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3. Stereospecific polymerizations and catalysis |

Two important branches of chemistry, namely kineties and cata-
lysis, assume particular aspects when applied to the macromolecules field.
- When the chemist first started working in the field of organic ma-
cromolecules, where nature has produced so many examples, the most
salient results were obtained by using catalytic methods different from
the methods usually used in synthesizing low molecular weight substances.

Whilst for the latter, heterogeneous catalvsis represented the most

important and fertile branch of catalysis, leading to the most salient

results in the synthesis of low molecular weight products, in the past,
macromolecular synthesis had a  higher devolopment. through home-
geneous catalysis processes (at least in its initial phase): in particular,
processes initiated by free radicals, improperly called catalytic processes.

Highly exothermic processes initiated by free radicals have been the
ones that, above all, have made it possible to produce from simple
monomers most of the polymeric macromolecules, having molecular weights
of hundreds of thousands or of millions which have given life 1o the
production of thermoplastic resics on an industrial seale. If we compare
macromolecules produced by chemists with the products of nature, we
note a fundamental difference. Natural products often respond to & precise
arrangement, also sterically regular in their constitutive elements, whilst
svnthetic products, mostly. had a sterically irregular and disordered
chemical structure. An exception, owing to the regularity of their
structure, is given by some synthetic poiymers such as nylon. prepared
by pelycondensation of monomers having a simple. unbranched structure
containing the reactive groups in terminal position ard some peolymers,
such ax polvisobutyviene, obtained by polvaddition of monomers having
highly symmetric molecules, In other cases, polymers with a non-regular
structure both obtained by polyvaddition and by polyeondensation are
incapable of ervstallizing.

The chemist, although having at his disposal stronger activation
means (from very high temperatures to very high energy radiations)
compared to the ones of natural biochemical processes, was incapable of
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mastering and controlling them and to arrange the single asymmetric
monomer molecules in regular associations corresponding to a pre-est-
ablished model also from the steric standpoint,

Many natural macromolecules, such as natural rubber, cellulose, silk
and many proteic substances, show, on the contrary, regular arrange.
ments of their monomeric units. Ruch arrangement corresponds not only
to a regularity of their chemical composition, but also to the steric confi-
gur:ptinn of the xingle units.  Natural macromolecules mrrospo'nd to a
constantly reproduced model with the same configuration.

The difference between synthetic and natural products is evidently
noticeable in the field of diolefin polymers.

Hevea rubber, on one side. and guttapercha, on the other, represent
products in each of which monomeric units are repeated with the same
steric configuration. 1-4 cis and 1-4 trans respectively One is, at ordinary
temperature, the hest of elastomers, the other represents one of the first
known linear macromolecules with thermoplastic properties. They can
both crystallize; the first at low temperature or if oriented by stretching.
the other in several polvmorphous forms at room temperature or just
slightly higher.

Until 4 years ago all synthetic products obtained by diolefin poly-
merization were, on the contrary. amorphous.

Over 40 vears of researches on diolefin polymerization had not made
it possible to obtain polymers showing all the elastic properties of natural
rubber.

Synthetic polymers having sterically reqular structure.

A cause of irregularity in the structure of macromolecules is the
sterie configuration of their carbon atoms.

“Whilst in nature there are polymers containing symmetric atoms in
which all monomeric units have the same steric configuration (crystalli
zable proteins, cellulose), all synthetic polymers. obtained by polvadditior
of vinyl asymmetric monomers (of CH,=CHR or CH,=CR’R” type)
contain. in their main chains. carbon atoms with ditferent  steric
configurations. succeeding in an irregnlar manner. They are incapable
of crystaliizing unless the size of R is only slightly different from the
size of I (that is to say provided R is isomorphous with H). Only ir
the cationic polymerization of isobutyl-vinylether Schildknecht obtainec
mixtures containing two different types of polymers, one of which was
crystalline and consequently structurally ordered (%).

(1) C. E. ScHiLokNecut. 8. T. Gaoss, H. R. Davipsoy, J. M. Lamsert and A. O
Zoss, Ind. Eng. Chem., 4 2104 (1948).
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The discovery of stereospecific catalysis processes achieved in the
Polytechnic School of Milan, at the beginning of 1934, allowed the
. synthesis of linear head-to-tail polymers with sterically ordered structures
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Fie. 1. - Different stereoisomers of vinyl poelymers. in which the main chains ure
arbitrarily represented to be fully extended in a plane: 1 isotactic, 1L
syndiotactic: T atactic,

both in case of alphaoletin and diolein polyvmers (). In the field of
aipha oletin polvmers, isotacties could be produced in which all the
tertiary carbon atoms of long sections of chain show the same sterie

2 Gl NATTAL AL Aeend. Lineeid, Memorie, [N, 4 61 (1953); G. NatTa. P Prvo,

PooCorraping, FooDanesso, B Mastica, G, Mazzasxt and G, Mogaario, b Am. Chem.
Noe., 77, 1708 (1999).
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Fic. 2. - Chain structure of isotactic polypropylene and polystyrene us determined

by X-Rays.
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configuration. Perfectly linear crystalline products were thus cbtainec
with high melting temperatures and with physical properties completel;
different from the previously known polymers.

From diolefin monomers, moreover, other crystalline polymers hav
been obtained in which crystallinity is due to a regular alternation o
units having opposed steric configur-tion. : :

I had to create two new attribules to define in a simple way thes
two types of ecrystalline polvmers: isotactic and syndiotactic respec
tively (2%). The amorphous polymers. on the other hand, having ar
~irregular distribution of the monomeric units having opposed steric con
figurations, have been colled atactic.  Successively Mark proposed  te
use the name cntactic, which defines all regularly structured polymers
regardless of their type of steric structure,

i'1i 30 - Projoction of the elevtron density on a plane normal to c-axis, for poly-
styrene lattice.

The new syndiotactic and isotactie structures correspond to charae
teristic chain structures whieh do not exist in natural hydrocarbons
Isotactic polymers have helix shaped chains, built up of strneturally
equal monomeric units.  Syndiotactic polymers have chains along whicl
the repetition of successive units is achieved by means of a translatior
and a specular reflection @ so that adjacent monomeric units are structu
rally enantiomorphous.

(3) G. Narra and P. Cormapnini, Rend. Accad. Lincei. [8]. 79. 229 (1955).
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Fii. 4. - Projection of the electron density on a plane normal te e¢-axis, for poly-
propylene lattice.

Although in nature isotactic polyhydrocaibons do not exist. never-
theless a certain structural analogy is observed between certain erystal
line proteins (alpha-keratin) (Fig. 6) and certain spivalised polysaccha-
rides with isotactic polymers.

(Oc

POLYBUTADIENE 1- 2 SYNOYOTACTIQUE A H

Fic. 3. - Conformation of the chain of ecrystallized 1.2-syndiotactic polybutadiene.

In such polymers, chains have a spiral structure with regular success
jons of monomeric units with the same relative steric configuration. In
the case of alphba-keratin, tertiary carbon atoms are linked to groups
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with a different chemical constitution. Therefore they are optically active,
However in the ecase of linear head-to-tail g-oletin  polymers the
tertiary carbon atoms are included between two equal methylenic groups.
Therefore the phenomena of stereoisomery. due to the asymmetry of
tertiary carbon atoms., in rather long chains, derive only from the rel-

ative contiguration of each monomeric unit with respect to the preceding
or the following one. '

Fii, 6. - Compairisoit between the helix structure according to Pauling-Cerey for
the g-keratin (3.7 helice) and that according to Natta-Corradini for the
ixotactie poly-t-methyl-pentene (3.5 helice).

In very long macromolecules we can, in fact, neglect the effects due
to the diversity of the terminal groups and to differences in length of the
main chain sections linked to a tertiary earbon atom.

The differences in the properties of isotactic and atactic polymers
are really remarkable. The tirst are erystalline. v:lpublb of giving highly
resistant films. textile fibers and stiff, hard. shaped articles with a high
melting  temperature,  Atactic  polymers may  be considered  viscous
liquids and can lead to clastic rubbers if their molecular weight is suf-
ticiently high.
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Between isotactic and atactic polymers a whole series of intermediate
products having a lower melting temperature than the corresponding iso-
tactic polymers has been isolated (¢). | ' |
Such polymers in which sections of isotactic chains having a certain

eonﬁguration alternate with sections of opposed confignration or with
atactic sections, are called stereoblock polymers (Fig. 7).

Fri. 7. - Comparison of an isotactic chain (I), with a section of stereoblock chain
constituted from two lsotactic portions having different configuration (11)
and with an atacti¢ chailn (I1I).

Steric irregularities along the chains lower the melting temperature
in the same way as chemical irregularities. It is thus p‘nssible to obtain
stereoisomeric polymers, whose melting temperatures vary in a continuous
way according to their steric irregularities (Table n. For polymers
having very high molecular weight the melting temperature may drop
trom 175° C for totally isotactic polypropylene to almost 100°, owing to

() G. Narra, G. Mazmans, G. Cmmsri and G. MomasLio, Chimica Industria,
39, 275 (1957).
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the decrease of the average length of the individual isotactic sections

present in stereoblock polymers
L

TABLE 1I.

(Tab.

11).

FRACTIONATION OF RAW POLYMERS OBTAINED WITH DIFFERENT CATALYSTS PREPARED
FROM TITANIUM CHLORIDES AND TRIETHYL ALUMINUM AT TEMPLERATURES

BETWEEN 33° aNp 90° (.

Fraction Soluble in: Insoluble in | Cryetallinity M;;i‘;‘;g Irr:;:ﬁl:.;;t?hy
‘ 0
1 | _— trichloroethy-
lene 5-85 176 0
11 _ — - n-octane 64-0% 174-175 0,4- 0,8
111 n-octane " 2_ethyl-hoxane  60-66 174-175 0,4~ 0,
1V 2-ethy1-hexune; n-heptane 532-b4 168-170 2,5- 34
v n-heptane n-hexane 41-34 147- 159 To2-12.2
Vi n-hexane n-pentane 25-37 110-135 17,3-27,8
Vil V n-pentune —_ 15-27 106-114 26,1-39,5

(*) Supposing that ideal crystalline polymer mells at 1760,

32.000 leads to o
This is also vatid for

A decrease of the average molecular weight below
strong diminution of melting temperature. puri
isotactic polymers, since the end groups cause irregulavities in crystals
Such irregularities have an effect similar to the one caused by interna

irregularities in stereoblock polymer chains.

Stereospecificity of polymerization processes.

Polvaddition processes more largely used in the past wepe processes
They catalytic
bhecause  the catalysts

acting with free radical mechanism. were considered

in fact they are not, so-citlled
(peroxides, hydroperoxides, peracids and their derivatives, dyaz
pounds) are substances which do not remain unaltered after the reaction
ax they should if they were true catalysts, These are indeed in tiators
and act because of their decomposition into free radicals, which are used
up during polymerization.

The high reactivity of free radicals, their pos:tmn mostlv confined
to the free end of a growmg chauf*‘* and the possibility of transfer in

other sites of the chaink or in other molecules, are the causes of the

processes: bhut
com
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great irregularities in the structure of polymers obtained by free radic:
processes:

1) Irregularities of chemical nature such as branchings in pol;
meric chains, inversions in the head-to-tail structure, telomerizations d

to chain transfer with solvent molecules or due to coupling with othe
free radiecals.

2) Steric irregularities due to the different possible sterie co1
figurations of the asymmetric monomeric units.

The only obstacle to irregularities in steric confignration can deriv
from the bulkiness of the functional groups. Functional groups can |
the addition of each monomeric unit. foster its presentation with a
opposed configuration with respect to the one of the previous unit. Th
causes, in some vinyl polymers (polyvinyl chloride and polyacrylonitryle
i greater probability of syndiotactic successions.

Cationic processes, in general. generate polymers having lo
molecular weight and chemically and sterically irregular structure. Th
is due to the facility with which chain transfers occur, unless one op
rales at cxtremely low temperatures with particular monomers showin
a certain symmetry (isobutylene).

A third polymerization mechanism is given by anionic catalysi
processes which, in the past, had bad a quite negligible importanc
if one excludes the production of synthetic rubber in Russia before th
war, by polyvmerization of butadiene with a sodium catalyst.  Sue
polymerization  proved neither chemically nor sterically speeific. sind
polymers thus obtained are constituted of monomeric units with ditfe
ent linkages, in part 1-2 and in part c¢is 1-4 and trans 1-1.

Processes of truly stereospecific catalyses of alpha-olefins and dioleti
were discovered only at the beginning of 1954. |

These processes (to which we attribute an anionic¢ co-ordinae
mechanism) taking place in the presence of catalytic complexes containin
low valency transition metal compounds and metallorganic derivative
of highly electropositive elements having small ionic radius ernabled v
to obtain in Ttaly the first isotactic and syndiotactic polymers and 1l
four different pure, highly -rystallin polybutadiene stereoisomers (tw
with 1.2 linkage isotactic and syndiotactic. and two with 1.4 linka
cis and trans).

Anionic processes, using metallorganie compounds of lithinm. dev
loped in U.N.AL allowed the preparation of the first svithetie rubbe
from isoprene having prevailingly 1.4 cis configuration. ke natur
rubber.
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Behavior of different monomers in stereo-specific catalysis.

The response towards ionic catalysts and, in particular, {o anionic
co-ordinated catalysts chiefly depends on the chemical nature of the
monomer. For instance, the presence in the monomer molecule of elec-
tron-releasing or electron-attracting groups near to the double bond de-
ter.mines its tendency to polymerize with a certain catalytic mech-
anism (%).

It is known that the monomers which react better to the cationic
polymerization contain electron-releasing substituents.

The data concerning the classical polymerizations of anionie type
were rather scarse and concerned a small number of monomers, This
data shows that the monomers which polymerize better by cationic pro-
cesses do not polymerize by anionic processes. Only the monomers in
which the double bond is conjugated with other double bonds or with
-aromatic groups, may polymerize, because of their greater polarisability,
both by anionic and cationic processes.

The new coordinated anionic polymerization processes seem appar-
ently to disagree with old schemes, because they act with monomers (like
alpha-olefines) containing electron-releasing groups (which normally poly-
merize only with cationic mechanism) and do not polymerize the mono-
mers containing electron-attracting groups which normally polymerize
with anionic catalyst. '

This is due to the instability of the coordinated anionic catal,vticl
systems and their high sensitivity not only towards substances conta-
ining mobile hydrogen, capable of supplying hydrogen cations (a property
which is common to all anionic catalytic processes), but also towards
substances which contain atoms with « lone electron pairs ». These last
easily react with the catalysts containing metallorganic electron-deficient
complexes, blocking their catalytic activity. The consequence is that
the most typical monomers, which are polymerized by catalysts consid-
eced as basic or nucleophilic (acrylonitrile, methyl metacrylate, etc.) are
not polymerized by the most typical coordinated anionic catalysts. Only
when electropositivity of the coordinating metal atom in the complex is
reduced, is it possible to polymerize mononiers containing OXygen.
chlorine or other halogens with catalysts constituted by complexes cont-
aining transition metals. Such catalysts having in some respects i
character intermediate between the cationic and anionic catalysts can
also, but only in speciai cases, act stereospecifily (Tab. 1.

(3) C. E. BCHILDKNFCHT. ind. Eng. Chein.. 5. 107 (195%8); . C. DPrice. Renctlons
at Carbon Carbon Double Bond, Interscience, N.Y. (1946).



TABLE III.

Monomers

|
|
!
E ——— e s en

CH.=CH—CN

Cl, =CH—CROOR,

CH,=CH—F
CH,=CH—CI

CH.=CH—Br

. CH,=CH—O—CH,
' CH,=CH—O—CH(CH,),

CH,=CH—O—CH,CH(CH,),

CH,=CH—CR=CH.
CH,=CH—CH,—F
CH,=CH—C H,
CH.=CH—C.H,—CH,

CH,=CH—C,H,0CH,
CH_=CH,

CIl.=CH--CH,
CH,=CH—CH,—CH,

CH_=CH—CH(CH,),

CH,=C(CH,),

CH.=CR(CH,)

Substitunent
action

ionic simple

101

with complexes
containing
transition metals

Respoudence to the reactions

inductive effect

electron releasing

conjuguative effect

electron actracting
inductive effect

polymertization

anionie

polymertzatlion

cntlonie

i renction of substituents with very electron
defliclent complexes

possible co-ordinnted polymerization not anlonie

highly stereospecific polymertzations

rnionke co-ordinnted polymerization with
very eleciron defiefent complexes
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Rehemes in which monomers are arranged aceording to their respond-
ence to the different types of eatalysts (cationic and ionic) or to radicalic
initiators were proposed by various authors. In the scheme reported
in the table. we tried to summarize the coordinated ecatalysis characte-
risties,

In the caxe of hydrocarbons the presence of electron releasing groups
(for example CIH,) enables the monomers to polymerize with typical
Friedel and Craft cationic catalysts. The alpha-olefins and the vinylidene
hydrocarbons polymerize, therefore, easily hy non-stereospecific cationic
processes. but do not polymerize with typical anionic catalysts.

The stereospecificity seems, in general. to be connected with the use
of a type of catalvst acting with a mechanism which is different from
the one that would normally be preferred on the basis of the chemical
nature of the monomers. A too high reaction rate would render the
polymerization sterically uncontrollable. The use of anionic catalysts
is in fact, necessary for the stereospecific polymerization of monomers
which ordinarily polymerize more easily by cationic processes and
inversely, the use of cationic catalysts should be preferable for the
stereospecific polymerization of monomers containing electron attracting
groups which polymerize easily with anionic processes.

In the case of cationic polyvmerization processes. which ave in general
sterically uncontrollable, it was possible to make them stercospecitic, by
adopting conditions, which reduce the catalytic activity tlow temperature.
complexing of the electro-deficient catalysts with substances containing
lone electron pairs, ete.).

The first partialiy stereospecific polymerization of vinyl monomers
had been carried ont by Schildknecht with catalysts of cationic type by
complexing BF, with ether and operating at low temperature.

The alpha-olefins., which do not polymerize with the most typical
anionic eatalvsts, polymerize on the contrary. with coorvdinated anionic
catalysts and. preferably. witu heterogeneous catalysts.  On this catalyst
a chemisorption of the monomer takes place. involving a particular double
bond activation. In this way the polymerization of monomers which do
not  poivmerize by homogeneous anionic  eatalysis  hecomes  possible,
Ordered structures in the solid phase of eatalysts cause their stervospe.
cificity in isotactie alpha-olefin polymerization.

In the case of monomers containing electron attracting groups (for
instance vinvlethers, vinylehloride, ete)). the eationic polvmerization is
less sy than with monomers containing electron relensing groups. How-
ever. the use of complexes, eontaining transition metals, the electro-
positivity of which is reduced with regard to the typical Ziegler catalysts,
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permits the polymerisation of sueh monomers also.  We have obtained
for instance with some complexes containing transition metals, aluminun
and halogen atoms, high vields of polymers of vinyvlalkvl-ethers. havin:
high woleculir weight and & higher crystallinity than the polvmer:
obtained by Sehildknecht with catalysts constituted by boron Huoride
etherates, not containing transition metals (Tab 1),

TABLE 1V.

LEBUTYLVINYLETHER POLYMERIZATION WITH CRYSTALLIZABLE COMPLENES
CONTAINING TITANIUM AND ALUMINUM

Complex ' Activity of the Characteristics of the
catalyst polyvmer
|
(CH L TICL AT H ), none ‘ —
LML TR ACUTE O ; enlerate ixotaetic
CCUH A TICT ALCE, : high Isotactiv

Co-ordinated anionic catelysis and ilx stercospecificity,

More than four years of teseareh work enable us to elarity siereo.
specitie eatalysis as well ax the possible canses of stereospeeiticity.

Co-ordinated anionic polymerization occeurs when the metallorganic
complex contains very electro-poritive atoms linked to carbon aroms and
at least one transition metal atom, |

(‘ZHR
CH!
' .
---CH
R‘\ / { /R) R’\(”," ! \.\ =) Rl\ / K /R3
SA AL "4 CH=CH, —— DAl SCH—— Al AL
R N\ / "R R” N\[) - R\ _/ R
2 CH, \ N N tCH .
1 : ) 2 4 MR |2
R R R, °? - CHR
Froo o - Catady tie poly erization of ethylene with soluble metallorgiunic complexes.

The incompleteness of the d orbital ot the trausition metal may cause
@ fest assoeiation of the vinyl group with the complex. The vinyl group
tends however, beciuse of the polar environment, to polarize itself and
to be oriented with the less substituted earbon towards the etectro.posi.
tive metal and the more substituted earbon towards the negative group
previously linked to the metal e mplex.
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TABLE V.
. - T Distance C—M 4
i Angle e
P M—C—M bridge terminal
- l N
‘Be Be ‘Be , 669 § 1.93 —
CH,,\\ /,CI»I.&\,\ /CIL .
Al Al . 700 ' 2.24 1.99
cH/ “cH, \CH,
Cl C.H.
SN TR
(C.H.), Ti Al ap® ~ 2.5 -~
(Ti—Ch
e’ N\C,H, ‘

Al stereospecific catalysts are constituted by electron-deticient bi
metallic complexes.  In these catalysts electro-negative atoms constitutc
bridge bonds between very eleciro-positive metal atoms of very smal
diameter.

R R---MeR,
RaMel  MeR, + CHsCH —e RiMe, "[CH,-CH-P
“a ’,' , ‘\- !.)’l' CH
.CHI CH‘ { _ ?H H,
CH-CH, CH,
P
R---MeR, R,
. d'.’,’l K - ’ . I,’ R o »
R, Me ;‘cn,-gu-P ——  R.Me. “MeR,
N e CH, N
el i,
CH, ('ZH-CH,
CH,
CH-CH,
|
Lo

Frio 9. - Catalytic polymerization of propylene with metallorganic insoluble com-
plexes. containing two kind of metals.

Alpha-olefin polymerization takes place only when atoms, capable of
supplying ions with very small diameter and with high charge, cause :
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cloxe co-ordination of the anions (and consequently also the carbon anion
in the complex. The presence of two different metal atoms creates a tac
of svmmetry in the complex; which causes a determined orientation i
the monomer molecule in the instant of its transformation in monomeri
unit.

ab

Schemotx madel of how an egitoctic elesrplien of Al C1{C,M); on the
border of the basol plane of a crystel of TiCh (e=8.2A.c=1750A)
may guve rise o enanhomorphous echive cealers.

O ¢ o ' @u OO e

Fic. 10.

In our stereospecitic catalysts the stereospeciticity is in relation
with the ijonie¢ diameter of the metal.  Fach active center causes the
syvinthesis  of  maecromolecules  containing  sequences  of - hundreds o
thousands of monomerie units having the sarme rvelative <terie confi
curation.

Fach active center causes therefore an asymmetrie synthesis,

In the case of g-olefins polymers, isotactic chains thus obtained assu
me, with regard to crvstals, regular helical conformations. It is possible
that these conformations continue to exist also in the state of  {re
molecules (melted or dissolved), although with a certain variation in
the helical radius and pitch o Such helices may be built either in lefy
hand or in right hand sense. The lack of optical activity is due (o the fact
that the effeet of the two spiralization senses are mutually compensated.
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TABLE VI.

DEPENDENCE OF THE STEREOSPECIFICITY ON THE IONIC RADIUS OF THE METAL
CONTAINED IN THE CATALYTIC COMLBXES

Metal of the metal 0, of polypropylene not extractable :

Ivnie radii of the metal

organic compound by boiling n-heptane

T |

CoBe . L L 035 A 94-969 |
Al oo 0.51 A 80-9294 '

Mg .. e 0.66 & TN-850,

’ /A | 071 A 30-40°,

The growing polymerie chain is linked to the complex by a carbon
anion and it can be separated by thermal dissociation with formation of
a vinylidenic end group. It ean also be separated by transfer of hydride
ion, from the CH adjacent to the chain end group, to the catalyiic
complex or to a monomer molecule ().

The inductive action- of alkyl groups linked to the tertiary carbon
atom favours the separation of the hydride ion. This explains the lower

polypropylene and polybutene molecular weight with respect to polyethy-
lene and polystyrene (Tab. vii).

TABLE VII,

INTRINSIC VISCOSITY IN TETRALINE OF ISOTACTIC POLYMERS, PREPARED WITH CATA-
LYSTS OBTAINED FROM Al (C,H)); AND TITANTUM CHLORIDES AT GO-R0° C

Monomers " Titantom ‘moles Al (C.H ),

moles Al (G,H;), Highly crystalline fraction, " Intrinsic
chioride moles TiCl, insolable ip boiling: viscosity
Styrene TiCl, 2,5 methyl-ethyl-ketone ¢ 3-4
Propylene TiCl, 2 n-heptane 2-25
Butene-1 TiCl, a diethyl ether 1,5-2
Styrene TiCl, 2 methyl-ethyl-ketone 3-4
Propylere TiCI., 2 n-heptane 3,5-3
Butene-1 : TiCl, 2 diethyi-Ketone 2-25
. |

(8) G. Natra. Opening lecture of the XVI Congress of International Pure and
Applied Chemistry, Experientia Supplementum VII, 21 (1957).
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Nature of the surface of the solid catalysts.
One of the more intensively  studied problems in heterogeneo

catalysis is the determination of the number and nature of active cente
on the catalyst surfaces.

Onp

cereecfQerranoanicnoncannn

PO

=3 A

Fis. 11. - Helical conformation of alpha-olefins polymers,

In the literature one ean tind hundreds of papers on the determin.
ation of the number and nature of active centers, their variations with
respect to temperature and their behavior in catalysis.

Since a long time ago. it has been admitted that not all the sur-
face of a catalyst is active and that not all the sites where the chemi.
sorption takes place are equally efficient with regard to catalysis,
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Stereospecific polymerizations enable us to examine a very inter:

sting aspect in catalysis, namely its stereospecificity. Moreover, sinc
cvery active center presents the property of producing a chain of rea
tions of a given type, it is now possible to differentiate the active center
in terms of the composition and structure of the produced polvmer:

The fact that a laver lattice crystalline catalyst is activated by th
action of a metallorganic compound raises the problem whether th
activation is due to a reversihble or irreversible adsorption of the latte
or to a true reaction with irreversible modification of the superficia
structure of the support.

The problem has been faced, as for heterogeneons systems ineluding
a solid phase having a laver lattice, by using metallorganic compound
containing labelled earbon. In Table vin the quantity of alkvis fixe
at different temperatures is indicated.

From the data of Tuble vimr it is {hus proved that only part of th
fixed alkyis are efficient in catalysis.

The ratio between the ahsorbed guantity according to the two adsor
ption types seems to correspond. approximately. to the vatio betweer
the surface of the base of the crystals and the surface of the maor
irregular lateral facets of the hexagonal prisms.

We believe that also chemiosorption is connected to the formatio
of bridge-bond complexes with Ti atoms (similarly to what happens
with soluble complexes) coming out on the lateral surface and heing
incompletely coordinated with the crystalline lattice.

Kinetics of the yrowth processcs and determination of the numler oy
active centers of the catalyst.

The true catalytic nature of the violet TiCl,—Al(C,H,), systems.
has been demonstrated ..y us on the basis of kinetic measurements
carried out using metal alkyls marked with Ci:.

Such measurements have demonstrated :

1) The existence of two types of adsorption. one of which is re-
versihle, of the AIEt; on TiCl: .

2) The adsorption, which, at low temperature, is not reversihle
and which can he considered as due to a surface chemical reaction, is
the one which determines the active centers in the catalysis (obhserved

in the order of magnitude of some units 10-3 active centers Ti(,).

3) Each active center maintains in the absence of poisons an
activity which is constant with time.
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4) The first polymeric chain which is formed on an active center
starts with an alkyl deriving from AlEt:, but since its life is very short
(normally no more than a few minutes) the successive molecules of the
polymer, which are initiated on the same active center. are formed as

4 consequence of successive processes of chain termidation and of chain
transfer.

5) The molecular weight of the polymer depends on several
processes:

1) a termination process which takes place at high temperature
by dissociation of the catalytic complex to hydride. succecded by the
initiation of a new polymeric chain, dne to the formation of an alkyl
group by reaction between such a hydride and the monomer:

b) a chain transfer with the monomer;

¢) a chain transfer in which some alkyls present in solution
take part through one of two possible catalytic mechanisms.  Oue of
them is independent from the polymerization rate and depends only on
the square root of the aluminum ulkyl concentration. The other one
depends on the polymerization rate and also on the quantity of {tita-
nium compound present (Tab. 1x). Tn Tab. 1x the eatalvtic complex
was written in a simplified ionic form. It is an electron-deficient complex
in which the R group is ecrosslinked between two metals (i.e.  Ti and
A (). .

The chain transfer processes connected with alkyls exchange become
prevailing, when operating with relatively high concentrations of alkyls
in solution, and in such a case the rate of thes: processes may represent
more than 3509 of the total chain transfer and termination processes.

In other conditions (low concentration of alkyls and high tempera-
ture). the other termination proccsses are prevailing.

The determination of the numher of the active centers has made it
possible to determine also the average life of each macromolecule which
is of the order of minutes. Since each molecule contains, as an average,
hundreds of monomeric units, it follows that the polvmerization, cons-
idered as an addition (through successive « stepwise addition » stages),
corresponds under certain conditions to times of hundredths of & second
for each addition of a monomeric unit (%9). '

(?*) G. Narta. Introductory Lecture at the Intermational Symposium on the
Chemistry of the Coordination Compounds. « La Ricerca Sc¢in. Suppl., 28 (1958).

(®) G. Natta, G. Pajaro, 1. PasquoN and V. Sterraci. Rend Accad. Naz. Lincei,
IR]. 24, 479 (195R).

(?) G. Natra, I. PasquoN, G. Pajao and E. GiacHerri, Chimica Tadustria, ).
556 (1958).
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The formation of an entire macromolecule thus results in a rela-
tively slow process with respect to the normal formation of macromo-
lecules by free radical processes. '

TABLE IX.

REACTION SCHEMES FOR THE PROPYLENE POLYMERIZATION PROCESS
WITII STERFOSPECIFIC CATALYSTS

a) Initiation and propagation
(40— [ SRR
[Cat}—R + CH.- CHCH, . [(at]—CH:CHCH,R
P =)
| Cat | —CH.CHCH: i CH.CHCH3)y—, R+CH.=CHCH; —

(= —1
— [Cat] —CH.CHCH, (CH.CHCII), R
where: R= H, C_.H;. C,H: or other polymeric alkyl groups
by Chain transfer and tcrmination

1> Monomolecular termination process
) (=) :
[Cat ]| —CH.CHCH,(CH-CHCH,), R —
(41—

— [Cat]—H + CH. = CCH, (CH.CHCH,), R

2° First order chain transfer process with respect to the monomer

{4+ —
[Cat f——(‘H_.(‘H(‘f}h((‘H-.-(,‘H("-lm R+ CH.= CHCH, —
(==} (—

— [(i‘.‘lt ]——C‘H~Cll_(‘lli -+ “ll‘; —_ (‘( ‘H'tl ( ‘}I:(‘H(‘IIB )n R

3> Chain transfer process depending on aluminum alkyl concentration

FCut I- CHL HCH(CHL.CHCH), R+ RAAIR: —
- [Cat I —R: = R.AICH.CHCHCH.CHCH 0, R
or:
TiCLAIY.P - ARy - TiCL AR+ AIY.P
where Y . alkyl and P=polymeric chain

Nince the catalytie activity is constant in time, it follows that when
one uses very pure reagents, each active center in the course of g
poiyvmerization protracted for some davs, can lead to thousands of ma-
cromolecules, containing altogether millions of monomeric units,

Heteroblock copoluniers of alpha-olefing.

By alternative introduction of different monomers in the growth
reaction we suceceded in obtaining macromolecules consisting of a sucees-
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sion of different monomeric units in the same macromolecule, that is
block polymers of the type:

... AAAAAAABBBBBBBAAAAAAARBBBBBEB...

In order to achieve this result, we operated with catalysts contai-
ning catalytic centers active for both monomers and at a temperature at
which the average life of each macromolecule becomes sufticiently long (°).

Operating at room temperature with stereospecific catalysts based
on «-TiCl;, the process was carried out as follows:

1) Polymerization of monomer A at a reduced pressure for a
short time (5 minutes);

2) Complete elimination of the unreacted monomer A from the
system (e.g. by evacuating or stripping with an inert gas);

3) Introduction of monomer B and polymerization for a time
of 5 minutes, at a reduced pressure;

4) Complete elimination of unreacted monomer B.

These four steps can be repeated at will with the same or with
different monomers. ’

The average length of each block of monomevic unit A (or B) de-
pends on the duration of each phase and on the polymerization rate of
each monomer. Blocks of equal length can obviously be obtained by
adjusting the concentration of the monomers and the time.

The crude polymers, obtained by successive polymerization of ethy-
lene and propylene, show with X-rays the presence of crystals, some of
them having the structure of polyethylene. others having the structure of
polypropylene, Amorphous portions join the portions of chains having
different structure which belong to different crystals.

In Table x the results of the extraction of a crude block copolymer
(propylene-ethylene) is compared with the extraction of crude polyethy-
lene or crude polypropylene, obtained in similar conditions (alternating
polymerization and evacuation steps, but operating with only one mo-
nomer).

The field of hlock copolymers of alpha-olefins with more or less
long sections of certain monomeric units with a regular structure, is a
new field of research from the steric view point also which shows some
very interesting aspects.

Random copolymers of alpha-olefins.

The properties of the random copolymers of alpha-olefins present
some analogies with those of stereoblock homopolymers.

(100 @ Nawra T Paanraw and . Gracmerrr. in Dress.
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Frio 12, - Comparison of 1. spectra. between 9.5 und 15 n. of a linear polyethylene

(D of a fraetion of polypropylene insoluble in ether but extractable in n- -he-

Xune (1), and ol a corresponding fraction of ethylene-propylene copolymer

. containing 60 mols 9, ol ethylene (111). Thickeness of the samples 0.1 mu.
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TABLE X.

EXTRACTION OF A NON-RANDOM COPOLYMER COMPARED WITH THE EXTRACTIONS
OF HOMOPOLYMER

Fraciion Fractiou Fracticn . .
, extractable ext:aciable extractable Rssldue
Polymer by beiling by beiling by boiling rom
ethylether n-heptane n-octane extr:cuou
i L 00 00 w n
|
Ethylene-propylene copolyiner 1 18.5 | 30,5 52
, 2
Polyethylene 2 1 | 65 29
i 2
| |
Polypropylene 12 6 | 20 62
i
Small quantities of a different monomer introduced into an iso-

tactic polymer reduce its crystallinity and lower the melting point. as
hippens for the presence of sterically different units in stersoblock
Higher quantities (e.g. higher than 20-25°)) make the
copolymers amorphous.

homopolymers.

Whilst. as a rule. by using some of typical Ziegler catalysts one
obtains products containing mixtures of macromolecules comprising
copolymers having a very large range of composition, together with
homopolymers, the products obtained
either with certain catalysts containing only one type of highly stereo-
specific, active centers, or with certain non-stereospecitic catalysts (e
those obtained from V1, and trihexyl aluminum) are constituted only of
copolvmers and are free of homopolymers.

The above mentioned facts have been demonstrated by us by carrying
out some accurate fractionations of the copolyvmerization products and
examining the properties of the different fractions (*').

The amorphous copolymers of ethylene with propylene tobtained
with VCl, and AliC«l,ai0 are completely soluble in boiling n-heptane.
(in the contrarv. the pelvethylene obtained nsing the same catalyvst is

by continuous polyvmerization.

almost completely insoluble and the polypropylene is partially inso-
Iuble in boiling n-heptane.
The infrared spectra of the copolyvmer fractions isolated by solvent

extraction. differ remarkably from the spectra of the corresponding

(1) G, NaTTa. (5. MazzanTl. A VALVASSCRI and (. PPasaeo. Chimiea Industria,

29. 73 (1957 G MazzanTi. A. Vapvassogr and G. Pajaro. ibid.. 89, 743 (1957 .

MazzadTI. A. VaLvassoul and G. Pajaro, ibid., 39, §25 (1957).
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Comparison of X ray diffraction of fraction of polypropylene insolubi
in ether. but extractabje with boiling hexane (I). of a corresponding fra:

tion of ethylene-propylene copolymer containing 60% of ethylene (I1), an
of a linear polyethylene (III).
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- fractions obtained by extraction of propylene homopolymers and fron
the spectrum of pure polyethylene (Fig. 12).

The infrared spectrum of all the copolymer fractions show, foir
instance, absorption bands hetween 13.4 and 13.8 it which can be attri-

buted to the presence of sequences of methylene groups having differen:
lengths.

Also the X-ray examination confirms the nature of the copolymers
prepared by us. The fractions which can be isolated by ether extrac
tion are amorphous and the maximum in the diffraction intensity appear:
in the spectra in correspondence with a value of the diffraction angle
which is different from the one corresponding to the maximum fo
amorphous linear polypropylene, and, respectively, to the maximum valu
which can be predicted: for an amorphous polyethylene.

Also the fractions successively extractable by boiling hexane anc
by heptane prove, in general, amorphous with X-rays, contrary t
the analogous fractions obtainable from the propylene homopolymer:
which®present a remarkable crystallinity (between 30 and 50%).

As an example, we report in fig. 13 a comparison between the X-ray
examination of a linear polyethylene, of an ethylene-propylenc copolyme
fraction. insoluble in ether but extractable by hexane, and of a corresp
onding fraction obtained from pure polvpropylene.

The mechanical properties of the copolymers prepared hy us ar
different from those of the homopolymers and from those of then
physical mixtures. Amorphous copolymers can be used as raw materials
for the production of good elastomers (1!-!2),

Ethylene-propylene copolymers are in fact constituted of long linea:
hydrocarbon chains containing short sequences of methvlene groups.
having no tendency to crystallize in the unstretched condition.

These sequences confer a great flexibility to the chain. At the non
-crystalline state the polyethylenie chain can, in fact, rotate around the
CH,-OCH, bond. This rotatic. at least for small angles with respect to

the position of minimum potential energy is opposed only by a low
energy barrier.

" The non-vulcanized polymers show, in fact, a viscoelastic behavior
which is very similar to the natural rubber one and have a low second
order transition temperature. They show low initial elastic moduli and
high ultimate elongations. The temperatures at which the resilience

decreases, reaching a minimum, is near to the one shown by natural
rubber (Fig. 14).

(*?) G. Natra, Rubber Plastics Age, 38, 6 (1957).
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The crosslinking of the ethylene-propylene copolymers can be suitably
achieved by different methods and leads to vulcanized products having

[+ 2]
(=)

Elasticity %

[*2d
o

40

20( -

10+

-60 =40 -20 -2e

(e}

3
4
[44)
3

Fiue: 14, - ¢, of rebound versus temperature of a ethylene-propylene copolymer.

excellent chemical resistance, high tensile strength and good elastic
- properties (Fig. 15) (*9).
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Fra. 15, - Stress-strain curve of vuleanized ethylene-propylene copolymer without
reinforeing agents.

(13) G. NaTTa. G.

Creser, M. Beuzzone and G. Bowsini. in press in « Chimica
Industria ».
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They can be rveinforced with active fillers (such as carbon-black,
and silica) or mixed with conventional plasticizers (Fig. 16). A 3509

propylene — 50, ethylene copolymer having an intrinsic viscosity about

8
&

8§ 8 § 8§

0
w 2@ 300 JX6 00 60%4/4!/00

Frio 16, - Riress-strain  curve of vuleanized ethylenc-propylene copolymer with 42

pirt of FEPC black.

4. reinforesd with 45 parts of earbon-black. shows. after valeaunisation.
temsile strengths of 300-406 kg em®, ultimate elongations of 300-600° .
hardness of 60-70 degrees (Shore Ay and a rebound. at room  tempera.
ture, of 60-70,.

In comparison with other elastomers., the ethylene propylene copo-
Ivmers, being  constituted  of  sabstantially  saturated  macromolecules,
have a high resistanee to oxidation and aging: furthermore, they esis
quite well the attack of many chemical reagents such as sulphurie acid.
nitric acid, ete.

Influence of the steric structure on the properties of the diolefin polymers.

I shall briefly summicize the properties of the sterically regular
polymers of dinlefins, because the higher number of the possible isomers
and the great influence of the sterical purity on the mechanical pro-
perties of the polvmers enable us to hetter understand the great impor-
tance of stereoisomery in the field of mucromolecular chemistry (Tab, XI).

By stereospecific polymerization of butadiene we have been able to
obtain, with different catalysts. the isotactic and syndiotactic polymers
with 1.2 linkage. Theyv are both erystaliine, but  the syndiotactic
polymers have a higher melting temperature (*;. The bulkiness of the
lateral groups imposes a deformation on the zig-zag planar form of the
main chain. Therefore one can predict a lesser stability of planar con-
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figuraticn for the syndiotactic polymers of butylene and of the higher
alpha-olefins, with respect to the stability of syndiotactic polybutadiene,
on account of the larger size of the lateral saturated groups in compar-
ison with the vinyl group.

Decreasing the steric purity leads, both with isotactic and syndio-
tactic polymers, to a lowering of the melt'ing point.

A fractionation of the isotactic and syndiotactic butadiene polymers
vields a series of products having hoth erystallinity and melting point
decreasing according to the diminution of the steric regularity.

Generally both the prevailingly isotactic or syndiotactic crade poly-
hutadienes contain amorphous parts separable by ether extraction. It

i b e et - P D
s‘{ =T 8 il

» ¥

Fir;. 17. - Chain strueture of the peolybutadiene chains. determined by Natta-Cor-
radini by X-Rays for the four crystalline sterecisomers.

is interesting to peoint out that the amorphous fractions in both cases
show the same properties, corresponding to the properties of an atactic
polymer with a 1-2 linkage. In fact. an ideal atactic polymer
corresponds to an ideal statistical distribution of the equally probable
sterically opposed units. Tt may be considered as an intermediate case
between the ideal isotactic polymer (ratio between inversion rate and
chain growing rate cqual to zero) and syndiotactic polymers (ratio

equal to 1).



120

The atactic polymers with 1-2 linkage are rubbers presenting a lower
resilience than 14 linkage rubbers, obtained from the same monomer.
They have, however a higher resilience compared to head-to tail-linear
polybutene. It must be noted that the isotactic polymers of butene are
very similar, as far as concerns their structure and physical properties,
to isotactic polybutadiene ('4).

The typical catalysts used for the synthesis of polymers with 1-2
linkage are those obtained from chromium soluble complexes having a
coordinated bulky group containing oxygen (acetylacetonate) or nitro-
gen (carbyvlammines). The formation of isotactic and syndiotactic poly-
mers depends on the ratio between the mols of aluminum alkyl and the
mols of the chromium complexes used.

A comparison between the properties of the trans 1-4 and cis 1-4
butadiene stereoisomers. which differ from each other much more than
the corresponding isoprene 1-4 stereoisomers, proves very interesting.

'\
:S\ - I>95%us
L Y I 85:90% css
200, !
0

/ﬂ
— - ‘ -
0 200 00 600 800 a4/Lyx 100

Fi;. 18, - Stress-strain curve of two vulcanized 1,4 cis polybutadienes.

Trans 1-4 polybutadiene which can be obtained in the state of very
high purity, with catalysts prepared from VCl. and aluminum alkyls,
Las a melting temperature of about 140° and another first order tran-
_sition temperature, due to polymorphism, at 65° C (*%).

When the stereoisomeric purity decreases, the melting tempera-
ture decreases to values lower than 100° and the other transition tempe-
rature reaches values which are lower than 65°. The trans 1-4 polybuta-

(14) G. Natra, L. Poszi, P. ComganrNy and D. Mosero, Rend. Accad. Lincel, [8],
20, 560 (1956).

(*3) G. Narra, L. Poeri, P. CosapiNi and D. Momsmo, Chimica Industria, 40,
362 (1958).
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en extruded into filaments can be cold-stretched. The highly
ie and oriented filaments thus obtained present properties which
\r, from some points of view, to those of the protein fibers of
les. In fact the reversibe transformation of the crystals into
ially oriented crystals by heating at a temperature of 63° C, is
T SR lied by contraction in the length of the chains identity period
‘ -~ sequently, of the length of the fibers and may be accompanied

roduction of mechanical work.

ples of 1,4 cis polybutadiene with a steric purity of 95-979% have
g temperature of about 0° C: crystallize under stretch (400%
still ¢rystalline at a temperature of R0 C. They show properties
e very similar to those of natural rubber

. pure polymers melt at lower temperatures.

\'drintions of elastic properties in function of the stereoisome-

. prove very interesting.
Pig. 18 are reported the stress- strain curves, for two poivbuta-

yme having a purity of 96%,. the other of 87,52,. We reproduce
ared spectra of the two polymers (Fig. 19) The coefficients used

|
|
:
l

—_— 96 X% s
T T e 825K Ct5 T T ) Tt T
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19. - Intrured spectra of tweo polybutadienes having high 1.4 cis content.

¢ drtermination of the composition are different from coefficients
ny other researches (*%). When adopting these last with the polymer

red by us. a vis 1-4 percentage of 95 would result for the S7.5%

{ polymer. g
&) G. Kmats and coworkers, Rubber Plastics Age, 38, =0 (1957)

”
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The different mechanical behavior and the high tensile strength
are due to the higher stereoisomeric purily which allows a higher crystal-
linity under stretching and a higher melting point.

New Plastics.

Considerable importance is attached to stereospecitic catalysis due
to possible applications for soveral stereo-ordered polyvmers in the field
of plastics. Thix is due to the fact that sueh ecatalysis makes it possibie
to investigate a vast new branch of macromolecular chemisiry and to
produce new classes of linear and highy crystalline polymers, unknown
until now. ‘

The practical difference between the crystalline polymers with very
high molecular weight and the non-crystalline polymers (ronventional
polystyrene. polyvinyl chloride. etc.) ix that these last polymers are
brittle below the 2nd order transition temperature and are rubblerlike
above this temperatures. The crystalline polvimers maintain high mecha-
nical characteristics over the range between the Ist order transition
temperature and 2nd order transition temperature and. when orviented.
even below this last temperature (Fig. 20). |

F 4 ' ; ; -t :
{ ( ! i
! } ‘ ;
{ l l i ’
k @ % % z i
\ | | ! Y/
0 00 0 100 200 300 400 500 600 700
al/L,*100

F1c. 20. - Stress-strain curves of three polypropylenes: I (] =1 II |n] > 2,5.
111 atactis.

From the practical point of view the most interesting polymers are
highly crystalline polypropylene (m.p. 175° C) and poly-1-butene (m.p
136-140°C), because of the low cost of the-monomers, immense amounts
of which are available in the petroleum craking gases, or cheaply avail-
able by pyrolysis of petroleum fractions or of natural gases.
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Certain linear isotactic and low crystalline stereoblock polymer
having high molecular weight are of particular interest, owing to thei
higher elasticity compared with that of the highly crystalline polymer:
a They consist of macromolecules containing isotactic chain section
interspersed with atactic sections or with isotactic sections of opposit
steric configuration and show properties which can be varied graduall
depending on their stereoisomeric composition, from the propertic
of a hard, highly crystalline thermoplastic material, having a high tena

TABLE XI.
X-RAY DATA ON CRYSTALLINE POLYBUTADIENE-STEREOISOMERS
| . % |Cell. dimen- |
:52 :i:mnm:n.i Chaiu | =2 | X-Ra}
Polymer Space group 882 ! sxcis a 3 ' v é' e | meltin,
5 g 2 Y | w-S | point
#z8g | a o l | |
1-4 trans  (pseudohexagonal), (1) |(454) | 4.9 1.02 | 148 %
1-4 cis - C2/c (monoclinic) | 4 | 4.60 9.50 8.60 | 90° 1090| 90°|1.01 0
1-2 syndio- | Pacm (rhombic) 4 |10.98 6.60 514 ' 900, 90°| 900/0.96 155%
tactic ! :
' 1-2 isotac- R 3c (hexagonal) | 13 .l17.3 173 650 900 900 120°)0.96 125%
tic I ) ‘ ;

city, to iess crystalline materials, having ‘mechanical properties simila
to those of leather, and thence to still more elastic rubberlike nx:}terial
(Fig. 21).

Yl
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|
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|
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Fia. 21. - Btrees-strain curve of a sterecblock polypropylene (having intrinsic v
) scosi'y of 3) preoriented by cold stretching to an elongation of 700%,.
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It is to be expected that, among the infinite number of ijsotactic
polymers obtainable from various vinyl monomers, practical Interest
will concentrate particularly on those whose monomers are more widely
available or the synthesis of which will be possible at low cost.

In the field of films, transparent crystalline products, both in the

non-oriented and in the oriented state, which is rather unusual for cry-
stalline materials, were obtained.

New textile fibres:

Considerable practical interest is attached to the new field of
possible application of isotactic polymers for production of textile
fibres. .

In the past the presence of hydrogen bonds or polar groups, which
by association could oppose the viscous creep of the macromolecules,
was believed to be a necessary condition for obtaining high strength
fibres. ,

The discovery of highly crystalline isotactic polymers has shown
that very high tenacity fibres can be obtained from macromolecules of
pure hydrocarbons, free of hydrogen bonds and polar groups (Fig. 22).

The low cost of propylene, which is probably lower than that of any
other vinyl monomer, the high vield and ease of the low pressure poly-
merization, the direct production, by polymerization, of a highly cry-
stalline material which, without any fractionation, can give directly hy
extrusion in the molten state, filaments with a low count and a high
strength, all these factor will make possible the production on a com-

<
8
S
o / 3
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\ Extension %
Fic. 22. - Stress-strain curves of different fibers.
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mercial scale of textile fibres whose production cost is likely to become,
‘in the future, lower than that of any other synthetic textile fibre, and
also below that of the main natural fibres.

The great lightness of polypropylene ana the possibility of
obtaining extremely soft staple fibres, provided with high thermal insul-
ating property, but with a much higher mechanical strength than

wool, open up wide possibilities of use for this new and very interesting
textile material.

New synthetic elastomers.

An other important applicative field of the anionic coordinated poly-
merization processes concerns, as already mentioned, the production of
new svnthetic rubbers.

The diolefin polymers with 1-4 cis linkhge may give rise to
rubbers having very good elastie properties, and high resilieace: 1-4 cis
polyisoprene, synthesized in U.S.A., is practically equal to natural
rubber. 1,4 cis polybutadiene stereoisomers which crvstallize under
stretch, as does natural rubber, were prepared long since at the Poly-
technic of Milan. Successively products of high stereoisomeric purity
have been obtained at the « Donegani » Research Institute of Novara.
These polymers vield elastomers which show excellent elastic properties
at very low temperatures and high tensile strength. The lower cost of
butadiene in comparison with the cost of isoprene lets us foresee inter-
esting possibilities for these new polymers.

A very different and entirely new class of synthetic elastomers. which
will have surely a great future, is the one of the ethylene-proprlene
copolymers.  Rubbers prepared from these copolymers show very low
elastic hysteresis values which approach very much those shown by
natural rubber. a very high tensile strength together with high elastic
elongation.

The very low cost of the olefins from petroleum makes this new eclass
of elastomers of remarkable incerest for the production of symthetic
rubbers.




