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JUMMARY: ! s

Results of new research work in the field of polymers with an ordeted steric structure,
)btained by stereospecific polymerization, are reported. Some of the results cont:ern the
elationship between steric structure and crystallinity; from these it results that a regular
teric structure is a necessary, but not a sufficient condition for the crvstalhzablht) ;
he polymers.

In the isotactic polymers of CH,=CHR type monomers, the shape and sme of the R
oup not only determine the different confurmation of isotactic helices (with a number
/f monomeric units per pitch varying from 3 to 4) but in some partu:ular cases are
esponsible for the lack of erystallinity. ;

It is possible, through chemical processes which modify the shape and size of the
R substituent, to obtam crystalline polymers from isotactic, amorphous, not crystalhzab]e
yolymers. i‘

The crystalline structure of syndiotactic polypropylene is described for the! ﬁrst nme
ind is compared with the structure of other syndiotactic polymers.

Furthermore the structure of crystalhne polymers of “di-isotactic type”, s

mnt possxhle stereoisomers is suggested. :

Cases of polymorphism, isomorphism and di-isomorphism in the macromole'
we examined and a mew type of isomorphism among different monomeri units is
liscussed. Crystalline copolymers of isomorphous monomeric units have a melting point
vhich is intermediate between the ones of the corresponding pure homopolymers

The effects which influence the steric purity of polymers having an ordered: structur
wre discussed and the influence of steric purity on the physical properties and mamly o1
‘he mechanical properties of the polymers (especially for the case of polybutadlen
»btained at the Polytechnic of Milan with a percentage of cis 1,4 units higher the 99%
s pointed out.

LUSAMMENFASSUNG:

Es wird berichtet iiber neue Untersuchungen an Polymeren mit geordneter; sterischer
Struktur, die durch stereospezifische Polymerisation erhalten wurden. Einige der Ergeb
risse betreffen die Beziehung zwischen sterischer §truktur und Kristallinitdt; dabel ergib
ich, daB eine regelmifige sterische Struktur eilie notwendige, aber nicht hmrelchend
3edingung fiir die Kristallisationsfahigkeit der Polymeren ist.

Bei den isotaktischen Vinylpolymeren vom Typ CH,=CHR bestimmen die Form und |

>r5Be des Substituenten R nicht nur die verschiedene Konstellation der 1sotaktmchen
Jelix (mit einer Anzahl von Monomereinheiten, die zwischen 3 und 4 wechseln), sonderri
ind in einigen besonderen Fillen auch fiir das Fehlen der Kristallinitit verantworthch‘
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Es ist moglich, durch chemische Prozesse, welche die Form und Gréfie des Substituen-
ten R verdndern, kristalline Polymere aus isotaktischen amorphen und nicht kristallisier-
baren Polymeren zu erhalten.

Es wird zum erstenmal die Kristallstruktur von syndiotaktischem Polypropylen be-
schrieben und dessen Struktur mit der anderer syndiotaktischer Polymerer verglichen.

Weiterhin wird die Struktur von kristallinen Polymeren vom ,,diisotaktischen Typ*,
hergestellt durch Polymerisation von Monomeren des Typs RCH=CHR,, diskutiert und
eine Nomenklatur fiir die verschiedenen moglichen Stereoisomeren vorgeschlagen.

Es werden Fille von Polymorphie, Isomorphie und Diisomorphie auf dem Hochmole-
kulargebiet untersucht. Ein neuer Typ von Di-isomorphie zwischen verschiedenen Mono-
mereinheiten wird beschrieben.

Kristalline Copolymere mit isomorphen Monomereneinheiten haben Schmelzpunkte,
die zwischen denen der entsprechenden reinen Homopolymeren liegen.

Die Einwirkungen, welche die sterische Reinheit von Polymeren mit geordneter Struk-
tur beeinflussen, werden untersucht. Es wird erértert, welchen Einflufl die sterische Rein-
heit auf die physikalischen und besonders die mechanischen Eigenschaften der Polymeren
hat; in erster Linie fiir das Polybutadien, das an der Technischen Hochschule in Mailand
mit einem Gehalt von mehr als 999, 1.4-cis-Einheiten erhalten wurde.

Introduction

The stereospecific polymerization processes which had found their first
and most important applications in the field of «-olefin and diolefin poly-
mers, have beer the object during the last years of further researches
with ZIEGLER type catalysts and other different catalytic systems, and
it has also been extended to other series of monomers. The results which
some years ago had already marked an upheaval in the macromolecular
science, have been more and more completed and improved. For insiance
we succeeded in obtaining polydiolefins of high steric purity and dis-
covered completely new types of crystalline polymers which are remarka-
bly interesting both scientifically and practically.

In this communication I shall refer to some of the researches accom-

plished at the Polytechnic of Milan, especially those concerning the new
types of crystalline polymers and the relations between the steric stiuc-
ture and crystallinity of polymers. We discovered series of new polymers
having a regular steric structure such as syndiotactic poly-«-olefins and
a completely new group of crystalline macromolecules resulting from
the polymerization of monomers with an internal double bond.
The discovery of these new polymers for which we proposed the de-
nomination “di-isotactic polymers” does not only call for new problems
of terminology, but also gives an impulse to new researches which will
lead to a better understanding of the stereospecific polymerization
mechanisms.
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lack of time, I shall not refer here to other works aqcomplishedj]in
stitute in the field of stereospecific catalysts. On the relations
n the molecular structure and catalytic activily of some ‘metall-
s complexes of titanium, isolated in their pure state by crystaiili-
I have recently referred at the London Congress on the Chenﬁsﬁry
Joordination Compounds?) and at the Congress of the International
of Pure and Applied Chemistry in Munich %). ~ i
4 L

Isotacticity and Crystallinity

: of all, I wish to point out the relationship existing between the
structure and crystallinity in the sterically regular polymers. e
he basis of a systematic work on stereospecific polymerization and
_ structure of the obtained polymers, we could demonstrate tflat,
sularity in the chain configuration is for many classes of polym?iéﬁ
cessary condition, but not the sufficient one, for obtaining crysi"'.‘f'?: :
lymers. 1' S
different shape and encumbrance of the R substituents in the

ic polymers of CHy=CHR monomers is the reason of the diffei‘fspt‘
mations assumed by the isotactic helices in the crystals3). jE3EN

. Roentgenographic data on some typical isotactic polymers with different ¢!

conformations
Helix | Chain axis .
Polymer type*) A Unit cell

opylene ......... 3, 6.50 Monoclinic a = 6.65A,

b = 20.96A, B =99°20
-butene**)....... *3, 6.50 Rombohedral a = 17.70A
YIEne ....oueeens 3, 6.63 Rombohedral a = 21.90A
~-methylhexene-1 . 3 6.50
~methylheptene-1. 3 6.40
-phenylpropene-1 . 3, ~6.40
~phenylbutene ... 3, 6.55
~methylstyrene ... 4 8.10 Tetragonal a = 19.01A
-vinyl naphthalene 4, 8.10 Tetragonal a = 21.2 DA
iyl cyclohexane .. 4, 6.50 Tetragonal a = 21.76A
i-methylbutene-1. . 4 6.84 :
\-methylpentene-1 . Ty 13.85 Tetragonal a = 18.60A
i-methylhexene-1 . Ty 14.00 Tetragonal a = 19.64A
n-methylstyrene .. | 11, 21.74 | Tetragonal a = 19.81A )
s to be understood that, besides the right-handed Xj helix, also the left-ha :aéd
_p helix exists. ' 1 :
wification 1.

Progzress in the Stereospeci fic Polym erization

Some X-ray data concerning isotactic polymers with different chain
conformations are reported in Table I. All these data, except the values
concerning the elementary unit cell of poly-4-methylpentene-14), are the
result of the examinations performed in our Institute®).

Fig. 1. Polymer chain with threefold symmetry
(3, polypropylene, 3, polystyrene; also hydrogen atoms are drawn)

Fig. 1 shows the models with threefold symmetry of polypropylene and
of polystyrene chains [(AB); according to ‘Bunn®7) with a period of
6.50 and 6.65 A respectively]; Fig. 9 shows the models with fourfold
symmetry of poly-o-methylstyrene chain [(AB’), with a period of
8.10 A7)] and of polyvinyl cyclohexane [(A’B"), with a peried of 6.50 A}
Fig. 3 shows the models of chains, with a more complex symmetry, of
poly-4-methylpentene-1 [(A'B’);,, with a period of 13.85 A] and of poly-
m-methylstyrene [(A’B’)y,s with a period of 21.74 A].
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The shape and encumbrance of the R side groups in some pal‘i'ti(‘:ularf3
ses may also cause lack of crystallinity. C

' [

Fig. 2. Polymer chains with fourfold symmetry
(4, poly-o-methylstyrene, 4, polyvinyl cyclohexane)

We particularly studied a series of polymers of substituted aromatic
onowers; the polymers were obtained using stereospecific catalysts

ontaining Ti halides and metallorganic compounds)®). The reéult of |

ese experiments is that by polymerization of similar monomers
sreospecific catalyst it is possible 1o obtain also completely amo:fi)hous
oducts. Some of these products can crystallize after particular thermal
:atments carried out in the presence of small quantities of solvents or

relling agents; in other cases the products were not crystallizable by

b
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any means. While for instance isotactic polymers of o- and of m-methyl-
styrene were crystalline, polymers of p-methylstyrene were amorphous.
With regard to monofluorostyrenes, polymers of the o- and p-isomers are
crystalline, whereas polymers of the m-isomers are not. Thus polymers
of m- and p-chlorostyrene were amorphous. The isotactic polymer of

Fig. 3. Polymer chains with 7, symmetry (poly-4-methylbentene-l)
and with 11, symmetry (poly-m -methylstyrgne) -

N
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iyl naphthalene is crystalline; its isomer, 2-vinyli naphtha’lene :i':s
ephous?). , 1. o
owever we could demonstrate that.some polymers are isotactic even
ey are not crystallizable: This fact had already been foreseen by us
he basis of certain analogies in the course of polymeriza  ions, in"the
ibution of molecular weights and in the chemical nafture of the poly-
5

ow we have demonstrated it in a sure way, w1th two different meth-
which I briefly summarize below:

One of the methods consists in subjecting amorphous polymers
ained with stereospecific catalysts) to chemical treatments which
ify the steric encumbrance of side groups, without modifyingf‘the
1 chain structure. For instance among he]ogenostyrene polydiers,
rostyrene polymers are amorphous, even if they are polymemzed at
same conditions in which styrene and p-fluorostyrene give crystallme
‘mers. The complete catalytic hydrogenation of the benzene ‘ring
mmpanied by dehalogenation, as accomplished with RANEY-Ni at
°C, turned the amorphous polymers of p-chloro-, ‘of m-ch]oro-, of
‘omo-, and of m-fluorostyrene into crystalline polymers?). :

1 Fig.4a are shown for comparison the specira of amorphous poly-p-
rostyrene, of hydrogenated poly-p- chlorostyrene, of isotactic poly-
1 cyclohexane, the ‘third showing the same crystalline structure of
second as it also results from the L.R. spectra (see Fig. 4b).

wing to the fact that we cannot think that the ring hydrogenation
ages the conformatlon of an atactic chain into an isotactic one, ‘we
t conclude that the main chain of the studied polychlorosiyrenes
already isotactic, even if the polymer was not cryst.alllne

) Another way to explain the lack of crystallinity in some 1sotactlc
rmers is the copolymerization of the monomer which gives amorphOus
rmers with another monomer having slightly different chemical na-
;, shape and size which under the same conditions of polymeriz
s crystalline isotactic polymers. For instance p- -methylstyrene wluch
itself gives amorphous homopolymers, copolymerized with styrene,
s crystalline polymers having unit cell of the same type of :iso0-
ic polystyrene and values of the lattice constants in the dlrectlon
mal to the chain axis, slightly dlfferent from those of isotactic poly-
‘ene and increasing with the increase of the percentage of p- methyl-
‘ene. ik
he identity period along the chain axis, correspondmg to3 monomerlc
is (6.65 A), keeps unaltered.

Progress in the Stereospecific Polymerization

a

Intensity

"5 10 15 20 25 3029 |

Fig. 4a. X-ray pt;rvder spectra (Cu Ka) registered with a GEIGER counter of: a) Isotactic amor-
phous poly-p-chlorostyrene, b) hydrogenated and dehalogenated poly-p-chlorostyrene, ¢) Isotactic
g . polyvinyl cyclohexane .

Extrapolatmg to the pure p-methylstyrene homopolymer, the X-ray
data observed for styrene copolymers containing from 0 to 50 9% of
p-methylstyrene, we calculated the following lattice constants:

a=bhb> 25 A, = 6.65 A,  d< 1.00g[em®
while. the constants of the isotactic polystyrene are:
a=b=2L9A,  c=665A, d = 112 g/em?

The density of the amorphous poly-p-methylstyrene is 1.04, a higher
value than the one that may be foreseen?) for a crystalline poly-p-
methylstyrene isomorphous with the isotactic crystalline polystyrene.

Styrene p-methylstyrene copolymers containing more than 50 9%, of

p-methylstyrene generally are amorphous, but if they are hydrogenated

they crystallize.
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It is clear that the hydrogenation increases the size of the cyclic group
in such a way that the ratio length [width is smaller for the methyleyelo-
hexyl than for the methylphenyl group, thus allowing a beiter packing
of the chains (isotactic helices) in the crystals. It is therefore demonstrated
that not all the vinyl polymers with isotactic structure are crystalline.

Independently of the kinetic factors which exert an influence upon
crystallization rates, crystallinity is generally achieved only when the
best possible packing of the chains (which in isotactic polymeis must
assume a helicoidal conformation, in which all the monomeric units are
equivalent) leads to the formation of crystals whose density is not re-
markably lower than that of the amorphous polymer.

Polymorphism in stereoregular polymers
Many cases of polymorphism were observed in the field of polymers
with a sterically regular structure. They may depend on many reasons:
1. Phenomena of real polymorphism, due to the existence of different
modifications having different crystal structure; each structure is stable
in particular conditions: i.e. temperature, pressure, stress. For instance,
trans 1,4-polybutadiene, at about 60°C., turnsinto a di:fferent crystalline
modification (Fig. 5) with a shorter identity period algng the chain axis

Intensity

5 0 15 220 25 30 35 29°
ray powder spectra (Cu Ka) of the two modifications of frans-
f the modification stable at room temperature is full drawn)

103
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1,4-polybutadiene (the spectrum o
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A), while the identity period of the modification stable at a low
rature is 4.92 A. This transformation, in the. oriented fibres,  is
ipanied by a contraction of crystals (which keep oriented) in the
ion of the chain axis, parallel with the fibré axis with production
chanical work if the fibre is kept under tension

.{ i
a)
z
e
B
[ =
b) .
" w2 3% 29

Fig. 6. X-ray powder spectra (Cu Ka) of the two modifications of poly-a-butene:
a) modification 2, b) modification 1

srefore it is possible to consider a thermodynamic cycle, (rever
in theory if viscous flowing were avoided), turning heat in
anical work, through the heating of the stretched fibre at a h_gh
srature and the cooling at'a lower temperature.
Polymorphism due to the existence of unstable crystalline modl
wns. For instance the poly-d-butene chain can have different con
tions according to the conditions in which the polymer crystal
); if it is erystallized from solutions, it generally shows a non three:
relix which tends to transform itself into the more stable modi
mn of a threefold helix: In Figs. 6 and 7 a comparison is made be-
_the X-ray and L.R. spectra of these modifications.
Particular polymorphism phenomena may exist when the chains
ack in a different way even if they maintain the same helix syth_a
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{
ry (and therefore the same identity period a:long the éhain axis). In
case of the isotactic polypropylene, right- and left-handed chains
v exist; we must think that usually they are present in equal pro-
tions. As it is shown in Fig. 8, in the crystailine modification having
aonoclinic unit cell (d = 0.94), right- and left-handed helices ‘are

| I,

Progress in the Stereospecific Polymerization

regularly disposed facing one another two by two. By a rapid cooling of
the melted polymer we obtained a paracrystalline smectic modification,
in which probably right- and left-handed helices are placed at random!1).
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. 8. Projection on (0 01) plane of the structure of isotactic polypropylene in its paracr):'stalllne
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Fig. 9. X-ray powder spectra (Cu Kax) registered with a GEIGER counter of isotactic poly-
. propylene: I) monoclinic, 11) smectic (pseudo-hexagonal), [11) amorphous

The density value of the latter modification (0.88) is lower than that of
the monoclinic modification. Polymeric chains of this smectic form may
be oriented by cold stretching (¢t < 70°C.) without transformation in
the stable modification. : :

The X-ray spectra (Fig. 9) show that the two modifications have a
different structure, whereas the infrared spectra between 7 and 14
microns are practically identical. This is due to the fact that the structure
of each chain in both modifications is identical (and the two L.R. spectra
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(Fig. 10) are identical because they are practically the spectrum of the
isolated threefold helix and nearly independent of the packing of the
helices).

4. Polymorphism phenomena of unstable modifications existing only
in particular conditions (i.e. in copolymers) will be related in the subse-
quent chapter on jsomorphism and isodimorphism of monomeric units
in the polymeric field.

5. Besides the typical cases of polymorphism previously described, we
observed for some isotactic polymers the formation of enantiomorphous
crystals entirely formed either of right-handed helices or entirely formed
of left-handed helices. For instance enantiomorphous chains of the poly-
tert.-butylacrylate, as shown in Fig. 11, and of poly-5-methylhexene,
contrary to what happens for other isotactic polymers (i.e. for poly-
propylene), give crystals where only isomorphous " helices can be
present. Only if a right-banded belix can transform itself into a left-
handed one through physical processes (i.e.-through melting and subse-
quent c@oling) we could speak of real polymorphism.

Syndiotactic poly-a-olefins

In 1955 we described!?) the first syndiotactic highly crystalline poly-
mer. It is one of the two polybutadienes with 1,2 enchainment that we
obtained by means of stereospecific polymerization of butadiene with
metallorganic cai{alysts formed by reacting certain oxygenated or nitrogen-
ous compounds of transition metals with metalalkyls1®). According to
the tyiié‘pf catalyst and in particular to the ratio between metalalkyls and
transition metal compound and to the operating conditions, we obtained
atactic, syndiotactic and isotactic polymers with 1,2 enchainment 14).
Also polyvinyl chloride and polyacrylonitrile show a very limited
dsgree of order of the syndibt‘actic type. | ‘

Polymers to which a syndiotactic structure was ascribed, were subse-
quently obtained fiom other vinyl oxygenated monomers (methacrylates,
etc.)15). However from literature it does not appear that syndiotactic
polymers of a-olefins have heen till now obtained.

Many years ago we tried to produce syndiotactic poly-a-olefins in
different ways, but (even if for certain polymers obtained in particular
conditions we had long ago observed clues of the existence of a crystalline
modification different from the stable isotactic one) only recently we
obtained crystalline polymers of a-olefins having a syndiotactic structure,
completely free from the presence of a crystalline modification with iso-

tactie structure.
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- Fig. 11. Mode of packing of isotactic poly-tert-butyl acrylate

Progress in the Stereospecific Polymerization

Among our first attempts, I recall the hydrogenation of diolefinic
polymers with; 1,2 ‘enchainment, having a syndiotactic structurel®).
Hydrogenation, in the conditions in which the isomerization of the main
chain of other stereoordered (isotactic) polymers is not observed
(t < 200°C.), should give a polymer structure corresponding to that of
syndiotactic poly-a-butene. ﬁ

However, even with a practically complete hydrogenation (> 95 %)
of 1,2 syndiotactic polybutadiene, it was obtained an amorphous product
and therefore not a product having a crystalline structure similar to the
non saturated polymer, as it could be foreseen if we admit isomorphism
of the vinyl group with the ethyl group in the respective macromolecules.

This is probably due to the encumberment of the —-CH,—-CH, group
which is larger than that of the —CH=CH, vinyl group which, for its
size already compels the main chain to assume a conformation which
is deformed in comparison with the planar one, and to the fact that
such a strucl.ui'e would not satisfy to the principle of the staggered-
bonds. '

Recently we succeeded in preparing syndiotactic crystalline poly-
propylenel?’) by direct synthesis from propylene and in obtaining it free
from isotactic crystallinity. In the crystalline state it shows a confor-

matjon of the main chain very different from the one of the known syndio-
tactic polymers (i.e. syndiotactic polybutadiene and polyvinyl chloride)
which show planar or nearly planar chain structures. The crystalline
structure of syndiotactic polypropylene is interesting 18) because its main
chain has a pa!rticular helix conformation (Fig. 12).,5Thé identity period
along the chain axis is 7.3 A corresponding to 4 monomeric units. This
notwithstanding all the monomeric units are structurally equivalent. The
main chain, be?ides the twofold screw axis parallel to the chain axis, shows
two twofold symmetry axes normal to the chain axis"j itself.

For syndiotactic polypropylene, such a chain conformation gives
a good packing; this fact explains why the melting point of the syndio-
tactic polymer is high, in analogy with what happens for isotactic poly-
propylene. In Fig. 12 two enantiomorphous helices of syndiotactic poly-
propylene are drawn. The mode of packing of these chains is shown in
Fig. 13. With regard to other poly-a-olefins, we can foresee that, in analo-
gy with what happens with isotactic polymers, not all the syndiotactic
polymers cerystallize. ~

The preparation of syndiotactic crystalline poly-x-olefins, enlarges the
field which is already complex of configuration isomers of poly-a-olefins.
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br the isotactic polymers, the physical properties and iin partichlar ‘
hermic and mechanic ones of syndiotactic pdlymers dei‘)end on thelr
¢ purity. Different products which remarkably differ one from an-
v because of their physical properties and therefore also l;n their pé’Séi- '

echnical applications, may be obtained and distingunished accor{_li_ng
Leir steric stoucture and purity. L

ig. 12. Syndiotactic polypropylene. Side and end views of enantiomoi’phous chains

Progress in the Stereospecific Polymerization

L. g
L. 3
= &
= e

a=14,50 A

Fig. 13. Mode of packing of syndiotactic polypropylene
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e eventual co-existence in the same chain of lsotactlc and SYndm- |
stic erystallizable parts further complicates tle problém of the relat
p between properties and steric structure of poly-a-olefins.

Isotactic and syndiotactic polymers of vinyl non hydrochrbon mono

reoregular polymers deriving from other types of monomers

The researches previously accomplished by SCHILDKNECHT on! ,
1yl ethers1?), by PRICE on the polymers of 1-2 ep0x1des 20}, by GAimETT i
d MILLER on acrylales“) and by Fox and GARRETT on methacﬁyl-

ich contain oxygen, nitrogen, silicon, halogens, ete.; all of them
jsolactic structure and some of them were obtained with a high;

rity 22).

le 2. Roentgenographic data on some crystalline isotactic non hydrocarbon p

$

|
I
4 A
i

H

1
i
|

) Chain axis:
Polymer A ; Helix
Poly(allylsilane) ......ccovvureeiieanenen, 6.45
Poly(allyltrimethylsilane) ................. 16.50
Poly-5-(trimethylsilyl)pentene-1............ 6.55
Polyvinyl methylether ................nvn. 6.30
Polyvinyl isobutylether ................... 6.50
Polyvinyl neopentylether ................. 6.40
Polyisopropylacrylate . ...............ovenn .6.50
Poly-tert-butylacrylate ................... 6.45
Poly-o-fluorostyrene ..........coooaeernnnn 6.63
Poly-p-fluorostyrene ........oooveneaannns 8.30
Poly-o-methyl-p-fluorostyrene ............. 8.05
Polymethylisobutoxyethylene .............. 13.77

helix exists.

[n Table 2 we show the identity periods and the helix types, as ob
m measurements, performed on some of these polymers®). v
\er monomers furnish crystalline polymers with catalysts of dlf

ses (preferably with those reacting through a catlomc mechamsm) 1f

tion- |

i
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they are polymenzed at a very low temperature. Generally stereospeci-
ficity using soluble ionic catalysts, is limited to low temperatures ranging
from —100° to —35°C. Just polymerizing branched alkyl acrylates with
heterogeneous calalysts we obtained crystalline polymers having a high
welting temperature and a high crystallinity, even working at room
temperature or slightly above?).

The anionic coordinated catalysis processes which polymerxze a-olefins
in general do not permit the polymerization of monomers with a “lone
electron pair” such as O, N, etc. owing to the fact that these behave as
poisons when they associate with the catalytic complex in a stable way.
A series of coordination catalysts having a cationic or an intermediate
(between anionic or cationic) behaviour act stereospeciﬁcally on vinyl-
ethers or on other monomers, which do not polymerize with most of
the known ZIEGLER catalysts.

Di-isotactic polymers

In 195825) I already described the first di-isotactic hydrocarbon poly-
mers obtained polymerizing deutero propenes, and more precisely poly-
mers of cis and trans propene-f d,, with the typical stereospecific catalysts
of a-olefins («-TiCl,—AlR;). Working with those catalysts, at the same
conditions in which a good st ereospeclﬁcxty for x-olefins can be observed,
an 1somenzat10n ‘of the two geometncal isomers does not occur during
the polymerxzatlon (at least not in such a proportion as to mislead the
results). ' ‘

The two poljmers obtalned with the cis and trans isomers, are both
crystalline, but' their I.R. spectra differ from each other and from the
LR. spectrum of the crystalline polymer, obtained polymerizing a mix-
ture of cis and trans 1-deutero. propene-1. Even though such polymers
observed by X-rays show the same crystalline lattice and therefore cannot
be distinguished by this method, the differences observed in the L.R.
spectra allow us to determine that some stereospecific catalysts (such as
«-TiCls/Al(C,Hg);), determine during the polymerization the configu-
ration not only of the tertiary carbon atom of the HCCHj group, but also
of the HCD group.

In fact, the differences existing in the I R. spectra, in the two Lypes
of crystalline polymers, respectively obtained from ‘he trans and cis
isomers, can be only ascribed to a different, but regular steric order of
deuterium atom in respect to the methyl group. As it results from Fig. 14,
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g the structure by X-ray examination identical, and supposing that
two polymers are isotactic with respect to thé carbon atom p CHCH,,

different and regular conformations (enantiomorphous between
aselves) are possible for the CHD group. .

THREO-POLY- ERYTHRO-POLY -
(1 -DEUTERO~PROPYLENE ) (1-DEUTERO-PROPYLENE )

Fig. 14. Side and end views of the chain of di-isotactic polypropylene 1d;:
a) threo-poly-1-deutero-propylene :
b) erythro-poly-1-deutero-propylene

n Fig. 15 the two types of chain are schematically drawn in the
y previously used to describe the polymers which are simply isotdetic,
;posing that the main chain is siretched on a plane. In one case all the
terium atoms D are situated on the same side of the methyl grojﬁps,
‘he other case on the opposite side. In both cases there is an isotactic

Progress in the Stereospecific Polymerization

structure for the CHD groups. The chain is therefore formed of successions
of CHD groups, which are isotactic among themselves, and of CHCH,
groups, which are also isotactic among themselves, and therefore we call
“di-isotactic” the polymers showing a double isotacticity in the main
chain. '

CHy CH, Chj CHy — CH;

| | | 1
OO DO~ B~ B~ LF
AN AN NGNS a)

-
-
3.
-

Fig. 15. Schematic drawing of di-isotactic polypropyleliﬁe id,:
: a) threo-poly-1-deutero-propylene '
b) eryihra-poly-l-deutero-propylene

i
|
i
i
i

For the two 4:1ifferent types.of structure, we used the prefixes “threo”
and “erythro” to distinguish polymers in which a substituent respectively
is, in the drawin%g shown in Fig. 15, on the same side (a) or on the opposite
side (b) of the other substituent. o

Other di-isotactic polymers have been obtained in our Institute poly-
merizing monomers of the CHR=CHR' type, where R and R’ are different
chemical group?s 28), For these polymers we could demonstrate that from
the trans isomer it is possible to obtain the threo-di-isotactic polymer.
In Fig. 16 it is shown the chain conformation with 7, symmetry of threo-
di-isotactic 1-methyl-2-isobutoxyethylene, obtained by direct synthesis
with stereospecific catalysts which act on the internal double bond.
This compound is not only the first di-isotacti¢ polymer possessing a
remarkable chémical difference among the substituents in both tertiary
carbon atoms, but it is also the first example of crystalline isotactic
polymer of a monomer containing an internal double bond. In fact all
the isotactic polymers previously known, whose main chain is exclusively
formed of carbon atoms, were polymers of vinyl monomers.
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Isomorphism phenomena in the field of linear -macromolecules .

¥hereas the isomorphism phenomena in the field of the minera
anic (low molecular weight) substances have been deeply stu
' same phenomena in the macromolecular field were not, becaus|
nber of the known crystalline polymers available for a vsystev
dy was still limited. '

Progress in the Stereospecific Polymerization

The discovery of new important series of crystalline polymers obtaina-
ble by stereospecific polymerization, allowed us to observe different types
of isomorphism in the macromolecular field. These isomorphism phenome-
na cause continuous variations, in relation to their composition, of some
parameters of the crystalline lattice, in analogy with what happens in
solid solutions of substances of low molecular weight (Fig. 17).

a(A)
J
23.4 1

23,2 -

23,0

J

L T v L) T v b | L) | ) L]
10 20 30 40 50 60 70 80 90 100%
Fig. 17. Variation of the a constant of isotactic polystyrene as a function of the percentage of
copolymerized units of differently substituted styrenes.

: Crystalline copolymers of styrene with:
O p-methylstyrene, @ p—chlorostyrene, O p-fluorostyrene, @ o-methyistyrene

It is possible to foresee different types of isomorphous substitutions
in the lattices of crystalline linear macromolecules. Here we point out

some typical cases:

1. Isomorphism of macromolecules
This isomorphism has been observed when macromolecular chains with
little different chemical nature or structure, which have almost the same
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entity period along the chain, and do not differ — or differ very llttle —i
the transversal dimensions, pack themselves in the same cryst lhne
‘tice forming solid solutions.

For instance we observed isomorphism in the follomng cases:
a) An isomorphous substitution among the helix chains having the j
me spiral direction but a different orientation (up or down) of the slde l
oups akes place, for instance, in some «-olefin polymers (but n
them). When this substitution can take place, it cloes not modllfy‘ the ?
le dimensions of the lattice?). ‘
b) On the contrary the random substitution of nght-hande
ains with left-handed helix chains causes, when it takes place,f para-
‘ thich

ystalline unstable structures (smectic form of polypropylene) J
3 looser even if they show the same ldentn‘y period of the stable forxi 11)

ne X-ray spectrum and the same lattice constants, but showY re- |
lrkahle variations of some crystalllmty bands according to thei om-

ferences in the form and size of the side groups. Solid solutions
se should be easily prepared when the melting temperature

itemporaneous separation in the solid form from their

xtures is possxhle

period 7). The solid solutlons exhibit lattice constants which are "’ ter-
diate between those of the employed copolymer and of polystyrene
ending on the relative proportions (Fig. 18).

Isomorphism phenomena among monomeric units?’)

ap-

1) This very peculiar and new case of isomorphism sometimes -
15, when copolymenzmg monomers which have chemical nature, shape

Progress in the Stereospecific Polymerization

and dimensions slightly different one from another and at the same time
are able to give homopolymers having an analogous crystalline structure,
the same identity period and slightly different lattice constants.

Intensity

" - 15 1 7 18 19 29°

—

Fig. 18, X-ray powder spectra (Cu Ka) registered with a GEIGER counter of: a) mechanic mix-
ture, 50 % isotactic polystyrene, 50 % styrene-p-methylstyrene copolymer (molar fraction 30 % of
p-methylstyrene), b) the same mixture after fusion and annealing at 180° C.

In those cases! we observed that also the copolymers are crystalline and
have physical properties varying in a continuous way as a function of the
composition of the copolymer, for instance the lattice constants are
intermediate between ‘those of the pure homopolymers.

Whereas, generally, the lntroductlon by copolymerization of non iso-
morphous monomeric units lowers the melting point, according to the
well-known FLoRY formiila, till the obtainment of amorphous polymers,
it has been now observed that the random introduction of isomorphous
units causes a continuous variation of the melting point which,
generally, assumes infermediate values among those of the pure
homopolymers (Fig. 19). The regular variations of many pbysical
properties follow the analogies existing with the isomorphism
phenomena previously known for molecules of isomorphous ions, even if
in the copolymers bere described the monomeric units are linked by
chemical bonds and they cannot be separated by physical means, as it
happens in the normal solid solution among isomorphous products. The
phenomenon which we shall call “isomorphism among monomeric units”
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s been observed by us in different systems, at least in some composition :
nges. With regard to vinyl polymers, we baveto think that 1som01‘phous |
»nomeric units which are present in the same chain, must also show the |

me steric configuration. With regard to o-fluorostyrene and =ty1'ene

polymers which exhibit the same crystalline structvre and prachcally :

e same lattice constants, there is isomorphism for all the composnlons
°C N
, L0
260 1 ’,
//
'd
”
.7 0
el -
250 1 -,
S
R4
4
v
I/ 0]
240 ) /,
’16 (o] — ]
0,0
] —=-—
230 -
0 02 04 06 08 1
Molar Fraction of p-Fluorostyrene
Fig. 19. Melting temperature 6f crystalline styrene and p-fluorostyrene copolyme
1 Crystallites with threefold helix :

* Il Crystallites with fourfold helix

|
|
|

1e X-ray spectra always show a high crystallinity w}u](, the I.Ri ones
ow a quick lowering of crystallinity as the content of the compihent
ntained in a lower quantity increases. The disappearence of somi R.
ystallinity bands takes place for contents ranging bet cen '
one of the two components. The comparison hetwee
riations observed by the I.R. and the X-ray exammatlons, allow d us
improve our knowledge on the re]atmnshlp existing hetween the struc-
re and the crystallinity of systems formed by polymers and by ﬂ'ffcr-
t copolymers. :
Whereas, in the I.R. spectra, the crystalllmty bands are due o inter-
tion of the atoms belonging to the same chain, which in the crj%;ta]s

12
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assumes a regular conformation, the X-ray spectra show the regularity
of packing of the chains, which may subsist even if small irregularities
due to the prezence of different isomerphous menomeric units in the single
chains exist. '

b) Isodimorphism. Crystalline modifications have been observed even
in some cases in which homopolymers show different cryst alline structures.
In the case of isotactic styrene and p-fluorostyrene polymers, for instance,
the stable modifications of the homopolymers exhibit different sym-
metries. Nevertheless these copolymers ‘;are crystalline: the richer in
styrene exhibit the structure of isotactic polystyrene stable form (threefold

helix), those richer of p-fluorostyrene show the structure of the p-fluoro-
styrene stable form (fourfold helix). Therefore there is ‘a particular type
of isomorphism which, in analogy with what is observed for the solid
solutions of crystallme products of low molecular welght, can be called

“isodimorphism”. We can admit the possibility of existence of the same
crystalline modification in the copolymer for both monomeric units even
if somelimes it is unstable (or even more it. does not ex:st) for one of the
two pure homopolymers. :

It is interesting to note that the mtroduchon of a monomeric unit of
bigger size (i.e. p-ﬁuorostyrene. p-methylstyrene, etc. ih the polystyrene
chain) always causes a remarkable deformation of the Iattlce constants;
this fact does not always happen in the opposite cas@, that is when a
smaller monomeric unit is mtroduced (i.e. 1ntroductlon of styrene in the
poly-p-ﬂuorostyrene chain). . ' 3

The formation of ‘mixed. crystals, for the styrene-o-fluorostyrene sys-
tem, is possible because of the same 1dent1ty period and the small differ-
ences in the dlmensmns of fluotrine and hydrogen atoms.

The lattice constant in the direction of the chain axis results, there-
fore, unvaried, “while a sllght variation of the lattice constanis in the
dlrectlons normal to the chaln can be observed

c) Isomorphism in systems with crystalhmty in a limited composition
range. In some cases monomers giving only amorphous homopolymers, if
copolymerized with monomers giving crystalline homopolymers, can form
crystalline copolymers. This can be observed when the monomeric units
of the component, whose homopolymer is amorphous, are present in the
copolymer in small quantity, even if this quantity is sufficient to modify
remarkably the copolymer lattice constants in comparison with those
of the crystalline homopolymer. This is what happens with 1be isotactic
copolymers between styiene and p- -chloro- or p-methylstyrene. These
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talline copolymers and the homopolymers which are, on the con- ' T
y, amorphous, are obtained by means of the same polymerization ;% - )
. . . . 3 S 2
hanism at rates which are only slightly different from those of styréene b N 128
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s we already suggested, it is extremely interesting in the study of co 2 - _ ,f;
rmerization, to compare the crystallinity data oblained by thejl/R. . il @
= -
X-ray spectra. v 8
7ith regard to the L.R. spectra (Fig. 21) many crystallinity bands g = ;
v a .
e from regular interactions among atoms belonging to the same chain « (6\ -
ch, generally, has a regular conformation ouly in crystals. Th \ &
talhmty, however, does not depend on the packmg regularity i ; % o « K
, |
8] =
‘ g
ible only if a regular chain packlng in a tndlmensmna] crysta]lme ? é
ice occurs. Crystals formed by a solid solution of chains of d_lfferent . 88 ) °
wopolymers must also have the L. R. crystallinity bands of each chaln. . ‘ NOISSINSNVY L %6
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some chain transfer processes, with the concentratlon of metallorgamc
apounds in selution. 4 ‘
rthermore we observed by the I.R. spectra that also the polypropylepe
in sections which cannot be crystallized may be of two different typés :
) Some of them are characterized by a greater number of coupl,esiof
acent monomeric units having the same steric cOnﬁgﬁration. 2) S‘ofne
ers, present in the polymers having syndlotaptlc structure, are ch arac-
ized by a greater number of couples having opposxte steric conﬁgu-.

ions31),

Yolymerizing diolefins or monomers containing a lone electron
reospeelﬁc polymenzatlons are possible even w1thout the presen

rszz). In these cases the reasons for a lower stereosﬂeciﬁcity ma
lifferent nature. One of the most important, but not the only one;
isists in the chemical impurity of the catalytic complex. ‘
Tor instance, there are catalytic systems preparedf with the
gents whlch accordlng 1:0 the ratlos of the components an

lecules 13 14),

\s regards polybutadiene with a high value of cis 1,4 ¢ontent the)wa

h which the steric impurities are distrsibuted is more lmportan
steiic purity itself.

jome catalytic systems [obtained, for instance, from T1J4\
C,H;);%2)], give random copolymers of monomeric units with d

conﬁguratlons' because of that, in this case, also polymers h

‘s, it is possible, by solvents fractionation to separate macromolecules

i

i
)
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which are very rich in cis 1,4 units (92-95 %); these macromolecules
melt at about 0°C and crystallize rapidly under stretching even at
tewperatures above room temperature and even in a relatively high-
vulcanized state3). '

In this case we can think that the steric lmpurltles are not statistically
distributed along the chains and this allows'the existence in the macro-
molecules of sections containing cis 1,4 units sufficiently long to have
a melting point very close to the one of the, ;sterically pure polymer?¢).

From these results we could notice the lmportance of the distribution
of steric impurities and we undertook a systematlc study of the polymeri-
zation of butadiene in order to develop highly selective and stereo-
specific catalysts. The result was that, at;the DonNEcANs Institute in
Novara3?) and at the Polytechnic of Milan, raw polymers were synthesized
which are very rich in cis 1,4 units. The meitlng point of raw polybuta-
dienes with a percentage of cis 1,4 units hlghér than 99 % is about + 1°G,
and the melting enthalpy about 2000 cal. /mole“)

Both for trans 1,4 and cis 1,4 polybutadienes we are able today to
obtain with the stereospecific catalysxs raw polymers which are sterically
purer (> 99 %) than natural rubber (steric purity about 97 %) and than
synthetic polyisoprenes, as far as it is reported in the hterature.

The increase in steric purity is related not vnly to a change in certain
properties but beyond certain limits we observe the appearence of new
and very 1nterestmg properties whlch are typlcal of sterically very pure
polymers. o

Table 3. Melting temperatures of hnear cis 1,4-polybutadienes having different steric purity
i (AHy = 2,000 cal/monomerlc umt)

9/, cis 1,4 monomeric calculated melting point

© units . °C)

100 . +1

98.5 : 0

95 -3

90 -7

85 -11

80 ' -15

75 i -19

Note: The calculated data take into account only the irregularities due to the presence
along the polymer chain of trans-1,4- butadlene units or of butadiene units with 1,2 en-

chainment. i
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‘n the case of cis 1,4 polybutadienes only the presen(;e of long se(_j)vif'vio"hs
shains which are sterically very pure peimits the obtainment of vulcan-
d products which, in the absence of reinforcing aéents, exhibit :
stic behaviour similar to natural rubber?). This behai}iour is chars ‘Ti‘fer-
d by a remarkable increase of the elastic modulus, evenin a wid‘e‘i‘;a_nge
temperatures above room temperature, as the deforémation incréaées.
is variation is due to the crystallization of the chai;ns which hne up
rallel under stress. In ¢ertain temperature ranges the dynamic pr per-
s of cis 1,4 polybutadienes are higher than those of cis 1,4 polyisoprene
When considering all the results which have been obt:ained during fi
us of research in the field of the stereospecific polymerization on
1 be really satisfied that the science of macromolecular chemis
igressing with a rhythm not inferior to the one whifch is observ
ier branches of science. In the field of synthetic rubbers and te:
ne new products cannot be any longer considered only substitues
tural products (whose vse is justified only from economical reagon
fact these new products represent a qualitative progi'ess because hey
ve properties which are suitable for new and very valuable #ppli-
;jons.
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