the last unit of the growing chain end.

As a consequence, the more recurrent irrcgularity in the sicreochemical
sequence of the fsotactic homepolymers is .mmmrrmmpe . ('™ and
in ethylene propene copolymers prepared in the presence of isotactic
specific chitalysts, isolated cthylene units span propylene units of the same
configuration (Fig. 2 (")

by eew sen )
Fig. 2

Indeed Arlman and Cossee () oheerved that the transition metal atoms
at the surface of the solid cocatalyst are in asymmetric enviromment, and
suggested that stereoregulation arises from the non bonded interaction of
the prochyral monomer with the ligands of the active sites.

Corradini and co-workers ("} sugpested that stercoregulation could
oltimately arise from the chyral orientation of the 'bond between the CH;
and the CHICH:) of the growing chain end,

3. Syndiotactic polypropylene

Syndictactic polymerization of propene occurs in the presence of hom-
ogencols catalytic systems, eg. VOL-ANCHCD (9. Also in this case
many evidences suggest that propagation involves insertion of the monomer
on reaclive transition metal carbon bands (), The overall sterecchemical
mechanism of addition to the dowble bond is cis (™) like In isoractic
polvmerization.

The regioregularity of syndiotactic polypropylene is lower than that
of isotactic polypropylene and mone of the Tour possible insertion steps:
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syndiotactic dyads, Fr = propagation probability of isotactic dyads).

-erization has been propesed in the literature (™). All the previous chser

consisting of o pentaccordinate vanadium alom beating a & metal-carbon

+ CH
Mil=e . i e ]

CiHe
AP iy ¥ 73 L S

+ CiH,
Miro—{  ___  _Mie—e—| 272

+ CsH
(1T ety Y 'S LN §
is negligihle (4*). {M: = mctal atom of the catalytic complex, —* =
CH-CH{CH,), ®— = CH{CH,}-CHj).

It has begen reported in the literature (') thot kefkn = kafkn = 1
[where ki is the kinetic constant relative to step ij) so that step 22 accounis
[or most of the menomer polymerized, and that step 22 is the only syndio-
teetic specific one (*"). The stereospecific propagation process 22 oceurs
according 1o the symmetric Bernoullian model proposed by Bovey and
Tiers ("),

Aceording to this model

Pr:lr} PH-:].—Fr
where [r] = molar [raction of syndiotactic dyads in the polymer {neglect-
ing the cffect of the regicirregularity). (I = propagation probahbility of

The regio- and stercochemical structure of both the homopolymers: of
propens and the ethylene-propene copolymers prepared in the presence of
syndiotaclic specilic catalysts is in agreemenl with the previous consider-
ations on the propagation mechanism (Le. Markovian model of the regic-
specific propagation, symmetric Bernoullian mode] for the stercospecific
propagation according to step 220

A consegquence of this propagation model is that sleric control ulti-
mately arises from the asymmetric configuration of the lasi unit of the grow-
ing chain end (). A detailed reaction mechanism for syndiotactic polym-

vations are accounted for by assuming homogensous catalytic complexes

bond, three chiorine ligands and a coordinated monomer. The V is as-
sumed 1o be ecssentially achiral.

4. Erythro difsotactic head-to-head-tail-to-tail polypropylene

As peinted out in sect. 1 this unusual polypropylens can be obtained
from alternete copolymerization of cis 2-butene with cthylene, in the
presence of the catalytic system VCI-ALCH:) ). Polymerization occurs

by insertion of the monomers on resctive metal-carbon bonds,

+ GH
o O el P Y I (R
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where Mt = metal atom of the catalytic complex, = = CH-CH,, »—» —
CH{CH:-CH{CH,).

It is possible to obiain alternating copolymers bBeciuse kyr = 0 (V303
is the kinetic constant of copolymerization step 22,

Since kvr Ky, .ﬁ!’nh & very ['I:IEI'.I E-i.l'll,.l"['..lHi, ratic is pecded i the
feed,. =

The érytiro structure of the polymer is u consequence of the cfs
opening of the double bond, OF course the regiospecificity s out of
question due o the symmetry of the monomets,

It may be worthwhile o ohserve that:

£) - the cotalyst system used in stercospeeific aliernete copolymerization
(VCR-ALC:H ) i3 not stercospecific in polymerization of peopenc (™);

i) - in the presence of heterogencous catalysts, isotactic specific in
the palymerization of propene, alternating copolymerizution has not been
achieved due to the low relative reactivity of 2-butene (*;

i} = in the presence of syndiotactic specific catalysts alternating
copolymerization can be achicved but the polymer lacks in stereoregu-
larity (%).

The isotactic structure of the polymer obtained in (he presence of
VOL-ANC:H: ) could arise, in principle, either from the gaymmetry of the
lust I-butene unit of the growing chain end or the possible asymmetry of
the catalytic complex.

The previous ohservations Lparticularty iii] and the fact that the
closest asymmetric carbon is two Bonds apart from the metal carbon bond,
when the insertion of 2-butene Geeurs, seems to disfavour the firse hypoth-
esis concerning steric contral,

3. Ethylene-propenc copolymers

Structure and properties af ethylene-propene copolvmers are preatly
influenced by the catalyst used in copolymerization. This is quite obvious
for block copolymers which have intermediate propertics between poly-
ethylene and the corresponding palypropylene.

Statistic copolymers of ethylene with propenc having clastomerig
properties arc also produced (™.  Introduction of methyl subsiituenis
amorphises polyethvlene chains to a degree depending on the smount and
the distribution statistic. In order 1o optimize the elustomeric properiies
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it is necessary 10 amorphise completely the copolymer cheins with an
amount of propene units as low as possible. The needed smount of propene
units. depends on the monomer sequence distribution which, in turn,
depends on the catalyst used to perform copolymerization,

As discussed in sect. 3, in the presence of syndiotactic catalyses,
propagation of propene chains is sensitive to the non bonded interactions
between the growing chain and the monomer. The same is true for
ethylene-propene copolymerization. As & consequence these catalysts en-
sure the best distribution of comonomer units (™),

6. Conclusion

The wltimate goal of » discussion concerning the mechanism of stereo-
specific polymerization is o correlation between the structure of the
catalysts, the reaction mechanism end the structure of the reaction products.

Unfortunately the direct evidences conceening catalytic centers are

scanty. It scems well established that all the considered catalysts are

organometallic complexes of the early transition metals. Most probably
monomer coordinates (o the transition metal before insertion on the reac-
tive metal carbon bond.

The different regiospecificity of fsotactic and syndictactic polymerization
of propenc could be due 1o u different coordination number around (he
transition metal atom of the cotalytic complexes.

An essentially hexacoordinate transition metal atom has been proposcd
for the isospecilic catalytic centers (). On such highly hindered centers
primiry insertion of the monomer should be favoured. In such case the
substituted carbon of the last unit of the prowing chain end should be far
enough a3 not to interfere with the steric control arising from the (asym-
metric} transition metal.

Pentacoordinate transition metal stoms have been proposed for the
syndiospecific catalyst ("), The lower coordination shauld leave enough
mom around the metal for secondary insertion of propene ().

The presence of a substituled carbon o o the metal should be o necess-
ary requirement for syndiotactie steric control.

Insertion of 2-butene on the highly hindered isotactic specific centers
t5 imposaible.

On syndiotactic specific complexes 2-butene insertion s possible be-
vatse of the lower coordination number (at least when the last unit of
the growing chain end is ethylene), but it is nat stereospecific since the

cenvironment of the catalyst is essentially symmetrie () and the substituted
_tarbon is toa for from the reactive metal carbon bond,

The catalyst for alternate stereospecific copolymerization of eis 2-
butene with ethylene should be asymmetrc but less sterically hindered

than those affording isotactic polymerization of propenc.

-lIEﬁEDIEI‘EEiFEE POLTMEEIZATION CF S-04, KK NS 153



References

{;le m Te: o« Zleglee-Nomn Cutalyaln ond Polymerizations =, Academic Press, Mew
1 G Marrs, P P, P, Copraoes, Fo Dasusso, B Manrics, G, Mazzantn and G, Mo
macim, o Amer, Chem, Soc. 37, I8 (1955,

%) G Marra, L Pasouow and A, E-l.mu.u,lj. Ancer, Chem, Soc, 84, 1488 {13477,

51 G, Marra, G, Dl Asa, G Mazzaer, L Pasovos, A, Yalvassoiwn omd Ao Zasmiis,
I Amer. Cleme, Soc. 85, 3545 {19613,

%y G: Marra, P, P, E. Manrics, F, Danesso, G, Mazeasti ond M. Pexaioo, Clim.
Inde OMlifaory 38 124 (19360,

AL Zammmar, P Locateint and E; Ricapcsmi, Macromolecules 12, 156 (19H)

W1 See ep AS. Matiack and 0.5 BRESLOW, [ F:I?urnrr Fei A%, ZESS (1965,

01 G Matra, M, Famisa and M. Prnaioo, Chim. fral (W05 42, 755 (19600 T, MivARAWA
and T, Inecuci, [ Polymer S 81, 389 (1963

01 G: Mavta, [ Trorg Wac. Chem. 8, 589 {1955).

™ AL FadelLi: « NMR Hasic Principbes and Progress », vel 4, Springer, Heldelbers,
B0, o L O Wolksouuste, G, Zanvown, B, Rgassoami ond A, Zaseeil, Maikromal.
Chemni 176, 2765 (1975),

(AL ZappeLLl, O, Bao ond E. Ricamostr, Maokromol, Chemie 79,1249 (1978}

(OB Amcnan, I Cosser, [, Cenalysis T, 99 (1964).

(0 P Compaping, ¥, Banode, B Fusco ond G. Guonsa, S, Polymer [0 15, 1133 {1975).
(% G NATTA, AL Zasimueal, G. Laszn, | Pasowan, W Mocvascms, AL, Sreee wml It
Crnmona, Sakemsol, E'I':mn'e.ﬂ'!. 161 {1965},

E:R A. ZaMHELLL, M.G. Gionon i G, NATEA, Mokromel, Chemie 112, 183 196,

(9 A, Famnpeist, C. Togt and C Racom, Meeromolecrles 5, 649 (1973 FoA. Bover,
M.C. Sacem ond A, Fasamniiy, Mocromedeeiles 7, 752 (1974) T, Asaxewa, [ Aspo, A
Mesveoxs, Y. Do ad T, Keir, Makromol, Chearie 178, T (59770,

(7} F.A. Bovey and GV.D. Tiees, [ Polymer Sci. 44, 173 (19600,

(%) Sec eg. A Faspmiir and C. Tosi: w Advances in Palymer Sci,  Forischritte der
Hochpolymerene-Forschung 15, 32 (5974),

(% A Fasinonsr ond G, ALLECRA, Macromalesales 13,42 (1980},

_;:;} ﬁ!ﬁ: %?] Warra, G, Ceeser, A Yaovsssonn amf U, Saeroar, Bebber Clhers, Techa,
(' AL Zameeiin, Ao Lery, C Tosi and 1, Pasovos, Mekromol, Chemie 113, 75 (1968}

154 GIULID KATTA: PRESENT SIGNIFICANCE OF HIS SCIENTIFIC CONTRENUTKS |

=1 1
[ |




« Mew

. M-

AIELLE,

Lo,

ATAW A

elbrg,
Fouma.

1273).
mnd P,

HOVEY,
HE,

& e

ol
1968y,

TIOMN

Stereospecific
Polymerization
of Polyolefins

The first paper of Professor Natta on this subject has heen published

in 1956 [G. NaTTa, P, Cormrapimy, L., Porgi, At Accad. Naz, Lincer,
Rend,, Classe Sci, Fis. Mar. Nai, (8) 20, 728 (1956)].

- His aetivity in this field is proved by many publications. We quote,
for instance: G, NatTa, L. Porrt, P. Corrapist, D. Moreno, At Acead,
Noz, Lincel, Rend., Classe Sci. Fis. Mat., Nat. (8) 20, 560 (1958); 'G,
Narra, L. Porri, P, Cormanmini, D, Monewno, Chim. Ind, (Milan) 40,
362 (1958); G, NaTta, L. Pornl, G Zawint, L. Frore, Chim, Ied, (Milan)
41, 526 (1938); G, Narra, L, Powrmi, G, Lanine, A, Pavviaom, Chim.

limd. (Milam) 41, 1163 (1959); G. Natta, L. Porki, Ady. Chem. Serfes
52, 24 (1966).

. Prof. Lido Porm who collaborated with Giulio Naty in this field from
the beginning has been requested to give a contribution to the volume,
The contribution is entitled: Stereospocific Polymerization of Dienes:
Achievements and Perspoctives.,
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Stereospecific Polymerization of Dienes:
Achievements and Perspectives

Lipo Posii
Istttuto di Chimica Indusiriale « G, Natia » del Politecnico, Milano

Conjugated diolefins were the 2nd class of hydrocarbon monomers to
be polymerized with transition metal catalysts. Work on diolefin polym-
erization began in 1934 soon after the first results on the polymerization
of propylene and other z-olcfins were obrained.

Methods for the polymerization of diolefins had long been known in
1954, bul none had yielded polymers with a high repularity of structure
from the maost common diclefins.

With Ma or K catalysis polymers consisting predominantly of 1,2 units
could be prepared, in some cases above 93%. However, no crystollinity
was detected in these polvmers by x-ray. because of o fack of configur
ational order at the tertiary carbon atoms of each macromolecule (7).

It is now known that, among alkali metals, lithium and its derivatives
can give isoprene polymers consisting of 90-929% cis-1 4 wnits, which are
thus capable of crystallizing on stretching. However, these stercospecific
properties of lithium catalysts were observed only alter the discovery of
coordination catalvsts (). So, it may be said that no polymer with o
regular structure was synthesized by alkali metal catalysts before 1954,

Cationic initiators gave diolefin polymers with a very imegular strug
ture, due to crosslinking or cyclization (°). _

Polymers with some structural regularily were obtained with radical
initiators, bul only from some perticular diolefing. Polyburadiencs con-
sisting of ca. B0% frans-1 4 units were obtained with radical initiators ab
low polymerization temperature (). When cxamined stretehed helow
0°C (%), these polymers exhibit a low degree of crystallinity due 1o 1_h.
presence of trans-1,4 sequences in the chain. Poly{chloropreng) consisting
of ca. 95% trans units and exhibiting # good degree of crystallinicy at
room temperature, was obtained with radical initiators (*), operating below
0,

The introduction of the so called « Alfin » catalvel; o heterogensons:
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system consisting of a combination of sodium allyl, sodium fsopropoxide
and sodium chloride, is a step forward from the previous systems in s
ability to yield regular diolefin polymers, With this system A.A. Morton
in 1947 prepared a polybutadiene consisting of 72-75% frans-1,4 units,
and exhibiting at room temperature, in the unstretched state, some degree
of crystallinity attributable to sequenees made up of trame1,4 units only 7).
It was later found that the Allin catalyst yields crystalline isotactic polymers
from styrene ('), This system may therefore be considered as the fiest
example of a stereospecific organometallic polymerization catalyst.

The radical polychloroprene and the Alfin polybutadiene were the
only two synthetic diolefin polymers exhibiting crystallinity a1 room
temperature’ in the unstreiched state known before 1954,

The only two highly regular polymers of polydiclefin structure known
ot that time were the two natural polymers guttaperchs snd nateral rubber,
i frans-1,4 and & cis-1.4 polyisoprene respectively,

The introduction of the transition metal cotalysts had o dromatic effcct
on the field of diclefin polymerization, The new catalvsts were found
capable of yielding macromolecules consisting slmost exclusively of mono-
meric units of the same type (1,2; frome-1,4; civ-1,4) in a regular head-to-
tail arrangement. Moreover, macromolecules with a very high degree of
gteric regularity were obtained from monomers thet give monomeric
units containing asymmetric carbon atoms. Various types of dienes hove
been polymerized with the new organometallic catalysts. Besides buta-
diene, monosubstituted butadienes of the type CHi=CH—CH=CHR or
CH;=CR—CH=CH: have been polymerized, as hove disubstitured buea-
dienes (with the substiluents at position 2.3, 2.4 or 1-4). Warious types
of allenc monomers have also been used,

Highly sterecregular crysialline polymers have been prepared from each
of these classes of monomers. The following chaplers report a review of
the most significant results obtained in transition metal cotalvzed dilefin
polymerization.

Stereorcgular polymers from 1,3-dienes

Four difierent highly stercoregular polymers were obtained from buta-
diene (Table 13, A highly crystalline trans-1,4 polymer was obtained ai
the beginning of 1955 (*), a 1,2-syndiotactic palymer a few months later ().
Syndiotactic polybuladiene was the first highly crystalline polymer with
n syndiotactic. structure. The term syndiotactic was coined when it was
first prepared,

In April 1956 ancther crystalling 1,2-polybutndiene, with an isotactic
atructure, was prepared (V). Buladiene was the first monomer from which
both an isotactic end 2 syndiotactic polymer were prepared, Approximately
ut the same time a cis-1.4 polvbutadiene was also obtained (%),
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TAB. | - STEREQREGULAR FOLYMERS FROM SOME COMMON 1LFMENES

MONOR PR (R TR T il LATALYST SYSTEM CHEFEHEMCES
Mitadiens  fruva-14 AlEaTiCly MELVC; (5 R L AL Gl PO ) R
{1955 ALERCEV (acach; -CHIN )
| Z-syadiolsciic AlBI-Vinenohs AlEL-Criscsch; £, (T
[15955) Alli-Molacach
[It,ﬂ:;;mt:lc AlECriacaci ALEL-CHCHNEL, (LY, ()
cis-1.4 AL Tik: AlEsCHCotacoei=Ha0: {13, (39, (80, (1
{19501 ALETBE N0
E AlE U OO Al -H
Isoprens cint A AlATICL LA TI=1 M), {8
{1954}
framsd A AIESNCL: AEL-aTiICl, 1. (82
{ F251)
14 AFLTIORK (1)
{ 191553
Tenindlens :J!'gr;.;-'l.-i-mm:lrc AlEr-aTiCl; ARV M. 48
clg-1 gavndiotpctie  ALEGCEColanae)-HO M, 7
1 10E2Y _
cig:| A-isoiaeiic ALERCTHOR W AIESCINGIDCORY,- - (9], ()
(19635 AR,
%1;{ diolactic  AESCH olacac ) -hepiane %
I35

* The daic fepecied s dhit ol 2o Soo paenr spplicastion oo of che $eud papo

The firat three polymers (frans-1,4; 1, 2syndfotactic; 1,2-isotactic) wera
prepared and characterized by the group in Milan, A high-cis polybula-
diene, capable of crystallizing ar room temperature upon stretching, was
alse prepared and characterized by this group in July 1936, but the first
patent on the preparation of this polymer was filed by Phillips Co. three
months previously (). The crvstalline siructure of the efs polybutadiens
was, however, determined by the Milan group and published in the secomnd
hetf of 1956 (™),

The preparation of the four stereoregulor polymers of butadiens has
certninly been one of the most brilliant achievements of sterespecific
polymerization with transition metal catalysts,

Stercoregular polymers were also obtgined from isoprene (Teble 1. A
cig-1 4 pnlrmcr. practically identical 1o natural rubber, was prepored in
Dec, 1934 in the Goodrich laborstories (), while a trans-1.4 polymer
identical to natural guttaperchn, was prepared by the Milan group at the
beginning of 1955 {"). A 3a-polyizoprone was also obtained; this, huwml"'_
was found to be amorphous by x-ray at room temperature, due presumably
to low stereoregularity (M),
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Several stercoregular polymers were obtained from l-substituted buta-
dienes, in purticular from 1, 3-pentadicne (Table 1). Monomers of ihis iype

give 14- units, —CH—CH=CH—CH{R)}—. each containing an asym-
mielric carbon atom, and hence two types of siereorepular cis-1,4 or frans-1,4
polymers are possible, isolactic and syndiofactic,

Three crystalline polymers with a |4 structure | trans-1,4-isotactic ()
cis-1 4-isotactic (™), cis-1,4-syndiotactic (")) and a polymer with a 1.2-
syndiatactic structure (") were oblained [rom pentadiene.

Among the | 4-disubstituied butadienes, only 2.4-hexadiens and two
deuterated diolefins [{Z,231 4-d-1,3-butadiene; (E,E)-1-di-1,3-pentadienz]
have been stpdied. Stereorcgular polymers with a trams-1 4-threo-diisotactic
structure have been obained from ezch of these monomers (™), while
stereoregular ciz polymers with a Hhreo disyndiotuctic structure have been
obtained from the deuterated butadiene (%) and pentadiene (™).

This rapid review gives a clear idea of the impact of transition metal
catalysts on 1,3-dienes pelymerization. There is no doubt that polymerization
of conjugated diolefins, much more than that of other monomers, has
Ehm!m the power of transition melal catalysts (o stereoregulate o FD'}'I'I'H:[—
lzation.

Other polymers from 1,3-dienes

EoUinisaiy POLYDIDLEFINS

In addition o the slereorégular polymers réparted in the preceding
secton, transition metal catalysts have been found to yield a particolar
lype ol diolefin homopalymers, characterized by the fact thot they consist
of two lypes of monomeric units, in a practically 131 ratio. These homo-
polymers have been called = equibinary » polydiolefins by Teyssié and
co-workers, who first described a 1,4 polybuindiene consisting of sboul

0% crs-14 end 30% frgns-14 units (M) Polybuladienes consisting

of about 50% cfs-1.4 and about 50% 1.2 units have later been prepared
by Furukawa (*7). A palypentadiens consisting of sbout 509% frans-1.4
and shout 50% 1,2 units has also been reported (M)

All the equibinary polymers prepared sre amorphous by x-ray and 12
examination, and hence they may not be considered as sterecrepular poly-
mers. They are formed when a catalyst can yield two types of monomeric
units, with an equal probability.

Homopolyimers of this type have been obtamed only with transition
metal catalysts, and therefore it seems appropriste 1o mention them in this
TEVWIEW .

ALTERNATING MONOOLEFIN-DIOLEFIN COPOLYMERS

Some ellernaling moncolefn-diolefin copolymers have besn prepared
with teansition metal catalvsts, egp. cthylene-butadiens (*), propylene-
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butadicne (*), propylene-isoprene (). The mechunism of formation ol
these copalymers differs from that of other alternating copolymers prepared
by radical initiators (e.g. the copolymers containing maleic snhydride as
comonomer) or by transition metal catalysts (cg. ethylene-cyelopentene,
ethylene-bue-2-ene copolymers).

All the alternating olefin-olefin copolymers s¢ far known are charac
terized by the fact that one comonomer, for steric reasons, does not homo-
palymerize. The alternating olefin-diolefin copolymers differ in that each
comonomer can homopolymerize with the catalyst systems used (e
AlEL-YVO{OR -Lewis base).

The driving force for the formation of these alternuting copalymers is
likely to be found in the particular situation of the coordination sphere of
the transition metal of the catalyst. Presumably, when the last polymerized
unit is the monoolefin two coordination sites are available, and this favors
the coordination of the diclefin with the two douhle bonds, whereas when
the last polymerized unit is the diolefin {which is bonded o the transition
metal by an allylic bond) only one coordination site remains gvailable, and
this favors the coordination of the monoolefin, The formation of this type
ol alternating copelymers is, therefore, peculiar 10 transition metal catalysts.,

Stercorcgular polymers from allene monomers

Allene and 1, 1-disubstituted allenes have afforded with transition
metal catalysts highly crystalline polymers consisting of o regular head-ro-
tail arrangement of 1,2 monomeric units:

..l"ﬁ
A MC=={C===C" — £CH—C¥,

i
H‘; HH

tR = H or alkyl group)

Severnl catalysts have been used but the most regular polymers have
been obtained with catalysts derived [rom nickel and rhodium (™2,

Polymers characterized by some degree of stercarcgularity have bees
obtained from dyssimmetric monomers, such as 1 3-dimethylallene, The :
optically active monomer afforded a polymer with stercoregular sequences |

of the following type (")
H o H Me H Me
R T

H..‘.I:-__cm I:“-H ETIJ_ -I:: Hg-’"iﬂ?‘ “...c 1"‘!-\.": EEHEFEEHEH
g e benzene Il I Il
C C C
Y Fd '\H N
H Me H @ H Mo
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allyl complexes of various trensition metals. The importance of these

Ni, Cr, Co. The work an allyl complexes of transition metals by crganc:

-of sume basic aspects of the catalysis of diolefin polymerization.

These sequences contain twe type of configurationsl order: one at the
-asymmetric carbon atoms of the main chain, which is of the isotactic type,
the other at the configuration of the double bonds atlached 1o the main
chain. If the macromolecule is streiched on the plane, the methyl groups
wee all en the same side, with respect to the double bond. The palymer
of 1,3-dimethylallene is the first {and so far only) exemple of this new
tvpe of stereoregularity.

Mechanistic inferpretation of diene polymerization

The intensive work carried out since the beginning of the sixties has
clarified some basic aspects of the mechanism of diolefin polymerization.

The following pages examine the current understunding of the factors
that determine the formation of stereoregular diolefin polymers.

It was soon recognized (in 1963) that the bond between the transition
metal and the growing chain is of the allylic type. Some peculiar features
of the polymerization of dienes, with respect to that of a-olefing, are m-
tributable to the particular properties of this type of hond.

In 1954, at the beginning of stereogpecific polymerization, no ally]
complex of a transition metal wes known. Work on this feld began in
1960 and soon led to the clarification of the nature and properties of this
type of bond and also to the isolation of very simple and reletively siable

compounds as catalysts for the polymerization of diolefins or as medel
compounds for mechanistic studies was sgon realized. In 1964 (hree dif-
ferent groups (") reported on the polymerization of butadiene to ofs-1,4,
trins-1.4 and 1,2 polymers using as catalysis simple nhallyl derivatives of

metallic chemists, and the wse of these complexes as polvmerization cuto-
lysts by polymer ::-h:mijis, has fundamentally contributed Lo the elucidation

. Onc cannot understand the mechanism of diclefin  polymerization
without considering the following properties of the nallyl-metal bond.

1) Two isomeric forms are possible for & terminally substituted ally]
groap, andi and sve, which are in eguilibrium:

aym anfi (M = transition metal)

Evidence for these two fsomers was first reported in 1961 (¥} the
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implications of this isomerism on the stercospecific properties of transition
metal catalyses were recognized a few years luter (79,

2) Insertion reactions inte an w-allyl-metal bond in general, (and
monomer insertion in particular) ceeur in two steps.

The first step @5 the formation of an w-allyl, as a result of the coor-
dination of the monomer (or of any other reactant molecule, c.g. CO, an
olefin and 5.0.} o the transition metal:

(M = monomer)

The 2nd step is the actual insertion process inta the MeC = bond {this
paint will be examined later). Various types of evidence favar the forma-
tion of an w'allyl by interaction of electron donors with w'-allyl comploxes,
The monomer-prometed formation of an n'sllyl, with rapidly reversible
monomer coardination, was clearly demonstrated by smn in the case of
the insertion of butadiene into n-butenyl-Pd-Cl (%),

3) An ttallylmetal bond hes two reactive points, C' and C'. The
investigntion of insertion reactions of variows compounds  (1,3-dienes,
allenes, CO, COu, erc.) into allyl complexes has elurified this point. In
polymerization, reaction of incoming monomer at C' gives a 1,4 unit, while
reaction at C* gives a 1,2 unit. The following scheme shows the n'allylic
intermediate in each case; .

g2 i
i d by
- r{ A -354—:{r::~‘t'3- —-4:—t)f P
Mt 3

FORMATION OF STEREOREGULAR 1,4 POLYMERS

As shown in Table 1, all trans-1.4 and all cis-1.4 polymers have been
obtained From verious diolefins.

The fermation of a eis-1.4 or of a irans-1,4 unit depends on the struc
ture, wrdi or syn, of the last polymerized unit at the moment of mong-
mer insertion.  As indicated previously, when the new monomer coordi-
nates to the transition metal on w'allylic species is formed: the confimr
atien of the double bond of this species is related to the structure of the
last polymerized unir: 1
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The 2nd step consists of a transfer of the MiC « bond to the coordinated
monomer, A diolefin can coordinate with only one or hoth double bonds,
depending on the coordinative unsaturation around the transition metal and
alio on thé structire of the monomer (for some diclefins, eg. (£)-1.3-
pentadicne, the cisoid conformation is unfavored). Coordination with one
double bond gives rise to & new sy allylic complex, while coordination
with both double bonds gives rise to a new anti complex,

Fig. 1 zhows a scheme for the formation of a frans-1 4 (cis-1,4) unit from
a svi [antl) complex, A | 4-substituted monomer 5 vsed to show (he
stereochemistry of monomer insertion, which will be discussed later in
this section.

X H
M
{ :l!"iiu
5 L )

-

=
-

i) ih

Fig. 1

The above interpretation is the result of considerable research carried

out by various groups: however the basic concepts of this interpretation

were already clear at the beginning of the sixties. In a scheme proposed
by the Milan group in 1964 for the formation of cfs-1,4 syndiotactic. poly-

~pentadiene, the allylic group is in the amei conligucation, the menomer is

coordinated as a bidentate to give an anii allylic group and the insertion
3 comceived as a transfer of the M&C o bond 1o the coordinated diene (7).
DOilver proups have independently proposed a relstionship between the
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structure of the allylic group, syr or anti, and the structure of (he resulling
monomeric wnit, {rans ar eis (Y,

The validity of the scheme of Fig. 1 has recently been supported by
the polymerization of 1,4-disubstituted butadienes. Monomers of this lype
give, on insertion, an allyl group in which two asvimetric carbon atoms
are present; C° and C'. As shown in Fig. I, if insertion of a symmetric
diolefin octurs via a cis-addition, in the swr complex €' and C' have the
same chirality, while in the amti complex C' and C' have opposite chirality.

Anti = syn isomerizations are possible: it has been shown that these
occur with inversion of chirality at C', so that in a syr complex €' and C*
have the sume chirality independantly of whether it derives from monomer
coordination with eonly one double bond (o= b, Fig. 1) or from and
anti == syn isomerization (' = b =+h, Fig, 1),

When a new monomer coordinates to the transition metal, the Eyn i
camplex gives a frans-1.4 unil in which C* and C' have the same chirality, _
while the anti complex gives n eés-1,4 unit in which O and C* have apposite :
chirality (¥).

In other words, actording to the scheme of Fig. 1, a symmelric 14- _;
disubstituted botadiene, XCH=CH—CH—CHX, should give frams-1.4 i
units of type A and cis-1.4 units of type B (the units are represented in the :
Fisher projections): ﬁ

’ v
_I_: E
* —_— ﬁ

A (Frdna unikd B {ciz unit }

The following terminally substituted buladiencs have recently been
polymerized (*¥4®): (E.£)-2 4-hexadicne, [1]; (2211 4-d=1 J-butadiene,
[ (EEW1d-1 3-pentadiene, [1T1]. ]

D

AU R
=5

These monomers afforded several sierearcgular polymers, as shown in
Table 2. The steucture of the polymers is fully consistent with the scheme
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TAR, I < STRUCTURE OF S5TEREOREGULAR PMOLYMERS
ORTAINED FROM MONOMERS £33 WITH S0ME CATALYST SYSTEMS

o CATALYET EY&ETHM %
MURMER  AIENVD),.  AIELCIColscach  AIELCEN(OCORN-ANLBUY o Troier

{ Lrams-tivreo iranE:Hhrea 12y, =
diiratscte digsoaciic
. draas-tirea cisthroo 1
difentactic dizridictactic
L] trenETiren cid-tireo cigeryiin (]
diisslacs disyndicdnctic diisatactic

of Fig. 1, in the sense that the frans polymers are made up of monomeric
units of tvpe A, while the cis polymers are made wp ol monomeric unils
of type B,

In the case of butadiene or isoprene polymerization, it is a sulfficient |
condition for formation of all-cis or all-frans polvmers that the last poly-
merized unit always has an anti or a syn structure during the growth of
the macromolecule, This condition is no longer sufficient for fermation of
frans or efs stergoregular polymers from 1- or 1 4-substituted bufadienes.
Monomiers of this type have lwo prochiral [aces and they must react always
with the same prochiral face 10 form an lzotactic polymer or allernatively
with one prochiral face and the other to form a syndiotactic polymer,

The [actor that determine reaction of incoming monomer with anc
prochiral face rather than with the other have not yet been entirely clari-
fed. Ttis possible, however, 1o determine from the structure of the polymer
{erythro or tirea) which prochiral Tace actually reacts.

Fig. 2 reports a scheme for the formalion of a frans-threo-diisolactic
polymer from monomer [1] with the AlEG-VCly system.

e
v i

0 Fig. 2
In this scheme the last polymerized unit (the allylic group) is below “

the plane of the figure, the incoming monomer is above, and the vanadium
atom i on the planc.

With the mode of presentation indicated a throo polymer s formed,
while reaction with the other prochiral face would give an erythro polymer
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Furthermore, with the mode of presentation indicated, the new mono-
mer gives, after insertion, an allylic group superimposable on the preceding
one, and hence an isotactic polymer, as actually found.

Fig. 5 reports a scheme for the [ormalion of a cis-threo-disyndiotactic
polymer from monomer [11] with the homogensous AlEGCKColacacy
system,

The monomer, with the mode of presentation indicated, forms a threo
palymer, and gives rise to an allylic group which i= enanticmorphous with
respect to the preceding one, Hence & three disyndiotactic polymer will
result, In this particular case the mode of monomer presentation is prob-
ably determined by the influence of the last polymerized unil.

The two above cases give an idea of the present understanding of the
formation of stercoregulne 1.4 polymers from terminally substituted buta-
dicnes. While we know which prachiral face of the monomer reacts with
the catalyst, the factors causing the monomer to react in that way are still
the object of hypotheses.

FoRMATION OF STEREOREGULAR 1.2 mMOEYMERS

Several stereoregular polymers with 2 1,2 (or 3,4} struciure have been
prepared from various diolefins [butadienc ("), isoprenc (), pentadicne
("), 4-methylpentadiene ()]. As previously indicated, a 1.2 (or 3,4) unit
is formed when the incoming monomer rescts at C', rather that at C, of
the allylic group. Reaction at C' may be determined by steric, geometric
or ionic faciors, depending on the particular catalyst and monomer used.

The polymerization of 4-methyl-1,3-pentadiene to 1,2-isotactic polymers.
is an example of [ormation of 1.2 units determined by steric factors due
lo the presence of substituents in the allylic group, The AlEt-2TiCl sy
tem is Lhe moesl stereospecific for this polymerization; (he same sysiem
gives frang-1,4 polymers from butedienc. The two monomers give different
allylic groups, as shown in Fig. 4: C' of the allylic group derived from
butadiene has no substituent, while C' of the allylic groop derived from
4-methyl-peniadienc bears two methyl groups. As a consequence, butadiene
reacts al C' {less substituted than ') to give a trans-1.4 unit, while d4-methyl-
pentadiene reacls al C' {less substituted than C') 1o give a 1,2 unit,

Another case in which slerle Taclors wre clearly predominant in dirct
ing reaction to C° is the polymerzation of 1.3-pentadienc by the homogen-
cous AIEGCEY acach system (M),

The siluation is different in the case of formation of 1.2 uniis En:nil,-l'
butadiene, Evidence from reaction of butadienc with v'-buteny] complexes
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of trensition metals indicates than a 1 2-butadicne unit can derive either
from om arti or from a sye butenyl group:

LN
E\.f’:: i oMt =i HE‘-.. ct
- C=r* tmt"/

In hoth cases the new monomer must react at C, that is at the most
stbstituted carbon of the allylic group to give a 1,2 unit, In the case of
butediene geometric Factors determine reaction at C°, in the sense that the
peomedry of the v.:atn]:,r:m numplcx is such that one terminal carbon stom
of the coordinated monomer 5 at bonding distance from C' rather. thean
from C' of the allylic proup.

There are several catalysts that can give 1,2-polybutadiene and the
sleric situation around the transition metals obviously differs from one
calalyst Lo the other.

Far a vast class of cotalvsts (those derived from alcoholates or acetyl-
weelonates of Ti, V, Cr, Mo, Co), however, the mode of formation of 1.2
units may be viswalized. The following ohservations are pertinent o the
catalysts of this cless:

11 they pive 1.2 polybutadiencs in which the non-1.2 units are pre-
dominantly cis-1.4 (%);

2) some catalysts [e.g. AlEL-HO-Colacack: AlEG-Mo{ORWCl:] yi&ld
'pnhbuiad:ll:nl:s consisting of 1,2 and cis-1,4 units in a practically I :
matio (7). Other catalysts [eg. AIEG-TIORN] yield 1.2 polymers frnm
‘nulud]m bul cis-1,4 polymers [rom pemtadicne (™).

The above Facts suggest thot with the above catalysis o 1,2 unit derives
[Trom the some situation ps a e 14 unit, that is from an anti allylic group
-and from & coordination of the monomer with the two double bonds,

Fig. 5 shows a possible scheme for formation of 1.2-polybutadiene,
which #s comsistent with all the above experimental data, In this scheme

"'.'_ﬁ:‘l'l_:'H.B_IIEE‘E{!IFl{' POLYMERIZATION OF POLYOLIFING 167




the last polymerized unit is below the plane of the figure, the coordinmted
monomer 5 tbove, while the transition metl s on the plane.

A situation similer to that shown in Fig. 3 arises in some complexes
of transition metals (**"), 1o support the proposed scheme.

i} 1) -:ﬂl:ll
FJ fﬁe r"[Lff rd
= E\:‘ c’---:}:‘

P Cio
cin-1d4 i=o 1.2 ayndin

Fig. &

Formution of the new C—C bond between C' and CV or betwsen C° and
C gives rise to els-1,4 or 1,2 units,

Small variations in the geometry of the complex due to the nature of
the ligands bonded to the transition metal may lead to the preferential
formation of one type of monomeric unit. With some catalysts: [e.g. those
derived from Vimcach, Ti(OR).] 1,2-butadienc units are predominantly
formed, With cther catalysis [e.g. AlEr-Mo{ORMCL:] the situation js |ess
rigic and the formation of 1,2 and eis-1,4 units becomes equally probable,

Small variations in the geometry of the complex may also depend on
the type of diolefin coordinated, and this may account Tor the formation of
cis-14 polypentodiens ond of 1 2-polvbutadiene with the ALEt-Ti(OR)
SVElEM.

It should be noted that the formation of eis units sccording o the
gchome of Fig. 5 leads, after incorporation of the coordineted monomer,
to an allylic group which is superimposable on the preceding one, and
hence o an Bsotactic polymer. On the other hand, the formation of a 12
unit secording to this scheme lends to an allylic group which is enantio.
marphous with respect to the preceding one, and hence to o syndiotacte
polymer. All this is consistent with the results oblained with the AlEh-
-TiiOR ) system, which yiclds, as previously indicated, a cis-14 isotactic
polypentadiene and a 1.2 syndiotactic polybuladigne.

In some particular cases ionic factors are involved in the formation
of 1.2 units. The AIELC]-Colacac); system gives a cig-1,4 polymer (98%]
from botadiene, but it pives o polymer consisting of about 65% eis-1.4
und 33% 3.4 units from isoprene. In the case of isoprene two modes of
presentation are possible, o shown in Fig. 6. '

3 ; o
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Isoprene has a high tendency to give, with transition metal catalysis,
a methallyl rather than an allyl group, due to the higher stability of the
lormer. This means thal the mode of presentation of Fig. 6a will give a
34 unit, while that of Fig. &b, will give a cis-14 unit, The modes of
eoordination of Fig. 6a and b occur with equal probability, but since C°
is more substituted than C' (and hence less reactive) the formation of a
34 unit is slower than that of a 14 unit. This accounts for the lower
percentage of 3,4 units in the polymer.

Tni the above case jonic factors arc clearly involved in directing reaction
of the incoming monomer to C

In conclusion, it is now evident that verious factors can determine the
formation af 1,2 (or 3.4) monomeric units, those examined nbove being
the most important ones.

26 years since the discovery of transition metal catalyses, rescarch work
i still intense in the ficld of diclefin polymerization. The attention is
focused on the following topics: 1) mechanistic studies; 2} improvement
of existing catalysts and search for new ones; 3) development of new
‘products.

17 Although some basic aspects of the mechanigm of transiion metal

;r;-nlnlrnd polvmerization of dienes are now clear, several points are still
obscure or need further work,
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With regard 1o the factors that determine stereospecificily, one is now
in & position lo propese plausible hypatheses. These, however, must to he
proven.  Advances in thiz ficld will come from organometallic chemistry
and in particular from investigation of reactions of dignes with model
compounds rather than from studies of the polymerization.

Other mechanistic aspects still to be clarified concern the process of
initiation with some catalyses and (he process of lermination as well. On
the falter point very little is known.

The influence of the afuminum compound on the catalytic activity is
one area in which idens are rather ohscure, Much work has been earsied
out in this field, and it is known thai catalysts prepared Trom different
alenrinum compounds (AIELCI, ALENC, compounds containing AIDAI
bonds) have a different activity, but no salisfactory explanation for this
has been proposed as yer,

2) Much work is being devoted to improving catalysts already known
and to developing new ones. The interest is focused on catalysts Tor cis-
pelymerization of butadiene and iseprene, due o their industrial interest.

Alter the 1st generation of catalysts (those derived from titamium) and
the 2nd (those derived from cobalt end nickel), a 3rd generalion 15 now
being studied. These new catalysts are based on clements of the series of
lanthanides and actinides. The AIELCINDIOCORW-AIG-Buh svstem (R =
alkyl or eycloalkyl groupl appears exiremely promising for the cig-polym-
erization of butedicne and is now bring tested on a pilor plant scale.

Al presemt, different catalysis arc used For the cis polymerization of
isoprene  (AIEG-TICL, AlECITHORYM) and of butadiens  (AIE(-BFr
"NUOCORE). 1t seems likely that research work now in progeess will
lead to the development of a unique catalyst for the efs polymerization
of both monomers.

3] The possibilities offered by teansition metal catalysis have not been
completely explored. One can foresee that new products, some with po.
tential practical intevest, will be prepared in the near Tuture, especially in
the field of copolymers. In lialy ENI is now evaluating butadiene-pents-
diene copolymers, which hive interesting clastomeric properties, The
neodymium catalysts seem to be particularly suitable for preparing block
copalymers, some of which could be of interest in the ficld of thermoplastic
elasiomers,

The industrial development of possible new products appesrs, however,
rather uncerlzin. OF the many diolefin polymers prepared with transition
metal calalysts, only those with elsstomeric properties have o pragtical
interest (eis polybutadicns: cis polyisoprene; butadiene-propylene copalye
mers), However, of these, only eis polybutadienc is currently produced
en an industrial scale, although in an amount that is not comparable 1
that of polypropylene. Synthetic cis polyisoprene is not price competitive
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with natural rubber and its industrial production is now exiremely Hmited.
The situation may change in the future il isoprene monomer drops in price.

Propylene-butadiene copolymers have been produced on a pilot plant
seale, bul no large scale production has followed because of the problems
encouniered in their preparation,

The butadicne-pentadiene copolymers mentioned above are very prom-
ing, but pentadicne menomer is not easily available, at least a1 present.

It appears, therefore, that new diolefin products are certainly possible,
but their industrial development is rather uncertain.

As & concluding remark of this review it may be said that the transition
metal catalyzed polymerization of diclefins has provided o variety of new
products and probably represents, from the scicntific peint of view, the
richest and most interesting aren of steceospecific polymerization. However,
from the practical point of view, at least at present, its industrial intercst
Is inferior to that of the polymerizaiion of propylenc,
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Asymmetric Polymerization

The first paper of Professor Natta on this subject has heen published

‘in 1960 [G, NATTA, M. Farinag, M. DownaTi, M. PeraLpo, Chim. Ind.

(Milan) 42, 1363 (1960)]
His activity in this field is proved by many publications. We quote,

for instance: G. NATTA, L. Porri, A, Cansonare, G. Lucty, Chim. Ind.
(Milan) 43, 529 (1961) G. Natra, L. Pomwi, 5. Vareste, Makromol,
Chem. 67, 225 (1963); G. NATTA, M. FARINA, Tetrahi, Letters 703 (1963);
G BrEssan, M. Fammva, G. NatTa, Mokromol, Chem. 93, 283 (1966);
M. Famiva, G, Aupisio, G. Natta, [, Am. Chem, Soc. §9, 5071 (1967).

Prol. Mario Famina wha is particularly expert in the mentioned sub-

.Jlﬂﬂ has been requested to give a contribution to the volume. The con-
Aribution s entitled: Asymmetric Polymerization.
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Asymmetric Polymerization

Mario Farina
Istitwte df Chimica fedustriale dell' Uiversita, Milano

From the sturt, synthests ol stereoregulor polymers posed complex
problems of stereochemistry because of the difficulty of inserting the new
phenomena into the interpretadive structures which were most widely ac-
cepled ot the time. One of the maost intricate aspects was the lack of
chirelity of polypropylene and of the other isotactic vinyl polymers. The
process generating these may be taken to be a multiple asymmetric syn-
thesis (the monemer reacls with the chafnend or with a chain-catalyst
complex which, whatever (he specific mechanism, is of an asymmetric
character) and vet the structure of the pelymer is incapable of existing in
uptically active forms. The problem becomes even more complicated if
we observe that a single (achiral) macromolecule of isactic or syndiotactic
polypropylene may be coiled inte a dextro or lacvo helical conformation,

On the other hand, the extremely widespread presence of optically:
active biopolymers (polysaccharides, proteins, nuclede acids) in living ar-
panisms, and the existence in each class of o single series of antipodes.
(dextro or laevo) with practically quantitative enantiomeric purity would
seem Lo suggest a close relationship between life and optical activity, One
of the most fascinating problems still to be solved in the natural sciences,
the origin of optical activity on earth, might find in the study of the
processes of psymmelric polymerization some decisive answers,

The logical end experimental difficulties met with in the attempi 1)
produce an optically active polymer from a non-chiral monomer and the
theoretical and practical implications of such a process, made the stdy
of this topic extremely interesting. This task was handed aver 1o me by
Professor Natta towards the end of the 19504 i

Though ot a rational level the situation at the time was less than pet-
fectly clear, the first attempts aimed a1 very reasonable goals: the synthesis
of propylene oligomers carried cul in 8 chiral environment and the pref-

irLe
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erential formation of one of the two helices of isotactic polypropylene. At
the time the helix inversion mechanism had not yet been cleared up and it
might be imagined that the encrgy barrier involved in this process was high
tnatgh to permit al least temporary ohservation of the optical activity due
to the helical conformation.

My altempts did not succeed, partly for experimental reasons, partly
because of a still-too-rough knowledge of the subject, We shall see further
om that there exist optically active polymers the chirality of which depends
solely upan conformutional factors, and also that it is possible to produce
8 = conformational asymmetric synthesis ». These possibilitics do not how-
evet include propylene or other simple viny] monomers known at that time.

In the'spring of 1960, Professor Notta asked me to make a summing-up
of all the fruitless attempts made until then, with an eye to publication.
My reluctance to write of unpleasant things turned out to be providential,
because, within only a few months, gt the Milan Politecnico three examples
were realized of asymmetric polymerization, and these were totally different
from one to another ss regards the type of monomer, the structure of the
polymer, the mechanism of polymerization and the mode of transmission
of the asymmetric induction,

This success derived essentially from two facts: the development of
research on stereoregular polymers of olefins and diolefins carvied out by
the Milan group, amd the in-depth examination of some literature. In the
following pages | intend to deseribe, trusting iIn oy memory and my
notes, the elements which influenced this rescarch most directly, without
the pretence of presenting o complete review of the subject, T shall then
deal with some of the more interesting and recent developments in this field.

The state of the art at the end of the 1950

In 1933, Frisch, Schuerch and Szwarc published a statistical treatment
of asymmetric polymerization (') which formed a starting-peint for afl
siccessive developments. The principal conclusion were; determination
of the simplest mechanisms of propagation of asymmetric induction and
tecognition of the non-chiral nature of vinyl polymers. These Authors
propesed two extreme mechanisms for obtaining optically active palymers.
The first is based vpon a reaction of ssymmetric initiation and of stereo-
regular symmetric growth: in other words upon o process in which the
gsymmetric agent influences only the first stage of reaction and induces
the formation of a p chain with a probability different from that of the L
{Io = L), Aler the first stage, the conditional probability of the formation
of a new monomeric unit having the same sign as the preceding one is equal
in the two enanliomeric cases (pp = LL).

In the second hypothesis there exists n mechanism of asymmetric
growth in which, in all the stages of propagation, the conditional prob-
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‘groups. It is however known that optical activity is a short-range phenom-

ability of a sequence iz different from that of its antipode (pp = L), In
this case an asymmetric cotalyst, ot more in general a chiral cpvironment
18 required, the action of which must extend along the whole course of the
polymerization,

It has been stated that only with the second mechanism is it possible
o obtain high molecular weight polymers of high rotatory power (this
being in [act independent of the degree of polymerization), whilst with a
mechanism of asymmetric initiation the optical activity falls off rapidly as
the degree of polymerizaticn increases — unless there s a very high degree
of stereoregularity — dug to the fnability of the system to correct configur-
ation errors which have come about during polymerization,

With regard to chirality, it has been stated that = vinyl polymer com-
posed of wnits of a single configuration will be superpasable an its mirror
image, if a justified assumption is made that the effects due to the chain
length and end groups are negligible, and consequently il is not optically
active.

A demonstration of the non-chirality of stereoregular vinyl polvmers has
alse been provided by Natta, Pino and Mazzant (%) and by Arcus (" in
ways which substantially coincide. In accordance with one of the possible
models, the high molecular weight polymers may be considersd to be
cheins of infinite fength. In this cose apparcntly enantiomeric chaing such
as [1] and [I1] are indistinguishable from ench other, as can be seen by
rotating one of the Fischer projections through 180" on paper.

I
H—f—lt FI—-i.I'.—H
CH; lItHz
I
H—F—H th—H
II:H; 4|3Hu
H—II:-—H H—-lI:—H
Hz ?Hi
R — R— L —H
| 1
CHz CHa
I I
[1] (1]

lsotactic vinyl polymers of finite length with identical terminal groups
are also inactive by internal compensation, whilst a wesk optical activity
wis attributed to the single isotactic molecules having different termingl

enon, whence it can repsonably be supposed that the effect of the chirality
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due to the tertiary carbon aroms adjacent 10 the terminal groups is observ-
able only in the fractions of lower molecular weight,

Arcus extended his treatment also to disubstituied ethylenes of the
CHA=CHR type ond to0 symmetric cyclic olefins (such as acenaphtylenc)
or non-symmetric ones (such as indene) and correctly predicted the chirality
of the di-isotactic polymers of the cyclic olefins (). Unlike the case of non-
eyclic monomers, chirality is in this case observable also in chains of infinite
length. Arcus later undericok a systematic examination of the chirality of
aliernate copolymers (') and, raking up an chservation first made by Frisch,
Schuerch and Szware (') showed how optically active copolymers could
be oblained, on principle, from the copolymerization of a vinyl monomer
with a ditubstituted ethylene (CHi=CHX plus cither CHA=CHB o1
CHA=CHA).

Meanwhile, during the study of the polymerization of substituted
butadienes, carried out by Maita, Porri and Corradind, it wos recognized
that the 14-isotactic polymers of pentadiens and similar monomers have
2 chiral slructure (se¢ Tormulae [TH] and [IV]) (). The tertiary atoms
in the chain are truly asymmetric and not pseude-psymmetric &5 in the case

of pelypropylene. 1,3-Pentadiens may even [orm two different isotactic
chiral polymers, characterized by the different confipuration (cés or trans)

of the double hond in the chain.

H=— &L — R I‘I-—LF'.—-H
ﬁH EH
CH Lk
I I
LHz CH;
1[_ |
el Ro=:0-==-H

=y —
=

= —
=

i i
'I;Hl "I:-H:

H - 'i'- — R M= ="M
i i
CH '|;H
i!'.H,; CHy
B ™

~ Inmy lahoratory research into the stereochemistry of the polymerization
of CHA=CHB disubstituted ethylenes had been under way since 1938,
under the guidance of Professor Natin and with the collaboration of M.
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Peraldo. Starting From the cis and trams 14, propylens, CH—CH=CHD,
in the presence of TiCh and AlEf the first di-isotaciic polymers were
obtained (%), respectively in the eryihiro and three forms, Other monomers
taken into consideration were the alkenylethers R—CH = CH—0—f" ),
which polymerize cationically, and the erotonates CH:—CH =CH—COOR
("), which on the contrary polymerize anionically.

A requisite for the stercoregular polymerization of the disubstituted
ethylenes is 1o wsc the monomers in their pure sterecisomeric forms. To
achitve this, it is often necessury to submit the cisdrans mixture: of the
monamers or of their precursors o difficult scparations, as in the case of
the deulerated propylenes and alkenylethers, In more lucky circumstances
4 single stercoisomer aleeady in the pure state i obtained directly during
synthesis, as in the case of crotonates.

The problems and considerations set out in these pages were well
known at that time, bul no experimentally valid salution could be found,
until the problem was cleared up guite suddenly. As is 50 often the case,
this came about thanks to a stroke of lugk,

| was reading a’ review of the stereochemistry of alefing () when a
simple phrage caught my attention: « Sorbic acid has the frans-irans
structiire =, Al that moment | perceived with certainty that asymmetric.
synthesis of polvmers was destined to sneceed.

Sarbie acid, or rather its esters (CHy—CH= CH—CH =CH—COOR),
though they had never been polymerized, nppesred to me to be the ideal
monomers for the purpose: they were substituted butadicnes. [ike penli-
diene, nnd would produce chiral fsotaclic polymers: their reactivity being
anslogous to that of crotonates, it would be posible 1o polymerize them
anionically, and they existed in only one of the four possible stereoisomeric
forms,

Stereorcgular polysorbates present the most complex tvpe of tacticity
observable 10 date in synthetic polymers. They have been said (o be
Iritactic hecause their monomeric unil containg three sites of stercoisom-
erism, two terifary carbon atoms and the double bond, Considering only
the structures obtained by 1.4 addition. the existence of 12 different types
of macromolecules can be predicted, & with cis and & with frams insaur-
ation. For each serics the number of structures is double that predicted
for the polymers of CHA =CHS disubstituted monoolefing ( [V]-[X] and
[XT1-[XE] respectively), d

In fact, the eryifire and threa di-syndiotactic polymers { [1X] and |Jﬂ.'r
can be distinguished one from the other (unlike the case of monoofefing,
in which a single di<syndiolactic polymer [X111] exists): in addition both
the erytlire and the threc-di-isotactic polymers consist of pairs of antipodes
([V] and [VI]. and [VI1] and [VIII] respectively). The chirality of the
di-isotactic polymers of the sorbates is ohservable in chains of infinkte.
lengih, and the tertiary carbon stoms are truly asymmetric, being bonded”
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to-four different substituents in the immediate vicinity of the atom under
consideration,

[l took only & month to obtain soluble and partislly crystalline polymers
of methylsorhate and of other sorbates by anionic polymerization (butyllith-
ium in toluene at — 40°%C) (™). On the evidence of the experimental
findings avaitable at that time, an erytfro-di-isotactic structure was attri-
buted 1o such polymers ("}, The validity of this affirmation today requires

some retrenchment, since the use of sMr spectroscopy has shown the
existence of some steric disorder and the microtacticity of these polymers
5@ problem still to be resolved. Monetheless, the working hypothesis
then put forward, ie., the chirglity of such polymers, is atill fully valid.
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Realization of the first asymmetric polymerizations

Exactly twenty years ago, in the autumn of 1960, research on asym-
metric polymerization reached a turning-peint. In my laboratory two lines
of research had been sel up efter much discussion with Professor Natta
and M. Peraldo and conducted by myself, hy M. Donati and by G.C, Bres
san: ome on the anionic polymerization of sorbates, and the other on the
cationic polymerization of benzofuran. At the same time, L. Porri and
hiz group set themselves the task of obtaining the asymmetric polymeriz-
alion of pentadiene with coordination catalysts.

Al the beginning of december our gosl was reached and the. resull was
immediately communicated to students ot an international Tevel ("), The
first resilt was abtained starting from methylsorbate: in the presence of an
optically active organometallic catalyst, 2-methylburyllithium, it was con-
verted into a polymer analogous to that obtained in racemic form SOme
menths before, but undoubtedly having optical activity ([a]p = — 3% |
remember reading o rotation of 0.31" in 8 40 em tube with o Lippich-
Landolt visual polarimeter).

The fundamental aspect of the process is the transformation by o cata-
Ivtic process of o non-chiral monomer (methylsorbate has a plane of sym-
metry) into a chiral polymer, with & small but significant prevalence of
menomeric units of o given sign with respect o those of opposite sign.

From the point of view of Frisch, Schuerch and Sewarc™s trestment [k
this is probahly a process of asymmetric initistion, since in snionic polym-
erizations the organic residue originally bonded 1o the metal is found in
the polymer as end-group.

Immediately afler this resull we exsmined other catalytic systems in
the: hope of obtaining higher rotatory powers, thanks to & presumably
different mechanism of transmission of asymmetrie induetion, Oplically
active polysorbates were also obtsined in the presence of butyllithiwn
complexed with an ssymmetric ether such as menthylethylether (%), In
this case the chiral agent is not situated at the end of the polymeric chain
and its action would have influenced the entire polymerization, The
values of optical activity are comparable o those of the prececding case,
but it was not possible to shed light on the type of mechanism acting in this.
Cise.

Meanwhyle, we also succeeded in carrying out the asymmetric polym-
erization of benzofuran ('), Polymerization takes place with a cationie
mechanism and is promoted by various combinations of a Lewis acid
(AIEC]:) with an asymmetric agent (camphorsulphonic acid, alkaloids,
aminoacids, ete.). The best catalysts turned oul (o be the complexes with
{=1or {+) phenykalanine: polymers obtained in their presence at — 80 °C
in toluene have optical activity greater than 307 (%),

(") Unless specifically indicated otherwiss, messcrement was corried out with (he
sadium T light, dak i
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In the case of benzofuran both the ervifro- and three-didsotactic

-structures gre chiral and may exist in enantiomeric forms [XIV]-[XV] ).

The lack of crystellinity made it impossible to assign a structure to the
polymer by diffractometric methods, nonectheless the isotactic disposition
was clearly established on the bogis of its optical activity, Apart from [XTV]
aned [XV], no other simple chiral structures exist (the erythro. and tfereo-
di-syndiotactic forms [XVI] and [XVI1] are schiral because of the presence
of o mirror phde plane).

0
el [ewn]

Still at Milan Politecnico, at the beginning of 1961 L. Porri and his

group obtained a new example of asymmetric polymerization (") trans-

1.3-Pentadiens was polymerized in the presence of VCL and an optically

active organometallic compound, tris ((5)-2-methylbetyl) aluminiem; the

polymer has & 1 4-frans-isotactic structure and presents a rotatory power
of about — 1%, Despite the low optical activity and the fact that it is
Supposed 10 have incomplele stereoregularity, this polymer represents o
considerable step Torward in the field, since for the first time asymmetric
induction was obtained on a hydrocarbon monomer using & typical coor-
dination catalyst.
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Developmenis after 1961

Developments in asymmetric polymerization sfter 1961 have been
reviewed by various authors (") as part of the wider field of research on
the synthesis of optically active polymers. The requisites for the chirality
of such polymers were also set out several times (*®), using the infinite
chain model or that, equivalent to the former, of eyclic oligomers. The
reader will find a full treatment in the articles guoted, Here I would like
to discuss some developments of the research alrendy illustrated in the
last chapter.,

OF the various types of asymmetric polymerization, that of cyelic mono-
mers has attrected most attention, Simultanecusly with our research on
henzofuran, Schmitt and Schuerch studied various cyclic monomers (T):
indene, 1-methyleyclopentene, 4,5-dihydro- 1-methylTuran, a-angeliculactone,
Their line of rescarch, parallel to that Tollowed by us, was based on (he use
of Lewis acids (BF:) and optically active cocatalysts, Unfortunately these
efforts had a negative outcome, either becouse of the lack of isotacticily in
the pelymers or because of the insulficient power of asymmetric induction
on the part of the specific catalytic system used,

In our work, the replacement of AIECI by AICL, while still using
phenylalanine as cocatalyst produced a considerble incresse in the optical
purity of the pelymer. From the 30° of the first pulymers we reached 75° (%)
and even 90°, as an instantancous value (™*}, Fractionating the polymer
abtained al low conversion showed that rolatary power is practically inde-
pendent of the length of the chain, Consequently it may be suppased that
there iz a mechanism of asymmetric growth in which cach stage is influ-
enced by the optically aetive counterion, In high conversion polymers an
increase of optical activity with molecular weight is observed, o phenomenon
attributed to a deterioration of the counterion linked 1o chain transfer or
termination reactions,

Other experiments conducted at low monomer concentration showed
an increase of asymmetric induction with time, which may be taken to be
an autocatalytic process, The highest values of optical activily were in fnct
obteined not at the beginning of polymerization, but after 8 certain degree
of conversion (™). On the other hand polymerization eXperiments pee
formed in the presence of a preformed polymer produced, from the very
first instant, a polymer having extremely high optical activity { [&]n = 90%
In this case the sign of the optical activity depends solely upon the cone
figuration of the phenylalanine used, and not upon that of the polymer:
introduced. s

These facts were (he object of long critical discussions and of variow
experiments aimed at verilying the hypotheses which were gradually coming
to light. The interest of Professor Natta for this work was intense, mdf';
indeed that he recalled these questions in the tiile of his Nobel Prizs Lec-

i
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ture: Frowr the Stereospecific Polymerization to the Asymmetrie Autocaio-
Iytic Symthesis of Macromolecules (). The interpretution we finally de-
veloped envisages a chemical (not stereochemical) interaction of the
polymer on the catalyst such as to vary its composition and increase its
asymmetric power by an indirect way.

The chemical nature of polybenzofuran made it for & long time im-
possible to determine the relative configuration (erythro or three) of the
chain, as also its ebsolute configuration and optical purily, G.C. Bressan,
towards the end of the 1960, succeeded in eristallizing the polymer by
non-conventional techniques ("), yet it was impossible 1o obtain drawn
fibers suitable for x-ray cxamination. A recent siudy of the microstructure
of polybenzofuran suggests that the most probable is a threg-di-isotactic
structure, based on conformational analysis and smu spectrea (7).

A polybenzofuran endowed with o high degree of optical activily
([e)o = + 75.8%) was cbtained by Tukeds, Fueno and Furukawa (7)
using a catafvat composed of AICL, E6SnCl and (—menthyl-O-SnEs. The
same Authors also studicd the stotistical aspect of ssymmetric pelymeriz-
ation {*) extending and generalizing the schema previously put forward
by Frizch, Schuerch and Szware ().

As an extension of the earlier regearch conducled in Milan, mention
must also be made of the asymmetric polymerization of «- and f-naphtho-
furan, carried out in the presence of the AlCk-phenylalanine complex (7).
The polymers have respectively [o]n = 41" and 1457 this latter value was
for a long time the highest value of rotatory power obtained by asymmetric
polymerization,

Asymmetric polymerization of sorbates and analogous monomers (f-
vinylacrylates, Pestirylacrylates (*7) has undergone completely different
developments, in relation to the higher reactivity of such products. We
succeeded, in fact, in determining the absolute configueation and the mini-
mum entity of asymmetric synthesis by demolition of the polymer to muthyl-
succinie acid (*). The atribution of chirality, hewever, regards only one
of the two asymmetric carbon atoms (the information relating to the other
atorn is lost during the demolition process), and can be extended 1o the entire
polymer only under the hypothesis of a well defined structural relationship.
As already mentioned, the original atiribution came under discussion in the
light of NvR spectrum analysis and of more accurate demolition studies (%),
Slight modifications of the catalytic system, for instance the addition of
electron-donor compaunds, alter the microstructure of the polymer, which
may range from a prevalently erythro struciure to one prevalently threo.
Consequently the optical purity of methyvlsuccinic acid (= 6% ) cannot be
correlated directly, and is almost certainly lower than that of the polymer,

Important progress was also made on the polymerization of hydrocarbon
monomers, in particular pentadiens. In 1963 Matta, Porri and Valente
ohtzined a polypentadiene having high optical activity ([#]s = —22.8)
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with a prevalently 1,4-cis-isotactic struciure {“). Though the diastereciso-
meric purity was not especially high (its content in 1 4-cis units is below
B0%a), the asymmetric induction acting an the single monomer unit is very
high and is effective in every stage of the reaction. The catalyst is composed
of AlEt and Ti{C-menthyls. IF the chiral agent is instead placed en
the aluminium, as in the catalyst tris{(R}-2-methylbutyl)}-aluminiom +
Ti{C-butyll, no asymmetry ot all js obtained, even with a polymer struc-
ture practically identical to the precedent one. From these facts it was
deduced that the chain grows an the titanium, or at least that the monomer
coordinates to the titanium hefore being incorporated in the growing chain.

FELE.q RADICAL ASYMMETRIC POLYMERIZATION

The asymmetric polymerizations hereto deseribed proceed by an ionic
or coordination mechanism, All attempts at asymmetric synthesis by free
redical processes had met with failure. It must however be said that most
had been attempted before the structural requisites for chirality in polymers
had been defined, Furthermore, the lack of stereoregularity commonly ob-
served in free radical polymerizations scemed 1o preclude any possibility
of success with this type of Process,

The problem of radical asymmetric polymerization was resolved in 1967
at Milan Politecnico by a process far different from the traditional ones,
i, by solid-state polymerization in chiral fnclusion compounds.

The origins of this discovery date from & few years earlier and the
fundamental hypotheses are far reaching. Assoon as the asymmetric palym-
erization of benzofuran had been accomplished, it was realized () that the
chirality of the asymmetric carbon atoms in the chain could not be specified
by Cahn Ingold and Prelop's rules as set [orth in the 1956 edition (), Tt was
scen that the fact had o more peneral bearing and that analogous phenom-
cna dlso existed in organic chemistry, lor example, in polycyclic compounds
of the [XVIII]-[XX] type ("). We turned our attention lo the tranganti-
trans-anti-frans stereoisomer of perhydrotriphenylene [XX11, which hud
not as yet ever been described, and succeeded in synthesizing it in 1963 (Y}

REEE——

[evinl] [xrx]

[xxi]

T Rl
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This compound turned oul (o be of such interest that even today research
into its behaviour is of considerablé interest, The issue of nomenclalurs
which we proposed was widely discussed and inserted into the latest edilion
of Cahn, Tngold and Prelog’s rules (%),

The perhydrotriphenylene (parr) molecule is endowed with high ro-
lational symmetry, but with no mirror symmetry. It belong to point group
Ds and is one of the gyrochiral organic molecules (chiral molecules with
high rotational symmetry) most studied from the stereochemical paint of
view (7). In particular it was resolved into mntipodes by G, Audisic and
myself in 1967 (",

The high rotational symmetry of pate is also responsible for its behav-
tour in the crystal state. It shows polymorphism when it crystallizes in the
pure state ("), but above all possesses an exceptional ability o form in-
clusion compounds with numerous substances of low and high molecular
weight (%"}, As shown by the results obtained by G. Allegra and his
group at Milan Politecnico, these inclesion compounds are similar to the
crystalline adducis formed by ures and thiourea (*); in particular the guest
molecules are arranged inside channels bounded by the hest molecules

superimposed on one another. However, they show a far greater facility
of fermation and a higher stability. The explanation of this fact was made

possible by a study of the phase diagrems of binary mixtures between
FHTP ond guests of high and low molecular weight, recently carried out
in my laharatory by G. Di Silvestro and M. Grassi (*), and iz essentially
linked to the behaviour of the two components in the liquid phase in
equilibrium with the inclusion compound, The liquid phase has practically
idenl behaviour in the case of ruTe, whilst there is an exiensive miscihility
gup in the case of ures.

As already observed in the case of urea and thiourea (*7), o stereo-
regular polymerization promoted by high energy radintion is also observed
i pH e inclusion compounds with various vinyl and digne monomers {25,
polymerization which procecds according to a free radical mechanism e

In particular frams-13-pentadicne yields & | 4-trans-isotactic polymer
of extremely high regularity, even higher than that obtained in the presence
of coordinntion catalysts, Az already ohserved, this polymer is chiral;
therefore the piTe-pentadiens system lends itsell on principle to the study
ol our problem,

As scon as it had been oblained in optically active forms, it was seen
that the single enantiomers of pure also formed inclusion compounds anal-
ogous to the racemic one, but having no elements of mireor symmetry.
When an inclusion compound between (—)enre and pentadicne was sub-
mitted o radiation, an optically active polymer of opposite sign o that of
PHTP was obtained. Conversion to methylsuccinic acid made it possible
to determine the absclute chirality and the enantiomeric purity of the
polymer ().
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This finding marks o very important step in the development of asym-
metric syntheses, 11 was in fact shown for the first time that Bsymmetric
synthesis may teke place inside crystals. Until that moment known exam-
ples, which in any case were controversial (*), only involved reactions
taking place on the surface of crystals,

A further example of free radical asymmetrc polymerization was
recently reported by Doduchi, Minoura and Kubouchi ¢%%), These Authors
prepared optically active copolymers starting from styrene and maleic
acid or anhydride, in the presence of potassium persulfate or benzoyl
peroxide a5 initiators and lecithin os o chiral sgent. Chirality is related to
the alternance of moneo- and disubstituted monomeric units, in agreement
with the treatment already discussed (1.4). Polymerization oceurs in emul-
sion, and psymmetric induction has been attributed o the chiral nature
of the micelles and more specifically to electrostatic interactions berween
the polar monomer and lecithin,

FROM o CONFORMATIONAL P ASYMMETRIC POLYMERIZATION TO
w THROUGH SPACE # ASYMMETREIC INDUCTION

As observed by other Authors (*), the years from 1960 to 1970 were
the most fertile in the development of the synthesis of optically active
polymers. Interest for these problems has however reawoken in receat
years and some recent findings, for their importance and significance; go
beyond the specific field of macromolecular chemistry and constitute fun-
damental contributions o stereochemistry in general.

One of these findings regards the synthesis of optically active polymers, ;
the chirality of which is due exclusively to the helical conformation, I
have already mentioned that one of the first attempts carried out at Milas
Politecnico involved the isolation of a single helix of isctactic polypropyk
ene. The result which we were not able to obtain at the end of the 1950%,
was obtained twenty years later on a polymer with much hulkier: je
groups, polytriphenylmethylmethacrylate, by Okamoto, Suzuki, H atada and
Yuki (7). T

Before discussing this exceptional result 1 would like o recall that the

184 GIULIG NATTA: FRERENT SIGMIFICANCE OF HIE SCIEMTIFIC CONTRIBUTIO



asyms-
maetric
X Em-

cons

i Was
uthors
maleic
eyl
ted 10
cment
emul-
halre
PWeEn

Aciive

UTICw

first opticully active polymers lacking configurational elements of chirality
{asymmetric carbon atoms) were the palyalkylimminomethylenes.

MiLCl,
H—MN—=C ——— e = [ — [ — [ =
| e |

| Il
M-k H-R K-R N-R N-R

[xi]

These polymers, obtained from isonitriles, huve 2 rigid helical confor-
metion (*™); their chirality has been ascertained by chromatographic reos-
olution an a chiral support, obtaining fractions of opposite rotation, which
were enriched up to a constant value {[a]p max = + 56 (™)., No at-
templs at a catalytic synthesis of these polymers have o date been pub-
lished, Optically active polyimminomethylenes have also been ohtained
starting from optically active isomitriles (i.e., sec-butylisonitrile) (™, In
these polymers a Isteral group chirality and a helical chirality exist at the

~same time. The situation is substantially analogous to that wsed for the

stabilization of a particular sense of the helix in the optically active poly-
a-0lefins, investigated by Pino, Lorenzi and Lardicci (%) and successively
by numeraus other workers ("*'). In both cases the diastereomeric relation-
ship existing between the lateral chiral substituent and the chain conlor-
mation means that the two senses of the helix are not encrgetically equiy-
nlent. Hence the existence of a preferential sense of the helix is of thermo-
dynamic origin,

The asymmetric synthesis of polytriphenyimethylmethacrylate  thus
represents an absolutely new instance:

Li Bu s cH, cH,
€y =CICH,1 COOR ———= —CH,— C—CHy— C—CH— £ —
[ I
COOR COOR CO0R
R = CH [C, 1,3, [xiv]

li was obtained starting from a non-chiral monomer in the pressnce
of &n optically active catalyst (butyllithium + spartein) analogous to that
already used by the same Authors in the enantioselective (or stereoelective)
polymerization of (R/S)-methylbenzylmethacrylate (") and in the copolym-
erization of this monomer with triphenylmethylmethacrylate (™). It may be
deduced [rom the wmr spectra that the polymer has o practically pure
Isotactic structure; its optical activity is extremely high ([a]e = + 3807,
max value measured on isolated polymer, [ejn = <+ 380° cstimated walue
based on measurements carried out during polymerization) (). It should
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be borne in mind that the isotactic vinylidene polymers of non-chiral
monomers, analogously with the vinyl ones, are not chiral; hence the
optical activity must be attributed to the existence of chiral helical con-
formotions, kincticolly stabilized by the intersction between odjscent tri-
phenylmethyl groups. The few data so far available do not make possible
to know the height of the barrier opposing the conformationnl racemiz-
gtion. Even data relating to the chirooptic propertics sre not aveilable;
thiz will certminly be of the utmost interest.

So for as I know, thiz is the first example of @ conformational » asym-
metrie synthesis on acyclic compounds, in which the most important
phenomenon in play is the insertion of the monomer units into the chain
according to a helical geometry (transfation + rotation).

The second group of rescarch findings which 1 would like to mention
here involve solid-state asymmetric polymerization. This can be divided
into two parts: polymerization of pure crystelling monomers and  polym-
erization of monomers trapped in a cry=tal lattice, 1 have already mentioned
the latter with reference to puTr. Along the same line, but with much
more significant results on the quantitative plane, are the studies carried
out by Audisio and Silvani (™) and by Miyeta and Takemoto (™) fnto
the polymerization of substituted dienes (cis-1,3-pentadiens and frans-2-
methyl-1,5-pentadiena respectively) inserted ns guests in the inclusion
compounds of deoxycholic acid. The opfical activity {[o]p = —21*
and + 250° in the two cases) indieates considersble enantiomeric purity,
whilst the diastereoisomeric purity is not very high. This may indicuie
that in deoxycholic acid the correlation between single stages of polym-
erization Is slight or negligible (™).

On solid stete asymmetric polymerization | would like to mention the
splendid research carried oul at Weizmann Institute by Lahay and Addadi
(**), Their line of research consists in converting the chirality from the
crystal level o the molecule by means of a lopochemical polymerization.
Suitable monomers for this process turned out lo be the substituted benzene-
| 4-diacrylates which by photopolymerization give dimers. trimers and
higher oligemers containing cyclobutane rings according lo the scheme:
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The constitutional, diestereomeric and enantiomeric steucture of the
products depends upon spatial arrangement of the menomers in the erystal
lattice. In appropriate conditions such products have high — in some
cxses guantitalive — opiical purity,

The key stage of the process consists in the preparation of chiral
moncmer crystals. This was achieved by choosing suitable crystal nu-
cleation and growth conditions and introducing a sec-butyl group ws a
desymmetrizing agent. An accurate analysis of phase diagrams, Nmu spectra
and rotatory power has shown that the influence of the sec-hutyl group
is limited to the induction of preferentjal cryétallization of the monomer
in dextro or levo crystals but does not take parl in the successive reaction,
In fact, products with practically identical aptical purity are obtained
throughout the field of stability of crystals of a given chirality, even when
these contain considernble quantities — up to 40% — of monomer having,
s a molecule, the opposite sign,

The crystallization of a racemic sec-buty] ester in particular conditions
produces a metastable phase in which crystals of opposite chirality contain
equal amounts of the two melecular enantiomers. The photopolymerization
of single metastable crystals has produced oligomers with slenificant values
of optical activily — up to sbout 30% — {hus obtaining an « nbsolute »
asymmetric polyvmerization,

The demonstration of the Feasibility of asymmetric pulymerization under
the control of the chirality of the erystal lattice and not of the moleciilar
chirality, which represents one of the central puints of the research carddod
out by Lahav and Addadi, was also obtsined fn inclusion poelymerization
in PHTP by using & completely different approach, This problem was quite
clear right from the publication of the first article in 1967 (), Our con-
clusion were then as follows;

« Qur experiments show that optical activity may be induced in simple
chemical systems under rather primitive and scarcely selective con-
ditions, as Lhe use of jonizing radiation and the absence of complex
reagents or catalysts, We are st present investigating whether the
palymerization starts from asymmetric tadicals or ions oblgined hy
irradiation of puTe, or if it involyves exclusively the guest molezules.
In the latter hypathesis this reaction differs sharply from the other
asymmetric syntheses known so far; screally only weak Van der Waals
forces are responsible for the geometric arcangement that [avours one
of the sequences (eg., bop...) with respeet 1o the other =,

This investigation turned out to be very difficult. In fact, the presence
of a chiral end group derived from puTe had been ascertained by radic-
chemical means (") In any case, the limited availability of oprically
active host {and hence of polymer), the low value of optical activity and

ASVMMETRIC POLYMERTZATION 189



the extremely high diastercomeric purity of the polymer made [t prohlem-
atical to study the variation of rotatory power with the degree of polymer
ization,

A different approach to the problem was first seen when we menaged
e prove the living character of the inclusion polymerization in ewre ()
and sugceeded in preparing block copelymers (%), The aim was thus to
produce & non-chiral/chiral two-block copolymer so as (o eliminate any
influence deriving from the terminal group linked to the non-chiral block.
In experiments conducted in my laboratory by G. Di Silvestro and P.
Sorzani, isoprene was chosen as the first monomer and frans-1,3-pentadiene
as the second (I recall that isoprenc polymerizes in the 1,4 mode, not giving
rise to chiral units). The structure of the copolymer can be represented
as follows:

PHTP*— CH—CH = C(CH:s}—CHa}o—{ CH:—CH = CH—CH"(CH,)),—X

In this way a portion of chain not endowed with chirality for several
hundred angstrom was inserted between the raTP radical and the penta-
diene monomer units. The presence or the abscnce of asymmetric induc-
tion was 1o be the test of the two conflicting hypotheses.

The result obtained was highly signifcant: not only is the copolymer
optically active, but the enantiomeric purity of the polypentadiene segment
in the copolymer wes equal to that observed in the homopolymer (2%,
In this case too, asymmetric induction is controlled solely by the chirality
of the erystal, The chemical nature of the system employed suggests another
vonsideration, already advanced as hypothesis years earlicr: asymmetric
induction is possible even only in the presence of weak and non-specific
interactions such as those involved in the ervstal lattice of a saturated
hydrocarbon, | have used the term « through space induction » to define
this kind of asymmetric induction, in contrast with the « through bond
induction » characterizing the most common and most eflicient asymmetric
syntheses involving covalent honds or hydrogen bonds, formation of
complexes, specihc solvations and other refatively strong interactions be-
tween chiral agent ond substrate.

Al least for the moment, the journey begun twenty years ago under
the guidance of Giulic Natta ends at this point. To his memory | dedicate
Lthis my latest work, with gratitude for having pointed oul to me & goal
worthy of being pursued and for having supplied me with the means 1o
reach it, [or having lelt me complete freedom to decide and make plans,
for having followed my work for years with lively interest and penetrating
eriticism, And, above all, for having taught me an absclule respect Iilr
experimental results and for having shown me how the most profound
and far reaching conclusions are to be drawn from experimental ﬁndujut:
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Conformation
of Macromolecules

The first paper of Professor Matta on this subject has been published
in 1925 [GR. Levi, G. Natra, Ani Accad, Naz. Lincei, Rend., Classe
Sei, Fis. Mar, Nas. 2, 1 (1925)].

His activity in this field is proved by many publications. We quote,
for instance: G. NATTA, Al Acewd. Naz. Lincei, Mem., Clusse Sei. Fis,
Mai. Nat, 4,61 (1955); G. NaTTa, Polvmier Sci, 16, 143 (1943); G. MaTTA,
P. Pinp, P, Cormanim, F, Danusso, E. Mantica, G, Mazzant, G. Mo.
BAGLIO, J. Am. Chem, Soc. 77, 1708 (1955); G. Martra, L, Pormri, P, Cor-
rapmi, D, Morero, Chim, Ind. (Milan) 40, 362 (1958),

Prof. Ginseppe ALLEGRA who is particularly expert in the mentioned
subject has been requested 1o give a contribution to the volume. The con-
tribution is entitled: Conformations and Dynomics of Macromolecules.
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Conformations '
and Dynamics of Macromolecules

GIUSEPEE ALLEGRA
Isittitto df Chimica del Polftecnico, Milano

In the last few years diffraction experiments 2t the molecular level
revealed an important new possibility: through the measurement of the
Doppler effect, f.e., the loss or gain of radiation energy wpon diffusion
{dynamic smttm—ing}, it is possible to oblain information about the mol
ecular motions ('), Let's specify that these do neither invelve the vibrational
nor the rotational motions which are generally studied by means of infrared
or microwave spectroscopy, whose characteristic frequencies are usually
larger than 10%'. The frequencies investigated by dynamic scattering are
usually smaller thun 10%: " otherwise said, the relevant characteristic
limes are longer than 10°%. In the case of linear macromalecules, within
these ohservation times we may observe chain motions of a conformational
arigin, i.e., dug to rotations around single bonds, while the radiation adopted.
consists of monochromatic neutron beams (typical wavelength ~ 2 &), the
energy of which is close to the thermal level (). If we are interested 10
cooperalive motions of long macromolecular sequences or 1o the diffusion
of the whole chain in a dilute solution, the scattering of light may be used,
with characteristic times of order 107" or longer (').

Other sources of information on the internal motion of macromolecules.
are sensitive to observation times, or chain sequences, which are not 0
short as these investigated by neutron diffraction; among these, the complex
viscosity 5 = %' — 3" iz particularly important, ie., the mntr{hm;mn_
prowvided by the chains to the overall fnsms:ty when ﬂu: solution is sub-
mitted to an oscillatory shear siress ('), The ¥ component, in phase wllh-
the :mpus.ud deformation, gives the elestic response of the chuins, while 47
which is al 90°, represents the wiscous response, Since it is apparent that
the viscoelastic behaviour of a Ejrstl:,m exclusively depends on its in nal ':
dynamics, the knowledge of %" and 5" at different @ Frequencies produces ._
important information on the conformational mations, although the upper
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experimental limit of & (around 10°%7") restricts the analysis to fairly coop-
erative motions, such as those involving at least a few tens of chain atoms.

In the present chapter some relevant physical factors influencing the
conformational dynamics of macromolecules will be discussed and, through
the analysiz of the equations of motion, their effect will be evaluated and
compared with the experimental data; on the contrary, the several aspects
of the experimental methods will not be discussed except for the general
mentions previously made. Being impossible to discuss the matter in detail
in an introductory chapter like the present one, we will mainly try to define
the general ideas, sending the reader to more specialized publications for
the mathematical details. Finally, we anticipate our apologies to the reader
if contributions to the subject provided by the author and his group will
probably be overemphasized,

Equations of motion

The mathematical description of the motien of a polymer chain is usually
given in terms of the Rouse equivalent model {*). The macromolecule is
conceived as an ensemble of bends serially connected by ideal springs:
these are devoid of mass and exert o perfectly elastic force of sn entropic
origin, while both the mass and the interaction with the solvent are con-
centraléd on the beads; the salvent is seen as a continuous viscous medium,
The springs do not interact emong themselves; their number and force
constant (related with their average amplitude of cscillation), are so de-
termincd as 1o reproduce the mean-square distance, and therefore the mean-
square radius of gyration, of the real macromolecule (%), In practice, it is
often convenient to identify the beads with the chain statistical segments,
Let, the shorlest sequences after which no correlation exists between bond
orientalions in space. In the case of polyethylene around 100°C the
bumber v of bonds per statistical segment is about 10,

In dilute solution and disregarding the chain ends, the forces acting on
the k-th bead ere, in projection on a general ¥ axis:

1} the elastie Torce Fu (kJ) = elx{k 4+ 1) —2x(kt) + 2(k — 1.01],
where & = 3kl /B is the spring force constant, while & i ils mean-
square amplitude of vscillation, With reference to the siatistical segment,
b= C_vP, where C_is the macromolecular characteristic ratio (%), [ is
the C—C bond length while v is ~ 10 as sbove said:

2} the friction force Frikt) = — Caxikt), where £, iz the friction
coefficient of the statistical segment;

3) the random Brownian force X(k¢), due to the bumps exerted by the
solvent. These rapidly fluctuste in time, with an independent cifect over
different statistical sepmenis;

4) the inertinl force Fia (ko) = — p¥(k t) (¢ = scgment mass), which
has & very slight effect in the frequency field under censideration (< 10%71);
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5) the hydrodynamic interaction. This is actually the dragging effect
exerted by the macromolecule upon the solvent, leading 1o & reduction of
the friction force defined at point 2), because the relafive velocity between
the segment and the solvent is smaller than xikt). In practice, it can be
taken into account by keeping the same definition for Fr pnd suitahbly
reducing the friction coefficient (see [37])

Neglecting ot present the hydrodynamie intersction (the inertial force
will never be taken into account) the equation of motion of the ket
segment is:

alxtk 4 10— 2elk ) + 2tk — 1,07 — otk + Xkt =0 [1]
(o = 3kt /0.

We have thus a svstem of linear differential equations for the unknowns
*(k 1), the resolution of which requires the definition of suitable independent

coordinates of motion (normal modes in the slatistical sense). Let us now
define, according to Ronca (%),

) = T (ke
[2]
Xiq) = E Xik,ne,
=]

2 P
where {g} =0, 2w, = 2 i-;t-—zm

hence skt = 1y g phe e

1 {a}
[2]
Xikt) = 1y 'X"{w}e_'"‘.
" fe}

and suppoze for simplicity that the chain be connected ringwise %0 that
x4 1) = x(1), 2n+ 2)=x2) ere. By multiplying the peneral
equation [1] by ¢** and summing over all &’s, we pet:

2001 — cosqg g0} + EXg.) = Fig,p. [3]

The E(g.4)'s are the normal made variables, since in eqs. [3] they a_n_lé
separated hence independent] we obtain (")

Aa|i—rragh

| . = d-amy
'ﬂqu.‘mff _li:w.fl-ﬂ - dr’. [4]
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It is now advisable to suggest & concepiual interpretation of the math-
ematical resulls. The x{k.f) displacement of the general segment at time ¢
has been expressed as a sum of different ¥q.t) contributions {the normal
medes, see eq. [27), each of which may be considered a5 a wave with a
repeat length comprising 22/ segments along the chain contour. On its-
tum, cach g4} is the sum over different times (<2 ) of random terms
qu.l'}f-f. feee [4]) melaxing as e where

£

2al] — cosg) [51

gl =

is the relaxation lime of the normal mode. In practice, after a time inter-
val of order =ig), the Fg.1) smplimde hears no resemblance with itsel
because of the effect of the Brownian forees X(q,0). It is obvious that the
latier are needed to reestablish the chain thermal encrgy, which otherwise
would grodually be cancelled by the friction foree — (k. f), as it may
be seen inmeg. [1]. This implies that there must exist o connection between
the Brownian force, the absolute temperature T and the £ friction coef-
ficient; the relutionship may be expressed as follows

< T{q.tﬁ{q'.:“] o= 2akaTle - My + ) - 80t — 1), [a]

where & and # are the Kroncoker and Dirac deltas respectively, while the
BVERREE i3 10 bé taken over all possible values of the Brownian forces, Eqg.
[6] is & mathetnatical representation of the so-called « fluctuation-dissi-
pation theorem » (7).

It has been recently possible 1o overcome some of the limits of the
Rouse bead-and-spring model, proposing more realistic descriptions ().
The model suggested by the Author in collaboration with Ganazzoll (M is
hased on the statistical behaviour of the following vectars:

. g lexpl— igk) |, (71

5 M
(q) = E Itkiexpligh): [uk} =
=i [-;:.

where I(E) is the veclor associated with the &-th bond, while the g vari-
able may take on all the values given in eqs. [2] by reploecing N (Mo, of
chain bonds) for n (No. of besds or statistical segments), It is possible w
prove that:

i} - the vectors qu} are statistically distributed with a Gaussian law,

i) - they are statistically independent up to the second order, inas-
much as:

< Uq) - Tlgh > = NPC(g) - Alg + g, [8]
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where { is the C-C bond length while Clyg) is the generalized characteristic
riatio. The latter for ¢ = O reduces to the ordinary characteristic ratio
C_ (.

For the general value of g we have

< k) - Nk + ) =

7 cos{gf), [9]

Clg) = 1 +2§.

which may be evaluated for any polymer through essemtially the same for-
malism producing C_, once the conformational energy maps are obtained
(*). Fig. 1 gives Ciq} vs. g for polyethylene at 400 K, The joint prob-
ability distribution W{I{g)] for all the normal modes may he expressed
a8

i = ‘ _iz '-:T{‘?:' T{__q.?} ]
Wilig)} = (constant) e:x_p[ L . [0

Fig. I - The gememlized charscteristlo matks

Cigy Tor pelyethylene (ses o4, [1!3}: T=
¥ o= i = = i E=

not allowed; bond nngle CL-C 10928

energy difference betwesn pueche anid fani

seabts = 0.5 keaol/mel).

It is worth pointing ocut that the above mentioned distribution is not
rigorous, although being much more sccurate than that corresponding fo
the Rouse model, While the terms within the exponential depend quad:
ratically from the chain coordinates, the existence of higher-order interac
tions among the normal modes implies that the exact expression should
also contain terms of the fourth, sixth... degree. Otherwise said, we are
confining our approach within a generalized Gaussian approximation, the
limitations of which will be duly taken inte sccount in the following.

The physical meaning of [10] is not restricted to the. probability dis-
tribution of chain coordinztes (through [7]); it also contains an important
energetic aspect. In fact, — kaTInW{i(g)} may be interpreted as the
Helmholtz free energy d{’ﬁqﬂi of the general conformation ('), wheﬁrg@
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the intremolecalar foree scting on the k-th chaein stom can be calculated.
It may be proven thet the dynamic normal-mode equation corresponding
o [3] becomes:

2alq) (1 — cos gf¥q.0 + & R¥a.0 = Xig.n, [11]

where all magnitudes are now referred to the chein atoms instead of w
the beads of Rouse model. The clastic force constant a{g) depends on the
normal mode secording to the relationship:

I | T & 12
alg) T [12]

Because of the inverse dependence on Clyg) {see Fig. 1), for the collec-
tive modes (g = 0) the chain behsves in a relatively flexible way, while
being more rgid for the localized modes, since aig) increases up o bwenty
times eompared with 2(0). This is clearly shown from comparison of the
relaxation time:

g Clg) [ ol ] -
3 = —— i} — ] 1
Gk R P e e 7o CORLL
with the corresponding time for the Rouse chain {see [5]). Since the
latter has the same clastic constant whatever is the g value, for localized
modes we should expect comparatively longer relaxation limes than for
the real chain. This effect can be ohserved in Fig. 2, where the relaxation

Flg. 2 - The rclazation timee =(g) Tor the
real -:I'nln {conilnoous line) and for the
Rouse chain (deshed linel; ru_!:,u'q Is
the mumber of sioms locloded in ihe wave-
kengih of the gih posmal mode, The par-
ameders are o8 o Fig, 1, the 5 time omid s
delined in gg. [13]. For ibe Rowse chain,
L T ) R ] 0 slaristical segment cootoins 10 ofoms
ong  am at T (s wl.
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TE+11

Tk=1p Fig. 3 - Elsstle forces affecting the gen-
cral atom are visalized s springs coms
pecting with ol ike othér choin stoms,

neoee (he two stonss are separsicd,
1421 the weoker ibe sprng 15 (see eq. [14])

limes ealeulated for the two models are compared, Tncidentally, it should
be pointed out that the shortest normal-mode wavelength for the Rouse
model comprises about 20 chain atoms (corresponding to two statistical
scgments), which prevents from taking into account all the conformational
degrees of freedom within such a model. The greater stiffness of the real
chain in comparison with the Rouse model may also be seen in Fig. 3. As
it can be inferred from the intramolecular potential — ks TInW g0}
(eq. [10]), each atom may be considered as connected by ideal springs-
with any other (and not anly with the nearest neighbours as in the Rouss
model}, although the elastic constants of these springs tend to diminish
rapidly as the topological distance increases. Mamely, for two atoms sep-
arated by & bonds the force constant af the connesting spring is given by

Skal ['% (1 — cosq) - cos{gk)
By = —0=™" " d 14
5 =F j Clg) 1 L
In the ideal case where there is no bond correlation, the Rouse model
would be recovered. In fact, from [9] Clg) = 1: hence K(= 1) = SkaT /P,
otherwise K(&) = 0,

The dynamic structure factor

From the measurement of the Doppler effect displayed by the neutrons
scattered by the macromolecules, it is possible to obtain the dyngmic sfrig-
ture factor, S(QL1) (0 = 4msinif/2)/4, 8 deflcetion angle, 1 wavelengthl,
which may be defined as the mutual interference between the macromeal-
ecular conformations at time zero and at time i »

SQM) = N"IE < exp[—iQ - (et — r(kON] > | 15]

fok=1

rij.f) is the vector defining the j-th atom position at time £, Let us suppose
that the probability distribution of Ar(j-k) = rij)— r(k.0) be Gaussian,
which is approximately true when the time ¢ is > 6 + 100 (see [13])
and/or when j-k is higher than 50 + 70 units (™). In this case [15] o=
duces 1o:
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S04 = N"EE EXp —%ﬂ’ r}_:l'{,f-k,r}], [16]

I&k=l

where
Bijk 4} = < AF(j-k 1) > [171

is known as the eorrelaiion function, For isotropic conformational motions
this may be expressed as [putting j = 0]

Bkt = 3 < [xks) — w(0,00] > [18]

From the combined use of [11] and [2] as well as of the Ductustion:
dissipation theorem ([6]), the following general expression for the corre-
Intion function is obtained:

Bk, )= Ei-fnﬂ{qﬂ[l —expl—¢/=lg)) + cos(gh)] /(1 — cos )dg. [19]

The relaxation fimes =(q) are given by [13]. The corresponding re-
sult for the House model is obtained from [19] by putting Clg)—C_
(=C(0)), {—Lv, iwhere v == 10 is the number of chain stams per stat-
TkaT
vl
models, within the time interval where the conformational characteristics

istical segment), alg) — Fig. 4 shows the Bik.) plots for both

i1, i1,
- "E} Wil
@ Bin 2l et
5t gl
8 21
- e
51 5
2f 18
107 |- it
i
gL BiOt1w=t 5
2T 2
n'l- 1!
{8 §
z[- 2
wt i L i o ol e E L] il I
a2 s w2 =swtz 5 v swa sz 5 g
Bf? Bfi¥

Fig. 4 - The correlatlon funcrion Biks) (see eqs, 11711191} a5 a funceion of 1 at difierent
A8 numhers on the curves) for the real o) for the Rouso chain bY. Bik,0 s in unit
(1= 154 & is the C—C hond length), ¢ Is i unil f, see =q. [13].
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ol the real chain are maost relevant, The influcoce of these results on the
dynamic structure facior may be more easily discussed with reflerence (o
the fncoherent scatiering () that is produced by those nuclei (e.g. 'H)
imparting a random phase change to the scattered neutrons, Under these

circumstances, the dynamic structure factor only depends on the self-cor-
relation Function H(0.):

S Q) = e'xp[—% EJ‘HI[_U,.:)J, [20]

For a given value of the scaltering coordinate €, il is convenient to-
aszociate two distingt characteristic times to 80,0, fe., the half-peak
time v and the initisl decay time 1o, defined by the relalions:

ﬂ} Slu{ﬂ.fuﬂ = U-ﬁ Sm{ﬂ.‘u} = ﬂ.ﬁ.

[21]
b)Y lim Se(Q0) = expl— 1/10).

Their dependence on € is shown in Fig. 5 within the interval
0.1 <Q <04 A (the so-called infermediate scatlering range). These
functions are often represented by a power law of the type

e " = constant, [22]

where t, may be either £ or To. I the B0} Tunction (for | = [ dl:p:ﬂ:l;_.

Fh.i-Ierm.lh'Iqt sharacieriph
il 5 limes fp and oz, defined in eqs. [21],

reparicd u.ﬂln::hrdﬂ.ﬂ:{t_-‘a.. &
I O IS i e 1 il:FlI.lndl'nrmnHmrlr.nh.hnI -
TANCE cE ETel 2 % a rght}, The fime wnlt is ¢ 85 in
and 4,
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on i1s lurm on 4 power of time:
B0} = (constant) - 17, [23]

{see Fig. 4), from comparison of equations [20] and [21a] il i= easy 10
see thal # = 2/u. As it may be seen in the Table, for the real chain the
resulting value of § is constant and very close to 3, in agreement with
soveral experimental dala ("); on the contrary, for the Rousc chain it
varies between 3.5 (for @ = 0.1 A)and 2.4 (for O = 0.4 A~'). Analogous
conclusions hold for coherent scatiering, in which case the structure Fac
1or also depends on the interatomic correlation functions (see [16]). As
far as ro 35 concerned, the most significant information which can be drawn
from Fig. 5 is lhe tiefto ratio, which is much larger for the real chain
than for the Rouse model, This shows that the initial relaxation time of
Sul C1.4) is much faster than the average one, in agreement with the exper-
imental data {*).

The internal viscosily

The experimental behaviour of the complex viscosity 5* = 3y —in”
of some polymers in solution like polystyrene, shows that at relatively high
[requencies (approximately from 107 0 10%") the ¢lastic component %'
tends to a constant value, suggesting an increased rigidity for the macro-
molecules (). This effect is vsually attributed o the internal viscosity,
which is sill a very much debated subject (™). The original hypothesis
by Kuhn and Kuhn (") concerned the dissipative effect connected with
the overcoming of rotational bareiers in a conformational transition, in
analogy with the heavy-sphere model adopted by Eyring for the viscosity
of liquids {*). It was translated into quantitative lerms, although in a semi-
empirical way, with some success by Cerf (") and Peterlin ("). Later on,
Twata (), Cerf himsell (*) and Mac Innes (") used more refined statistical
models, while de Gennes (¥) suggested that imternal viscosity might orig-
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ferent interpretation was given by Adelman snd Freed (%) who stributed
the rigidity effect st high frequencies 1o the snharmonicity of the intramol-
ecular potential, and by Adler and Fread (™) who obtained unalngnus results
| within a guadratic-potential approximation by introducing an interaction
1! enetgy between the side chaing, Fixman, by means of molecular-dynamics
| simulations, was able to reproduce the viscosity « plateau » at high fre.
quency (¥},

This Author, through non-equilibrium statistical-mechanical consider-
ations, suggested that the internal viscosity force acts on a chain sequence
when its head-to-tail distance differs from the avernge value expected
from the existing ratio of rotationul isomerle states {in the case of poly-
| I ethylene, trans and gauche states) (), Let us still consider for a while the

bead-and-spring model, assuming again the beads 1o coincide with the

‘ | inate from the intramolecular [riction between different sepments. A dif-

| . statistical scgments. Since there can be no instamtaneouws, long-range

i transmission of fensile foree in 4 « soft » system like a polymer eodl, o
sudden pull applied to the chain ends along the x axis first gives rise
o an clongational deformation of the terminel sepments, and then
propagates o the inner sequences. The phenomenon takes a finite time
since 1t involves rotations of the torsional ung'lﬁ, which tannot happen
instanily, As a consequence, the k-th segment is submitted to 8 non-equi-
librium force (k1) (internal viscosity) which has w be bulanced by the
clastic force transmitted by the neighbouring segments. 11 the stress props-
gates toward increasing k's, ignoring at first both (he friction with the
solvent and the Brownian forces, we have ()

#)  [xfk 4 10— 2k )] — [2lk ) —xlk — 10)] + k) =0

| [24]

.' by ?1“ wht) + o) =%aﬂk+ 1) — itk — 1.0].

whers
)l plkd) = @ikt a,

| and Lhe elastic constant a is the same as given in [1]. The rotations]
relaxation time To is given by (™)

| - Exp[ﬂk,n [ﬂiﬁ]"ﬂ [25]

|| | A is a frequency faclor, 4 i3 the effeclive (average) encrgy barrier | :

gavche and frans states, while fand fi are the respective equilibrium
| probabilities. It is possible to show that eqs. [24] represent a pertis
bation proceeding along increasing values of k& with a damping ampli e,

|
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The rate of di = [xk + 10— xik— 1,t}] is given by the difference ds
between the projections [xk 4 100 — x(k,t)] and [w{dk ) — (i — 1.00]3
if d were constant in time, then d: would relax as e %%, Since it is pre-
sumed that a given segment undergoes o uniform conformational change
in order to reach the same exiension as the previous one, it is implicit in
the above picture that a uniform extension should be simultancously trans-
ferred to all of its bonds. In other words, & sort of rigidity would be
associated to the whole segment, which seems 1o be in contrast with the
existence of several conformetional degrees of freedom within i, We
shaoll see Joter how this lmitation may be overcome.

Integrating ¢q. [24b] over the time varinble and replacing pik.f) into
[24a], we gel

2k & 10— 2x0k) - ok — 1,0 &
[26]

+‘§M :—*Fi-fuf'ﬁ-[i[k + 1. —o—1.7]dt = 0.
If the periurhation imparied to the chain is 8 hormonie oscillation with

an angular Frequency w < %', it is ¢asy 1o verdly that the stationary sol-
ution of eq. [26] is given by:

ki = H- E.r.p[ i [ "'f"' _ m:} vk ] [27]
where
; _ 3n 4
Alin sepments) = ot it = S &Pty . 28]

Eq. [27] represents a stalionary wave propogating and damping off
toward increasing & values, with a velogity
piin segments/s) = wid 2n = 3:
47
It is interesting to remark that, except for 7o, eg. [26] does not contain
any reference to sequences which should homogeneously relax (e.g., siat-
istical segments), although it was originally derived from this very hy-
pothesis ¢®). This suggesta that the equation itself has a more gencral
validity; in fact it may be extended to the chain single bonds, which gives
the advantage that all the degrees of freedom are taken into consider-
ation (). As 8 consequence, once apain x(k 1) will refer to the k-th atom
coordinate at time f. The rotational relaxotion time per bord will be
denoted as v in order o distinguish it from T, ie., that pertaining 1o the

[24]
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statistical segment. Tt should be noticed that at frequencies such as wre s 1,
the two descriptions are equivalent if the correspondence ta = #uofv s
estiablished, where v {No. of chain atoms/statistical segment) is ~ 10. By
intreducing into [26] the friction and the Brownian forces and making
recourse again to the normal moedes defined in [2], we get |

2a(q) (1 — cosqlilg.) + 4 a(gisin qf'é'm.r':n—'-?.-" dr +

+ g = Nign, [30]

where ‘the internal viscosity force E{q.r] is obviously to be identified
with the term containing the integral, otherwise the equation being
equivalent lo eq. [11]. In the special case when = is very small compared
with the relaxation time of the normal mode, we have

Bty = — % ialgsin g + T - Flg), 131]

At first inspection this snelytical form resembles other expressions al-
ready suggested for the internal viscosity [see, e.g, references () and (%],
but il basically differs because of the presence of the imaginary unil, im-
parling a 90" phase shilt with respect to the friction force -—ﬂﬁq;]-
This produces a peculiar relaxation of the normal modes, which behave
as damping travelling waves. More specifically, Fig. 5 shows that each mode

ik waly

Lealk

il ®

Fig. i - Belaxaiion times (1, ond o) and
pdimn  velocilies of e respecove ﬂlm;
waves {1y and vy, ehadn niome/s) for the ges
eral normol mode Mg, in the presenee of
internal wiscosbiy {see . [30]); Jlﬂ:I lime umil
T8 s dm Fig. 5. 7o = 46.9 1., Fer

b1

ﬂu"‘ i 'nlr‘ the dotced line shows (he relaxn
in e absenco of intornnl v
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consists of the superposition of two waves, relaxing with different times
Tilg) and wig) while moving with different velocitics toward opposite
dircctions. The effect of the internal viscosity on the dynamics of the chain
iz mainly related with the wlq) — {q) difference, which is negligible for
very small g and increases up to g ~ w/2, as shown in the figure; this
type of behaviour corresponds to what found by several authors ("),

It may be also worth pointing cut that the propagation velocity v af
the component reluxing more slowly, (ie., with the relaxation time =) is

that would be reached only in the case

always lower than the limit
sl

when g == 0 and {/1a— 0 (cfr. eq. [29], obtained under these hypotheses).
Finally, it should be stressed that the normal mode waves travelling toward
increasing k's, considered hitherto, are always associated with equal prob-
ability to those moving toward the opposite direction.

The internal viscosity and the complex modulus
The complex modulus G*, defined as

G* = jwn* = ey —in") = G + iG7,
[32]
(0 = wy’, U =wr),

is obviously connected with the complex viscosity #* but it is preferred
sometimes in current practice. Let us suppose that the pelymer solution
be submitted to a periodic shear stress in the plane {¥y) along the x
direction, so that the solvent velocity in the same direction is

1 = etz [33]
where z is perpendiculer to (x,3). Under these circumstances the complex

viscosity is given by

LB

p*a) = 1 + WL N < Liktztkn) >, [34]

where 4. is the sclvent viscosity, ¢ is the polymer concentration (number
ol chains/volume), N is the number of carbon atoms/chain and fdk.0) is
the force exerted by the k-th atom on the solvent, corresponding to the
lisst two terms of eq. [30]. Searting from [30], [32] and [33] and using
the fluctvation-dissipation thecrem (') which in the presenmt case reads
(compare with [8], 7o = O}

< XigHXig o) > =

= NI:JT{E{EU} F : falg)sing ¢5x(g, 00} - Mg + 4, [67]
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it is possible to calculate y*{w), Without giving the complete expression
(¥, in this context we shall limit ourselves to the speciol case where
@i 4 1, s0 that the approximation [31] may be adopted. The result is

¢ | T E%EE“ =+ Cosg)
- = My ¥ k TE
TS (o) dalg) (1 —cos g) 1 4 fww(g)f2

[35]
where

1

&+ [% ging ﬂ{n‘.ﬂfp]

Al = ZEalq) (1 — cosg)

[36]

is the offective relaxation time. [L can be =een in 135] that for large w's
(provided ero < 1), #* is given by a sum of real contributions tending to
constant values, so that it ultimately reduces to a constant o', in accordance
with the experimental data.

Fig. 7 shows the two components of the complex modulus G*(x) (sce
[32]}, calculated with no approximation for two different moleculor
weights; the o value has been so chosen as to reproduce ot best the
experimental datr obtained from dilute polystyrene solutions (). 1t should
be remarked that here we are unduly extending to pelystyrene the con-
formational properties of polyethylene as embodied in the generalized
characteristic ratio Cig) (see [97), although the error involved should be

bog 16" =ww }, log Gy

log wa,

Flg. 7 - Experimentsl values fgirches) of ihe reduced complex modulus (0, G5 of paly-
styrine solutons (%), The molecalar lemgils i 5100 and 980 corbon stoms on the Tefi and
an ke right, respectively, ;
The caleclaied wrv:u-“i\—'nl the hest ngeecmeni (conlinuous lines) correspond do 2000 spd
L300 carhan atoms in the main chain, £ = 107" g s '/chaln atom (eorrespending to o 5
viscomity n, =1 P}, T =400 K, &, = {P/k,T =45 % W 5, 1= 467 1, a5 in
The coeflicient of bydredynamic inferaciion fu (sce eq. [37]) hus been sci equal 07
In the lefrside plol the curves calculated for 7, equal to throe dmes {dashed lines) snd
one third {dotied lines) the optlmal value are also repored, showing that the tree valos
cannat be very different from rhat nssumed By us, |

£h
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very small at least in this frequency mnge. Besides, the hydrodvaomic
interaction hos been taken into account. according 1o Ronca’s approach,
which only modifies the ¢ friction cocfficient for cach normal mode (*):

i e ':

-l = A N oSN 2N 2) 1371
In the above, fois the Bessel Tunction of zero order, while ks is the hydro-
dvnamic intersction coefficient that we have conzidered as an adjusiablie
parameter, socording to current practice.

As it can be observed from the figure, the agreement between the ex-
perimental and caleulated corves is fairly good. In the double-logarithmic
representation, the 5 platesy toward the high Frequencies shows up as o
constant, unitary slope of G” (see [32]). For frequencies close 1o ;' the
calcubated @7 snd 7 curves intersect one another, bul the experimental
data do not allow w verify this theoretical prediction; however, discrep-
ancies between theoretical and experimental data of & may be ohserved
in this region, As it can be noticed in the lefrside plots, the calculated
curves are rather sensitive 1w the value chosen for w, so thet the order of
magnitude of this charpeteristic time should be considered s correct.

The internal viscosity and the dynamie structure factor

Proceeding in enalogy with the 3rd cection of the chapter, but adopting
the Tull equation of motion [30] with the parameters already used for the
calculations reported in Figs. 6 and 7, we have evalueted the corrclation
functions Bik.f) shown in Fig. 8. The hindering effect exerted by the in-
ternel viscosity, especially at times arcund 7, is apparent when comparing
with the results for = = 0; besides, & lendency o stronger correlation in
the motion of neighbouring atoms is observable. Fig. 9 shows the behav-
iour of the coherent dynamic structure factor S(C.0) {see [16]), for the
extreme values of the interval 0.1 < Q@ < 0.4 A, calculated with and
without the internal viscosity, Its effect is particularly noticeable for
0 = D4 A" because in this case the half-peak time fy: Is close to o and
from Fig. 6 it can be secn that a high concentration of relaxation times
exists in the proximity of m, From the fipure it can be noticed that in both
cases the inital slope is independent from the internal viscosity, in-accord-
ance with what observed by Fixmen through simulation computations
carricd out on mode]l chains conlaining rotational energy barriers ().
Since these calculations are controlled by Kirkwood's diffusion equation,
it muy appear that the present theory of imternal viscosity is. implicitly
contained therein, although the question is still open.

As for the behaviour of the relaxation times fiy2 end 7o v, € (500 cgs.
[217 and [22]), while the latter is insensitive to the internal viscosity, the
exponent f for fe is made 1o decrease from 3.2 to 2.8 and from 3.1 10 2.4 in

CONFURMATION OF MACEDNOLECLLES 204



| !

Fig. B - Corrclation fanction B4 in ibc
presenee of Iniernzl viscosity (o5 In Flgs. 6

b 71 but the hydrodynamic inberec:
| | : 4h1T-i;|'r. I:ar parnmeiers mi Im Plg.
R duthed lines correspund to k =10

By and k = 10, T, = O (sze Fig. 4),

the respective cases of coherent and incoherent scattering (0.1 < O < 04
A1, It should be remarked, though, that our resulis depend on the best-
fitting value of = for the experimental deta for polystyrene, where the
side phenyl groups give rise 1o remarkable hindrance to the rotation arcund
chain bonds. The corresponding value for polyethylens should be smaller,
and therefore the value of § closer 1o 3,

S g 5080

Fig. 9 - The coberent dyoamic struciun:
facros l‘,ﬂ-: [16]y vs ¢ For two rypical
values of -ﬂl;—'huunlﬂﬂ:l.l'.l:l Cantinsous "
A 0 lines with v = 44.7 1, dashed lines with
1] 20 a1 8 ik =0 k=0,
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Concluding remarks

Maost of the theoretical results reported in this paper are still wailing
an accurate comparison with experiment.  Unfortunately, high-intensity
neutron beams are required, only available in very few cenlers {e.g., in
Grenchle), which seriously limits today's evailability of dynamic scattering
results. On the other hand, the neutron spin-echo technique appears to be
very promising for the near Tuture (%),

However, some theoretical verifications seem 1o be rather sound already,
The experimental value close o three of the § exponent for 0fy (see [22]
and Table) in the intermediate scottering range is well interpreted by the
madel proposed by us, Incidentally, we predict that Tor macromolecules
with & particular stiffness, possibly ascribable in part te internal viscosity,
the expenent should be lower than three, which seems 1o agree with exper-
imental observations on (relatively slifl} polystyrene on one side (< 3}
and on (relatively flexible) polydimethylsiloxane on the other (~ 3) (")
As for the internal viscosity, besides the reasonable quantitative interpret-
ation of the cxperimental dats on the complex modulus (see Fig. 7, it is
impartunt 1o remark thet the order of magnitude of w adepted in our cal-
culations agrees with that of the rotational relaxation times found by
Matzuo, Kuhlman, Yang, Gény and Stockmayer from nuclear reluxation
experiments on polystyrene, taking into account the different solvent visco-
sities (™). These are some of the elemends encouraging o proceed along
this fascinating field of investigation, where the conformational-statistical
study of macromolecules seems o find one of its most important new Arcas
of application.

The Author wishes to cxpress his deep gratitude 10 Dr. Giorgio Ronca
af the Palitecnico of Milan, for precious suggestions offered during long
discussions. He also thonks his coworker, Dr. Fabic Gansezoli, for jm-
portant help received during his attendance to the « Scucls di Perfezio-
namento In Scienza dJelle Macromolecole Giulio Matta », &1 the Politec-
nico of Milan.
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Organometallic Catalysts

The first paper of Professor Natte on this subject has been published
in 1957 [G. NaTtTA, P. Ping, G, Mazzaxti, U. Giassisg, [ Am. Chem,
Soc. 79, 2975 (19571,

His sctivity in this field is proved by many publications. We quole,
for instance: G. Narra, G. Mazzant, Tetrahedron 8, B6 (1960); G,
NatrTa, G. DaLL’AsTa, G. Mazzasti, Angew. Chem. 76, 765 [1964);
G. NatTa, U. Grassist, P. Pino, A, Cassata, Chim. Ind. (Milam) 47,

524 (1965).

Prof, Yves Crauvin who is particularly expert in the mentioned sub-
ject has been requested to give a2 contrdbution to the volume. The con-
tribution is entitled: Olefin Metathesis,
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Olefin Metathesis

Yves CHAUVIN
Ingtitwt Frangais du Pétrole, Rueil-Malmaison {France)

1. Introduction

When treated with selected transition-metal complexes, olefing may
undergo & selective « alkylidenolysis » reaction (also called « metathesis »,
« dismutation » or « dispropartionation »), j.e. a breaking of the carbon-
carbon double bond end redistribution of the alkylidene moieties. Depend-
ing on the nature of the starting olefin, this reaction may give rise o
variows products:

— cyclic olefins yield unsaturated high-molecular-weight polymers
{called « polyalcenylenes o),

H
B CHJ::) — :E(,‘H—IEHiln--ﬂ-r}_p

— unsymmetnic scyclic olefins afford mixtures of symmetric olefine;

Ry CH=CHR, S==R,CH=CHA, + R,CH=CHR,

— cross-reaction of cyclic and acyclic olefing leads 1o a telomerization
reaction with the acyelic olefin playing the part of a telogen the cyelic
olefin being the taxogen:

[CH,
P ( _ery) ¢ PACH=CH, nn,nu{m»:cn,}.,—tuﬂ: oy

All these transformations have the following common featues:

— They invelve an wnprecedented mode of activation of the olefinic
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double bond. . Various experimental data provide evidence that the cata-
Iytic process involves a metathetic exchange of the alkylidene moieties of
the alefin with a metallo-carbene species:

M CHR. M= CHR;
I |l —_— +
R,CH CHR; R, CH=CHF,

— There is no change in the nature and the number of the chemical
bonds initially present in the reactants, and the reaction is characterized
solely by a.change in the molecular weight of the products. Thus the
resction is nearly thermonsutral with o small enthalpy coniribution eventu-
ally arising From the relief of ring strain, sterie hindrance or conjugation
effects, and the equilibrium disteibution of produects is entirely (or mainly)
controlled by entropy.

— Most of these reactions may be catalyzed either by homogencous
or heterogeneous catalysts. However it must be remembered thar each
catalyst keeps its own characteristics,

2. Historic acoouni

During o systematic study of the reactivity of elefins with an inlemnal
double bond in regard to anionic coordination catalysts, G, Natta and
co-workers (') observed that cyclobutene can give rise o two modes of
polymerization:

i) - either by the opening of the double bond with formation of « poly-
eyelobutene », or

it} - by ring ¢leavage 1o [orm an unsaturated polymer of the « poly-
hutenylene = type:

i i _'_._,_,.-EHE—EH}H
T

EH_!_EH;
. %I:Hw CHy=CHy =CH %-_I.'I

n

Then attemps were made to homopolymerize higher cycloolefins, es-
pecially cyclopentene, and it was surprisingly found that molybdenum or
tungsten based catalysts (e.p. WCL-ANC:H:h or MoCl-Al(C:H.u) afford,
with high vield and high activity, pure polypentenylens containing either
frans or cis double bonds (*). These polymers possess good elnstomeric
properties, closely related fo those of eis 1 4-polybutadicne or Hzoprene.
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Other cyclonlefins such as eyclodecene were subsequently polymerized, and
the physical properties of the polymers were earefully analyzed,

At the same time, R.L. Banks and co-workers ("), seeking heterogeneous
catnlyst systems for paraffin-clefin alkylation or alefin polymerization, ob-
sorved that alumina impregnated with molybdenum or tingsten carbonyls
can transform I-butene inlo a mixture of 2-pentene and propylene. In the
sume way propylene affords ethylene and 2-butene:

ECH:-FH=E'H! _— ';H:-EH! - EH!.'-E:H-EH—EHa

It wis not immediately recognized that the discoveries by G. Naita
and R.L. Banks were in fact the same reaction {the common features of
the two reactions were the conservation of the double bonds and the nature
of the transition metals used in the catalysis). The parallels were drawn
only later, in part by N. Calderon end co-workers (') who used an anionic
coordination catalyst for the dispropartionation of 2-pentene.

It was also in the same year, 1964, that E.D. Fischer described the
hirst stable metal-carbene complex (%)

_-OCH,
{COY, W=C

TH,

a species which probably plays & major role as an intermediate in metathesis,

3. Consequences of Thermodynamics and Mechanism
on the Reactivity of Olefins

3.0, ACYOLie OLEFINS

The metathesis of acyelic olefins ultimarely affords a thermodynamic
cquilibrium, the position of which depends cssentially on the nature of
the reactamts. Thus, unbranched olefing with an internal double bond (e.p,
2-pentene) give a statistical distribution of the olefing with a random
serambling of the alkylidene groups:

EII-Hz-CH IEH—EH‘.!—Eﬂ; — EH;EH =CH-CH & 'L'.H,—I:I'FI—I:H E:“-tH:—EH:I
o5 0.25 0.25

The redistribution process and the prevalence of entropy have been
verified with dewterated olefins and complex mixtures (e.g. 2-pentene and
B-dodecene yield 2-butene, 3-hexene, 2-octene and Jnomene).

However, in the case of branched olefins the enthalpy contribution is
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no longer negligible, and equilibrium exhibits considerable deviation from
rundomness, e.g. st 20°C the following equilibrium may be observed:

CH, C CH,
2CH,=C = CH=CH, + L =|:':
CH, CH, CH,
a7 a0 a1

Ad expected such on equilibrium may be shifted by varying the con-
centration of one of the resctonts, and a pure olefin can be obtained by
the continuous eliminotion of one of the components. For example, if
ethylene is continuously removed [rom the liguid phase of sn e-olefin, o
pure symmetric olefin can be recovered quantitatively:

b

R-CH=CH, R-CH=CH-A 4 CH;=CH;

3.2, CyoLic OLEFING

As discovered hy Natta, the ring-opening polymerization of cyclopentene
{or cyclobutene) affords high-moleculat-welght polyalcenylene, On the
other hand the polymerization of cyclooctene (or eyclododecene for example)
generally gives o complex mixture of high- and low-molecular-weight poly-
mers. Furthermore, whatever the cyveloolefin, all the monomers cannot be
converted fo polymers. In fact, as will now be discussed, the behavior of
various cycloolefing depends to a great extent on the ring size.

The growing stcp of cycloolefin polymerization may be represented as
i formal insertion of the elefinic double bond into a metal-carbens com-
pound, affording o high-molecular-weight carbense species:

Ii't = E:H-—[‘EH:]‘-EH=C“-R ]
[-a':HnEHj —_— IfH: ﬁl—:—:l:rr?:l_—crl:r:ﬂn
(CH,), EH_), - CH
In thiz way this mechanism parallels the growing step of conventional
olefin polymerization by a Zicgler-Natta catalyse in which the double
bond 35 inserted into o metal-cerbon =bond:

M = EH,-CH, =R M GH, -CH, &
EH s CH, =CHR

Hewrever, unlike conventional polymerizations, the growing chain may
compete with the monomer for the carbene, siving macrocycles:
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MaCH CH M LH
| 1 [| | — Y E
nm:::H_H fl::-l i Cu J;H
(CH 1""[1:H31.

The size of the macrocycles which is obtained through the intremolecu-
lat reaction (« back-biting » reaction) essenlially depends on the value of
wite, In this way the behavior of eyelic olefins iz quite zimilar to the
condensalion reaction of lactams, lactones or cyclic ethers, which has
been thoroughly discussed by |.P, Flary (*); so, for & linearchain polymer
the ease of eyclization goes from a maximum for the five-membered ring,
to a minimum for the nine-membered ring, then slowly rise to a broad
maximum value oceurring around 18 atoms {Fig. 1),

At
I8 £ J"',
1
1
a.
n_
Fig. 1 - Log of the creli-
zilon  consient  for e
b - Incronization of o-bydrony.
i b L | mclds ws. ring size (P
4 B 12 k1] 20 74 Flaryl.

This readily explains the reversible depolymerization of high-molecular-
weight polypentenylenc to nearly pure evclopentene and the [act that pel-
ymerization of cyclic olefins such as cycloociene gives not only high poly-
mers but alse eyelic eligomers ranging from Ci to Cr. In turn the depol-
vmerization of polyoctenylene does not give any cyclooctene but only eyclic
oligomers.

A quite similar behavior is observed with eyelic unconjugated multi-
olefinie compounds such as 1,5-cyelooctadiene or 1,5.9-cyclododecatriens
which afiord a mixture of cyclic oligomers (Cy to Cuz) and high-molecular-
weight polybutenvlene (« 1 4-polybutadiene =), all formally derived from
cyclobutene.

Dhae to the low enthalpy contribution, sn actual equilibrium is: -nlmcn‘e:l
al room temperature between high polymers and either monomer (in the
case of cyclopentens) or cyclic oligomers (in the case of higher l:y-l:luull:ﬁni}.
The conceniration of the low.molecular-weight species does not depend on
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the amount of pelymer formed and depends enly on the temperature. For
4 given temperature this concentration may be considered as a threshold
concentration below which no polymer can be formed, This has been
azcribed by J.P. Flory (*) (o the [oet that the chemicel potential of a
structural unit (monomer or olipomer unit) reaches a finite value (greater
than zero) even when its concentration is zero, provided the chain length
is infinite.
All this may be roughly summarized @2 in the scheme:

K
cyclepentens ———== paolypentenylens
eycleactens K
{and olefins ranging frem —— cyelic oligomers s0———"  polycclefylene
C; M L2l L for poiyal henylenel
eyt nbul

K
= padybutonylene

b5 -cycloocladiens —;’pmu: oligomers
1,5 8-cypclndodecatrishe (Cp= Tl

For a given temperature, all these equilibria are governed by the
following relationship:
1 —
[low molecular weight species]

K =

The threshold concentration of a given cyclic species may be substan-
tially lowered by copolymerization with a readily polymerizable cycloolefin.
Thus cvclohexene, which does not polymerize under normal conditions
duc to the largely positive value of [ree energy of polymerization {threshold

\ concentration higher than 10 moles/liter), does copolymerize with eyclo-

peniene.
I As & consequence of the « back-biting » reaction of the growing chain,
cafenanes are also formed in small quaniities:
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3.3. CROSS METATIESIS OF A CYCLIC OLEFIN, METATHES 1%
DF UNCONJUGATED ACYCLIC POLYENES

Telomers are obtained by eross metathesis:

(" CH

p [EHEu|H+ R-CH=CH-R—=ReH § CH-(CHYCHT CHR,
+ RecHf choccryen} e v RocHf cH (CH,)-CH}. CHR,

Besides the expected products arising by self-metathesis of acyclic olefing,
the reaction provides three series of polyenes also of the symmetric and
unsymmetfic type. In the case of internal acyclic olefing (KR = H) the
distribution obevs the same statistical law:

L unsymmetric
E symmetric

T

On the other hand, the concentration of p, g and r species depends
on the matio of acyelic to eyelic olefins. For example a large excess of
acyclic olefins favors the formation of dicnes (p, ¢, r = 1}, but in low
concentrations the acyclic olefin scts as & chain-regulating agent for the
polymerization of cycloolefins,

Cross metathesis of a-olefins provides mainly unsymmetric ¢ ype products,
Entropy is no longer the controlling factor, and mechanistic parameters can
be taken in account.

The cross-metathesis of unconjugated multiolefinic compounds such as
I.53-cyclocctadiene or high-molecular-weight polyaleenylens ultimately Elves,
us expeeied, equilibrated telomers all derived from RCH § CHA{CH\-
-CH ¥ CHR moietics. (This reaction providing easily identified diolefins
has been used 1o analyze the structure of various unsaturated and even
parily cross-linked polymers),

In the same way the inter- and intramolecular reaction of unconjugated
scyclic diclefins ultimately affords the same clefin mixture as above, and
the preduct distribution can be predicted on the basis of thermodynamic
stability and the concentration of various components, e the following
equilibrium may be shifted at will:
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4. Svatheiic Aspects of Metathesis

Meinthesis is a powerful tool for the synthesis of various olefinic com-
pouncds,

Unsatrated Righ moldeculdar sweight polviiers, with cis or frans double
bonds, depending on the catalyst systems and polymerization conditions,
being either clastomers, crystalline or amorphous materials, are obtained
[rom nearly all cycloolefing, not only cyclopentene, cyclooctens  [poly-
octenylene s monufsctured on an industrinl scale {*7], F-methyleyclo-
octene, cyclododecene and 3-methyleyclododecene, but also from various
polyeyvelic olefing such as dicyelopentadiena, norbornene [« palynorbor-
nene » is produced at the rate of apprax, 15,000 t per year (**)], Due to
the low resctivity of tri- or tetrasubstituted dovble bonds, perfectly regular
polymers are formed lrom onsymmetricol substituted cyclodiene, c.g.:

£H,
cH
—{EH—EH:—EH;—EH=C—EH=-EH;—EH}

In addition, miscellaneous linear unsaturated copolvimers with specific
mechanical properties are obtained by the cross-repction of varfous cvelo-
olefing or by the reaction of cycloolefing with unsaturated polymers such as
1 4-polybutadiene, 1 4-polyisoprene {polymethylbutenylene) or their co-
polymizrs.

The crosssmetathesis of cyveloolefins with polymers having pendant
double bonds such as |, 2-polybutadiene affords grafted copolymers:

(‘1 EH: EHI'
E:H- CH nEH;. CH=CH l:li CH {EH—{C Hyla—CH }D CHz

With =specific conditions crosslinked polymers may also form:

| [ |
: iI:H, CH2 CHa
m— ] |
ll:I-I—C-H = [CHR CH=CH=CH -IIZI-I + RCH=CHR
i

Macrocyclic olipomers, =selectively formed below the threshold concen-
tration, arc useful inlermediates,

i(*1 Chemische ‘Werke Hiits.
(**} Charbonnuges de Frunce.
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Metathesiy of acyelic provides interesting rowtes [or the synthesis of
meny specialty olefins or for balancing various olefin streams.  Practically
all olefins react with the conditions being more drastic as the olefing aré
more substituted. Helerogeneous calalysts prove to be particularly suitable
because they are stable at high temperature,

Thus the disproportionation of propylene 1o ethylene and r-butenes
has found commercial applications in some petroleum refineries and chemi-
cal plants (* 1,

In a peneral way, il the catalysl system possesses aclivity [or shifting |
the double bond, long-¢hain linear olefins can be produced from any short-
chain linear clefins such as propylene, a-butenes, n-pentenes, ete. Ethylene
is the b}r—pmdu:l

EH;-CH-{:H?E'.'E_“A. EH, —CH=CH~CH 4+ C:H, Isnmerization

Miatal hess
—

EHz=CH=CHy =CH, CHeCH, = CH=CH=CHy=CHy* C,H,

—_— gl

Tsomerizgation and metathesis may alse be achieved i two separate
stops.  This technique is used on an indusirial scale to balance long-chain
a-olefins produced by ethylene oligomerization (**).

The reaction of cthylene with internal olefins provides a general route
to the synthesis of w-olefins (this reaction is called « ethenolysis »). In
this way neohexene and various e wdiolefing such as 1,5-hexadiens, 1.6-
heptadiene and 1 9-decadiene are produced on o semiworks seale;

CHy CHs e
OH3C ~CH=C=CHy + CHpCH;  —= CHy~C < CH=CHys THyaC ~ Ly
EH: :H: ‘EHI

Technolopy has nlzo been developed on a small scale Tor the production.
of various olefins, eg.:

CH=CH,

2 —r@;nu EH—O & CH.= CH,

€y
ackc_cul-_.-cn,, -C = |: |:H_._+ CH,=CHy

(*1 Phillips Petraloam Conapany.
[*®} Shell Internalicnal Rﬂun:h fluneschnppl).
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Due to the high sclectivity of some catalysts, metathesis can be used
for synthesizing isotopically-labeled products from “C- or ‘H-labeled
olefin,

Conjugated dienes resct only at high temperature. Under such con-
ditions the expected hexalriene yields cvelohexadicne:

2CH,=CH-CH=CH,— [CH= CH-CH=CH-CH =CH] + T,

tun !Thlu?

4

Surprisingly alkynes may also be metathesized, e.g.:
CHy ~C 8 C-CH~CHm———CH,~C2C -CH,+ CH-CH- CEC-CH - CH,

In this case specific imermediale species must be involved such as
metal-carbyne or metal-ecyelobutadiene complexes:

M=CR nr/z_,_{/
|

|

l 4.1, METATHESIS OF SURSTRATE BEARING POLAR GROUPS

The metathesis of olefing substituted with funetional groups should
considerably extend the wsefulness of the reaction. However, major dif-
ficultics may arise for two reasons:

. i) - the deactivetion of the double bond toward metathesis by the
substitution of vinylic or allylic hydrogen;

i} - the poisoning effect of electronegative atoms (such as O, N or §)
ocn most known catalysts,

Mumerous catalysts are capahle of tolerating holopenated compounds,
as cither solvent or reactant, Thus 1-chlomo 1,5-cyclooctadiens polymerizes
readily (probably by the unsubstituted double bond), but vinyl chloride
does not give ethylene. '

! Concerning the second point no progress was made unlil the discovery
hy C, Boelhouwer et al. who succeeded in the metathesis of various un-
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saturated esters with special catalvits bascd on tungsten or rhenium and
SnMes (7). Later. additional catalyst systems were discovered, which are
effective for the metathesis of scvelic unsaturated nitriles, ketones, ethers,
amides, oxysilanes, amines and csters of unsaturated aleohols. This open
the way to the synthesis of difunctionalized compounds, eg.:

1] o 1]
Il Il
20H 5CH =T H - COCH, —= CH, G0 = CH =L H=CH-E I-I;};élmnl-r CH,

The pasition of the double bond in relation to the functional group
is crucial, and generally acrylic and allylic derivatives do not reaci, On
the othet hand, vp to now, unsaleraled acids have failed 1o dispro-
portionate,

Unsaturated lactones polymerize to unsalurated polyesters; &.., ambrit-
tolide, a naturally cccurring lactone:

iC
|:H----"' Hﬂ:"il"'-.

",
S
e 63

LW 1T ™

{l:n-mmjan-::u;a—cn }n

In the same way cycloolefins bearing cyclopropane esters afford paly-
mers with pendant ester groups:

i}
t-0E
i

fi COCHy, ——
n

However, at the present lime, the usefulness of the reaction is restricled
due to the low activity of most catalysts.

Surprisingly the inhibitory effecis of polar functional groups are much
less pronounced when the substituent is attached 10 a strained cycloalkene
such as norbornene derivatives which are very easily polymerized;

QU — (7}

Substituanis such as ester, nitrile, amide, anhydride, pyridyle and imide.
in an = endo » oF «exo» position do not deactivete most conventional
catalysts. This unexpected behavior hos been ascribed to the release of
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ring strain. However this explanation appears unsatisfactory since poly-
mers themselves readily react with ether polyalkenylencs to afford random
copolymers. It must be underlined that noble metal catalysts (Ir, Ru, Rh)
in protic solvents polymerize all Tunclionalized norbornenes, cven ones
bearing o hydroxy group. Like palynorborngne itsell, many of these poly-
mers have some potential for commercialization,

5. Catalyst Systems

The metathesis resction was discovered at a time there was still o
rigid frantier between homogeneous and heterogeneous catalysts. Actually,
the muin difference dogs nol fie in the heterogeneous character of the sys
tem but mainly in the preparation methods and, above all, the thermal
stability.

All metathesis catalysts are derived from transidon-metal compounds
in-group 1V ta VI, with the less active being those of the firss transition
series. The most sctive are tungsten, molybdenum and rhenium, But il
must be emphasized that there is often a specificity between an olefinic
strugture and & given transition metal. So, noble metals =uch oz ruthenium
are very reactive towards cycloolefling with considerable ring strain (cycle-
butene, norbornene) and unreactive towards acyelic olefins, On the other
hand, for a given transition metal, there is olten an effect of the environ-
ment on the relative reactivity of cyclic olefins to acyclic ones or of
a-olefing fo internal olefins.

Typical heterogencous systems are obtained by impregnaling {in an
ugqUeous of non aqueous way) refractory supports such as aluming, sifica
of magnesie, with carbonyls, oxides, sulfides of molybdenum, tungsten.
thenium, efe. Generally these systems require aclivation at high tempera-
ture in a stream of various gases such as oxygen and or nitrogen.  Pretreal-
ments ¢an modify activity and selectivity, Thus neutralizing the acid-type
sites by small amounts of alknli reduces the isomerizution activity of the
cafalysts.

Rhenium based systems are reactive ot room temperature. In contrase,
catalysts containing molybdenum end tungstén réquire higher lemperature
{up to 500 °C in the case of silica supported eatalysis), But when operating
al such temperatures, they are more resistant to poisoning by polar in-
puritics and can dispropertionate highly complexing olelins such a5 con-
jugated dienes or siyrene. This may alse ensble them o work in more
favorable thermodynamic conditions,

Contrary to their homogeneous counterparis, helerogencous sysiems are
active and selective in the disproportionation of fsobutene and highly
branched olefins. Being easily recovered and regenerated, they have found
a wide range of applications for the metathesis of acyclic olefing,

All the hemogeneous (or microheterogeneous) catalysts derived from
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the first systems used by Natta, fe. @ mixture of soluble transition-metal
halides (WCls, MoCl, efc.) and organometallic derivatives of main group
elements (AlC:Hsh, AICHC:H:):, CiHsLi, CiHeMpCl...). As for conven-
tional Zicgler-Matia catalysts, the recipes are conntless. The organometallic
compound may have the useal triple function:

— as an alkylating agent to provide a transition metal-carbon hond
responsible for the catalylic aclivity;

— a5 @8 reducing agent, by homalytic decomposition of some of the
transiticn metal-carbon bonds formed in the first step;

— a5 a Lewis acid, with the removal of o halide ion providing an
additional vacant coordination site for the incoming olefin,

Each of these three functions is not essential, but the most active cata-
lysts generally contain an alkylaluminum halide derivative (alkyloting ngent
having u Lewis acid character), e.g. WC-ANCHOCh. 11 has been fre-
quently reported that oxygenated compounds such as ethanol, water or
dioxygen increase the catalytic activity. So, the oxygen-metal bond may
pluy an important role in the active species.

Many other active catalysts may be obtained by reacting & Lewis acid
(AICL, TiCl...) with a transition metal complex whatever is its valence
state may be (W' = W' e.g. WICOBL-TICh or WO-AICL.

All these recipes are generally very sensitive to the presence of Lewis
bascs. Hawever catalysts not containing Lewis acids [e.g. WCL-Sn{CH:\]
may sccomodate varous functions and have been used for the metachesis
of olefins possessing polar funetionalities. Hydrates of RuCl or IrCl,
which sre active ring-opening catalysts for highly strained eveloolefing,
have been used in cthanol solution and can accomadate a wide ronpe of
Tunctional groups.

Homagencous systems are by far the most active catalysis (the average
turnover number for high conversions is sometimes grester than 108 mol/
mol/hour), but they are olten sensitive to impurilies, are not very stahle
even al moderate temperature and cannot be easily regenersted, They find
their main utilizations in the field of polymerization.

As for other catalyst systems, attemps have been made to apply the
techniques of homogeneous catalysis 1o the heterogeneous phase. So tran-
sition metal complexes such as wallylic or carhonyl have been grafted
cither onto inorganic supports (aluming, silica) or onto crosslinked poly-
mers bearing suitable ligends. In another approach typical heterogencous
syetems (WOh-Si0n, ReaOr-ALOY) have been aclivated by organometallic
compounds af the main serics. This combines the advaniages, but unfor-
tuniately often the drawbacks, of the two catalyst rypes,

225 GIULID WATTA: PRESENT SIGMINMCANCE OF HIS SCIENTLFIC CUNTHINUTIUN



T ]

6. Mechanistic aspeets

The first proposed scheme for the transalkylidenotion process assumed
a pairwise scrambling of the alkylidenc moicties, involving initially o bis-
olefin metal entity bearing two olefinic ligands in a ¢is configuration about
the metal, The key intermediate was suspected to be o quasi-cyclobutane
complex:

M=t

Other types of symmetric transition states have been proposed such as
tetramethylene-metal and metallocyclopentane complexes.

Lately it appears thal some experimental data were incompatible with
the existence of a symmetrical intermediale, cspecially:

— the high-molecular-weight polymer formed during the initial stage
of cycleolefin polymerization;

— the telomer distribution in the cross-metathesis reaction of cyclic
and acyelic olefins;

— the deuterium distribution in the products from the metathesis of
partiolly deuterated o w-dienes.

It is now widely recognized that most of these features are better
explained by 4 non pairwise mechanism based on the interaction of a
carbene-bearing metal complex with an incoming olefin, with the crucial
intermediate being a metallocyelobutane species. This mechanism is strongly
supported by model experiments with stable carbene complexes similar to
the first carbene complex isolated by E.O. Fischer. [t has been shown by
C.P. Casey ef al. (" that pentacerbonyl diphenylearbene tungsien reacts
with isobulene 1o give a mixture of metathesis products and o cyclopropane
derivative. This clearly demonstrate that a metallocycle may be an inter-
mediate for both reactions of the scheme on the top of the next page.

{In fact the formation of cyclopropane was noted in ecarly experiments
by R.L. Banks).

Furthermore the same carbene complex, although sluggish, may also
be used as a metathesis catalyst for the polymerization of cycloolefins.
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Scheme

(cos
W
m +*
ﬂ ﬁ | A= FE e CH, Cit, |
W r:ijr,lEH, '_IE:EH" T |
oo, . EH’>A<E}. 5%
' ciy @

The stereachemistry of olefin metathesis has been tentatively retaled o
the relative stabilitics of the puckered metallocyele intermediate, and the
favored pathway is that which minimizes the 1. 3-diaxal interactions:

M =—CHA

Such a scheme is however unsatisfactory and interaction with metal

figands and the coordination steps of the incoming olefin have fo be taken
into aecount.

Very little is known about the formation of the initial carbene-metal I
entity, For catalysts activated by arganometallic compounds not bearing
Behydrogen, the possibility of abstraction of e-hydrogen from the trapsition
metal-corbon o-bond seems to be clearly demonstrated, c.g.:
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CHy

2M-CHy+ [ME %] ——= 2M+ | W —
~CH,
H
CH,
rlq"‘i: [Mr==CH] = CH,
CHy

In the other ceses only hypotheses have been put forward, such as the
formation of =-allylic intermediates:

R R
e .';{.

H'"" —=mH=M=LH == H —=M=CHR
“H R =+ CH=CHR
W, R
R

Lastly, the role of the Lewis acid in the activation of carbeng ligands
is mot yet clearly enderstood.

7. Cosnelusion

The discovery of the metathesis reaction is not only important by itself,
i.¢. us an entirely new method for the synthesis of polymers or unsaturated
hydrocarbons, but it opens up new horizons concerning the reactivity of
possible intermedistes in varions reactions such as the polymerization of
acvelic scetvlenic compouruls or the selective dimerization of olefing ().
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