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than the previous case, is shown by the —CH;—CH;— bonds of
polyethylene.

The high crystallinity and high melting temperature of linear poly-
ethylene prevent its practical use as an elastic rubber, since polyethylene
behaves as an excellent rubber above its melting temperature (~130°C).

The production of synthetic rubbers from polyethylene (e.g., Hypalon
" by DuPont) dates far back in time. The introduction of chemical
irregularities (such as the random introduction of Cl atoms or of sulfonic
. groups) by chlorination or sulfochlorination of linear polyethylene pre-
vents its crystallization. However, the required introduction of Cl atoms
" (at least 28-30%) causes a considerable decrease in the chain flexibility.
An even greater decrease in flexibility is observed when sulfonic groups
are present, because of their tendency to associate.

The discovery of the coordinated ionic polymerization processes made
. it possible to produce long linear polymers of a-olefins, which are crystal-
line only when stereoregular and otherwise amorphous.

By means of nonstereospecific catalysts acting through a coordinated
- anionic mechanism, it was possible to produce amorphous linear polymers
of a-olefins, which are of interest as elastomers from a dimensional point
of view, having low elastic moduli, but which present poor dynamie
properties owing to the deficient flexibility of the main chain caused by
- the presence of side groups. This is the reason why poly-a-olefins by
themselves are not suitable for the production of elastic rubbers of good
dynamic properties.

As the crystallinity of polyethylene can be prevented by the introduc-
tion of irregularities (20-309%), the authors of this article visualized
already in 1955 the copolymerization of ethylene with a-olefins as a
process for the production of very valuable hydrocarbon rubbers. To
‘this end, they studied the copolymerization of ethylene with a-olefins,
-and in particular with propylene, so as to obtain the most suitable
‘compositions and structures. First of all they observed that not all
Ziegler-Natta type catalysts are suitable for the production of homogene-
‘ous polymers. The best known coordinated anionic catalysts obtained
by reaction between Ti halides and Al alkyls present the disadvantage
‘of being heterogeneous and of containing actlive centers exhibiting not
nly different catalytic activities, but also different reactivity ratios.*

1. INTRODUCTION

Copolymers and terpolymers containing ethylepe and o-olefins are of
particular interest for many reasons. The mo.st, important of these are:
(1) low cost of the lower olefins relative to diolefins as raw materials;
(2) practically unlimited availability of the oleﬁns;‘ (3)‘ absence of
unsaturation or low content of unsaturated groups, which increases fihe ;
chemical resistance and the resistance toward aging in comparison with
the traditional unsaturated rubbers.

The only low unsaturation hydrocarbon rubber known fox: several ..
decades is butyl rubber, a copolymer of primarily isobutylene with .smallv
amounts of isoprene. The incorporation of the latter monomer intro
duces a small amount of double bonds into the polymer and makes the
product vulecanizable with traditional vulcanization syst_ems based on’
sulfur and accelerators. The presence of two methyl side groups f(?rb
each isobutylene monomer unit has a detrimental effect on ?;he fiynammf
properties of the rubber thus obtained, owing to 'the st'erlc hlndrance,:
caused by these groups and the resulting slowness with which a deformed
product tends to regain its initial shape after the stress has ceased. As
a consequence, high mechanical hysteresis will accompany every tem-
porary deformation process of such a rubber. . Co

This is the reason why the interest in butyl rubber 1s pra(?tlcally;
limited to those fields in which its high chemical resistance and in par-
ticular its very low permeability to gases are especially import.ant (e.g.,
use in inner tubes for tires); however, butyl rubber is less su}table for

those applications which involve frequent and rapid deformation under
high stress (e.g., use as treads for tires). . ' |

As described in other chapters of this volume dealing with hydr(.)-‘l
carbon polymers (e.g., polyalkenamers and polydiolefins), good elastic
and dynamic properties can be expected only whe:n long macromolgcules
exhibit high flexibility as a consequence of low hindrance to. rotation 9f
part of the macromolecule around carbon to carbon bonds in the main

* The reactivity ratios referred to in this chapter correspond to those defined for
hai he butadiene-acrylonitrile system in the chapter by Hofmann on nitrile rubber in
cinain.

This is th ¢ the —CH—CH bonds in some diolefin polymer “this volume (Part I, page 192). The reader further interested in the general mathe-
18 18 e case o e — — . ’

- . 1th h slightly highe matics of copolymerization may refer to one of the comprehensive treatises on this
with 1,4 arrangement. Low steric hindrance, although shg y_ g “subject, e.g., Copolymerization, G. E. Ham, Ed., Interscience, New York, 1964.
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Tor instance, some of the centers present on the surface of the solid
phase can polymerize ethylene with a higher relative rate than the other.s.
Different types of macromolecules are therefore form.ed: some contain
polyethylenic chain segments that are long enoug}} to give rise to crysta'l—
linity of the polyethylenic type and a worsening of the elastome.rlc
properties, which can be corrected only partly by increasing the‘proportlo}rx
of copolymerized propylene, which in turn causes a decrease in the flexi-
bility of the chains.

The problem of obtaining amorphous homogeneous products by the
use of the lowest possible amount of a-olefin was solved by the authors
through the discovery of suitable catalysts, particularly of the homo-

geneous type.

Tirst of all we shall describe the preparation of the rr}os.t; effgctive
copolymerization catalysts; then we shall report on the variations in the

properties of the copolymers resulting from variation of their composition.

1I. ETHYLENE-PROPYLENE COPOLYMERS

A. Synthesis

The best anionic coordinated catalysts for the synthesis of ethy.lene-
propylene copolymers are those obtained by reaction of alkyl aluminum
compounds (e.g., Al(3-C.Hy)s, Al(CH35).Cl, A12(02H5)3013, Al(C,H;)Cly,
Al(CsH3)s) with hydrocarbon soluble vanadium compounds ('e. g., VOCls,
VCl,, V = trisacetylacetonate (VAcs), alkyl esters of vanadic or chloro-
vanadic acid). Other transition metals, such as niobium, titanium, an@
chromium, can be substituted for vanadium; beryllium, zinc, and alkali
metals can be used instead of aluminum. However, the copolymers
obtained in the presence of aluminum- and vanadium-based catalysts :
are by far the best as regards elastomeric properties, amorphousness and *

absence of homopolymer fractions.

As in the case of propylene homopolymerization, it has been established -
also for ethylene-propylene copolymerization (1,2) that at .least one of.’,
the reagents employed in the catalyst preparation must contfnn a halogen,-
something that is not required for ethylene homopolymenzatloq. ‘T?le ,
reaction is usually carried out in the presence of a solvent. Aliphatic,:
cycloaliphatic, and aromatic hydrocarbons, as well as some of their halo-
genated derivatives (e.g., methylene chloride, chlorobenzene, tetrachloi-;‘

roethylene) have been claimed useful.

In order to control the copolymer composition, the ethylene/propylen

ETHYLENE-PROPYLENE RUBBERS 683

ratio in the liquid phase must be kept as constant as possible throughout
the polymerization.

To this end, a gaseous ethylene-propylene mixture, whose composition
can be calculated from the desired ethylene to propylene ratio in the
reacting liquid phase and the partition coefficients of the two olefins, 18
continuously fed through the polymerization system at such a high rate
that the conversion of ethylene, which is the more reactive monomer,
is kept at a low value (e.g., under 5%) (3).

According to another procedure, an ethylene—propylene mixture, the
composition of which is calculated as described above, is fed through
the diluent before the copolymerization (i.e., before the catalyst is added)
until saturation is reached. After the copolymerization has started, an

- ethylene-propylene mixture having the same composition as the copoly-
_ mer being formed is fed without any exit gas being discharged 4). A
- combination of the two systems has also been suggested (5).

In order to control the monomer composition (and also the average

. molecular weight of the copolymer, as explained below) during the

copolymerization the temperature must be very carefully controlled. As
the copolymerization is exothermic, cooling must be provided (5). To
avoid a large, uncontrollable increase in temperature, the addition of
large amounts of catalyst should be avoided.

To maintain equilibrium between the gaseous and the liquid phases

and to keep a constant temperature throughout the Teaction mass,
sufficient agitation must be provided. As the reaction progresses, the
mass becomes more and more viscous and it becomes more and more
difficult to maintain saturation. Mass and heat transfer phenomena can
exert a certain influence on the composition and properties of the product
and on the course of the polymerization.

Particularly high copolymer yields can be obtained if the copoly-

merization is carried out without an inert solvent, i.e., with liquid pro-
pylene acting as solvent (6). Since the copolymer being formed is
insoluble in the reaction mixture, there is no appreciable increase in vis-
cosity during the reaction and high copolymer yields per unit volume can
be attained without any particular stirring problems.

If the copolymerization is carried out batchwise or with an insufficient

supply of olefins, copolymers whose composition varies with time are
formed (diagonal copolymers (1,7)). Sinceethylene is more reactive than
.propylene, the copolymer formed at the beginningof the copolymerization
‘has the highest content of ethylene, whereupon its propylene content

creases with time.
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pylene ratio in the reaction phase i i

o Toactie ar;:d 2.e in the presence of different catalyst
- It has.been shown (12) that if the catalyst Al(C.Hs); + VCl, is
pregare.d in the presence of propylene alone and then used in the copoly-
merlzathn, the copolymer formed is richer in propylene than when tl}:e
catalyst is prepared in the presence of the ethylene-propylene mixture
By contrast, the copolymers obtained with a catalyst prepared in the;

presence of either ethylene alone or both monom
: ers togeth
same composition. ether have the

B. Influence of Operating Conditions on Copolymer Composition

In order to determine the influence of the ethylene/propylene ratio -
in the reacting phase on the copolymer composition, one has to be able
to eliminate the influence of some parameters connected with the prepara-
tion of the catalyst and the polymerization procedure.

It has been established (3,8) that if the catalyst is the same, the
copolymer composition is independent of the following factors: (1) poly
merization time; (2) catalyst aging time (time elapsed between catalyst
preparation and use); (3) catalyst concentration; and (4) alkyl aluminum
to transition metal compound molar ratio. The last factor has little
or no influence on the copolymer composition when aliphatic hydro-
carbons are used as solvents; if benzene or tetrachloroethylene is used,
the Al/V ratio influences the copolymer composition within a certain
range (8). Experiments carried out in cyclohexane have also shown &
certain dependence of monomer reactivities on Al/V ratio (9). If the
catalyst system HCLALIO(C.Hs)s + VClais used in benzene, an increase
in Al/V ratio favors the relative reactivity of ethylene (10). :

The nature of the organometallic compound plays only a minor role
as regards the relative reactivities of the monomers in the presence of

a certain transition metal compound. In experiments with VCla it has
been shown (11) that the relative reactivities do not change significantly
if Zn(CyHs)s, Zn(n-C,)s or CH,;TiCl; are substituted for Al(-CiHa)s.

If Al(3-C4Ha); is used as the alkyl aluminum and the transition metal -
compound is varied, the relative reactivity of propylene increases in the
order HiCly < ZrCl, < TiCli < VOCl;s < VCl,, that is with increasing
electronegativity of the transition metal (11). )

In the presence of certain vanadium compounds, e.g., VCli and
VOCl,, a certain decrease in the relative reactivity of ethylene is noticed
if Alg(CzHa)aCl;; or Al(Csz) Clz are substituted for Al(Csz)s .or
Al(C.H5;):Cl (7).

These results disagree in part with those obtained by Ichikawa 8
in experiments with different mixtures of Al(CoHj).Cl and Al(C.H;)Cl
together with VOCls. :

According to Junghanns, the aluminum compounds having the large
number of Cl atoms, i.e., Al,(CH;)sCl; and Al(C,H;)Cl,, show the higher:
tendency to give completely amorphous copolymers in the compositiona.
range of 65 to 75 mole 9, of ethylene (7). If larger groups are sub
stituted for ethyl, no difference is noticed. ‘

The dependence of the copolymer composition on the ethylene-pr

% Mole C,H, in the copolymer

0.70 0.80 0.90 1.0
Mole CHe .
Mole CzHs + Mole CaHg It SOk

Fig. 1. Composition of ethyl -

z : vlene-propylene copolymers plotted against th
fraction of propylene in the total dissolved monomer for different cgatalyst sfrsz(x)xi:
1prepared from hydrocarbon soluble transition metal compounds. Q, VCl. + AlRjs;
[, VOCl, + AlRs; @, VAcs + AIR:Cl; A, TiCl, + AIR,. ' )
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o ‘ l dium valence. The same happens for catalysts based on TiCl, and
‘ TiClz. In the presence of the latter compounds, the relative reactivity
Lol of ethylene is higher than in the presence of the corresponding vanadium
compounds (VCl, and VCl,, respectively) under otherwise identical
conditions.
20~ The reactivity ratios have been shown to be practically independent
E:_:_-, of temperature in the range of —20 to 75°C (14,2).
30—
>
% D. Intrinsic Viscosity of Ethylene-Propylene Copolymers
407 . e e . . .
% Many factors influence the intrinsic viscosity of ethylene-propylene
= 5ol copolymers. The most important ones are examined below.
b :
S
2 60 1. Polymerization Time
=
R The intrinsic viscosity of ethylene-propylene copolymers increases with
70 time in the presence of some catalyst systems, e.g., VAc; + Al(C,Hs;),Cl
80
, TABLE I
| | | 1 Monomer Reactivity Ratios for Ethylene-Propylene Copolymerization in the
0.60 0.70 0.80 0.90 Presence of Different Catalyst Systems
Mole CaHg in sol.
Mole CzHa + Mole CaHs Catalyst system Te,H, TCyH, Ref.
i he mol
. - hvlene- lene copolymers plotted against t : .

Fltg ¥ fC Oi?)p(;:gzninoilfs ;z’)t(;r;edri);s‘)ox;zed monomer for different catalyst system :YOCl; + Al(CeHis)s 17.95 0.065 13
frac lOndof I;n}I: drocarbon insoluble transition metal compounds. O, VCls + Ale Cl + Al(CeHis)s 7.08 0.088 14
prepared from hydroca” B8 110 R, Cls + Al(CeHis)a 5.61. 0.145 15
@, TiCls + AlRs; A, 210l : Acy* + Al(C.He):Cl 15.0 0.04 2

iCly + Al(CeHis)s 33.36 0.032 16

. L. ization iCl; + Al(CsHia)s 15.72 0.110 16

C. Reactivity Ratios in Ethylene-Propylene Copolymeriz : iCly + AI(CeHus)s 15.72 0.110 16

In the study of the reactivity ratios in ethylene-propylene copoly- O(OR)Cl; + AIC,H,Cl: 17.5 0.05 1

merization, the influence of the penultimate monomer unit, on. the %%R()};, Xl(;{(gle)ZCl, VORI, + 17-28 o 5
’ . A 2 y 2 — pe—

reactivity of the chain end is generally_ngglectgd. lene 0OCly, VCl, + AlR;, AIR.Cl, AIRCI® 17-28 —e 5

Table 1 shows the values of the reactivity ratios for ethylene-propy 0(0-n-CHa)s + Al(-C,H,):Cl 22.00 0.046 17

copolymerizations in the presence of different catalyst systems. In every. 0(0CsHy)sCl + Al(-C4Ho):Cl 18.90 0,056 17

! tsllle reactivity ratio of ethylene is much higher than that of propylene 0(0C,H;)Clz + Al(-CiH,).Cl 16.80 0.055 17

oase df nionic copolymerization. The product of ‘th JO(0C.H;)s + Al(3-CH,),Cl 15.00 0.070 17

as may be expected Ior & Cl + HCIA1-O(C:Hs), 10.7 0.022 10

reactivity ratios is in many cases close to unity, as

in ionic copolymerizations.
In the series of catalysts ma

relative reactivity of ethylene generally decrea:

de from VOCl;, VCl, and VCl;, th

generally happe

VAc; = vanadium trisacetylacetonate.
Any combination of an aluminum and vanadium compound.

ses with decreasing vana * The product ro,m, * Tc,, is equal to 1.
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In the presence of the catalyst system AI(C.H;)Cly + VOCl;, and
Al (CyH;);Cl; + VOCI; (20), the intrinsic viscosity increases when the
Al/V ratio increases up to 15. If this ratio is further imcreased, the
intrinsic viscosity decreases in the case of the first catalyst system but
remains constant in the case of the second.

If Al(C.H;).Cl-Al(C,H;)Cl: mixtures are employed at a constant Al/V
ratio of 20, the intrinsic viscosity of the copolymers is lower than that

obtained from employing Al(C,H;),Cl or Al1(CoH;)Cls alone.
. When tetrachloroethylene is used as solvent and VOCI; + Al(#-C,Hy);
_or VOCI; + Al(C3H;).Cl as the catalyst, an increase in Al/V ratio has
" no influence on the intrinsic viscosity (8). In heptane, on the other hand,
~an increase in Al(+-C.H,)3/VOCI; ratio increases the intrinsic viscosity.
- In hexane and benzene, maxima in intrinsic viscosity are observed
for Al(C,H;),Cl/VOCI; ratios of 5 and 15, respectively.
In the presence of the catalyst system HCI,Al-O(CyHs): + VCly in
" benzene, the intrinsic viscosity increases as the Al/V ratio is increased
- from 3 to 10.

(2), VOCI; + alkyl aluminum dichloride or sesquichloride (7,18),
VOCI;(OR) + AIRCl, or VCls + AIR,CI (18).

In the presence of other catalyst systems, such as AI(CsHu)s + VCl
aged at 60°C for 30 minutes and employed ab 25°Q (19), the copoly-
merization time hardly influences the intrinsic viscosity.

2. Temperature

Other factors being the same, the intrinsic viscosity f)f ethylene-
propylene copolymers increases with decreasing polymerization tempera-
ture (7). :

3. Catalyst Concentration

Other factors being the same, the intrinsic viscosity of the copolymer
decreases when the catalyst concentration is increased (see' e.g., Bef. 2),
a fact that agrees with the existence of transfer processes involving the
catalyst. ‘

4. Monomer Concentration

Other factors being the same, the intrinsic viscosity of the copolymer
decreases with increasing monomer concentration.

8. Aging of the Catalyst

© Other factors being constant, for some catalyst systems, such as
i Al(CsH1s)s + VCly, aging does not exert any influence on the intrinsic
viscosity of the copolymer.

/. For other catalyst systems, such as Al(C,H;),Cl 4+ VAe; (2) or
VOCI; + alkyl aluminum dichloride or sesquichloride (7), the intrinsic

viscosity of the copolymer increases when the aging time of the catalyst
is increased.

&. Ethylene-Propylene Molar Ratio in the Reaction Phase

Other factors being the same, the intrinsic viscosity of the copolyrfle
increases when the molar ratio of ethylene to propylene in the react}n
phase is increased (see e.g., Ref. 1, 12).

. Nat the Alkyl Aluminum Compound _
o Noture o ! E. Kinetics of Ethylene-Propylene Copolymerization in the

In the presence of some vanadium compounds, e.g., VCl, and VOO, Prosence of thy Catalyst System VO, 4 ATC.H .0,

at room temperature, the highest viscosities are obtained in the presenc
Of A1(02H5)3, A12(02H5)3013, and Al(Csz)zCl (7) These results hav
been confirmed by Ichikawa (8) using mixtures of .Al(CzHa) oCl a
AY(C,H;)Cl, with VOCI; at a constant Al/V molar ratio of 20.

A systematic kinetic study of the ethylene-propylene copolymerization
in the presence of catalysts prepared from Al(C¢H;3)5 and VCl, was carried
out by Natta and co-workers (19).

' When low monomer and catalyst concentrations were used so that
the effects of mass and heat transfer phenomena could be neglected, the
following results were obtained:

1. The activity of the catalyst decreases with time. However, if the
catalyst is aged in the absence of monomer for a certain period of time
(30 min) at 60°C, further aging in the temperature range of 0-40°C does
10t influence the activity (Fig. 3).

2. The activity of the stabilized catalyst depends on the molar ratio

7. Alkyl Aluminum Compound/ Transition Metal Compound Molar Rat

In the presence of some catalyst systems, such as AI(CQH5)2C1 + VA
(2) or Al(CeHis)s + VCl,, aged at 60°C for 30 min and employed :
95°C, and with the concentration of the vanadium compound and oth
factors being kept constant, the intrinsic viscosity decreases when th
molar ratio of alkyl aluminum compound to vanadium compound .
increased. ,
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propagation constants. It is, therefore, also necessary to take into
accognt that a variation in the total number of growing chains may
result from a variation in the ethylene propylene ratio. This variation
in the number of growing chains can be explained as the consequence of
the existence of active centers capable of homopolymerizing ethylene,
but which are rather inert as soon as a propylene unit has been added
(23). In the latter case the activity will not be lost irreversibly, but
propagation will oceur at such a slow rate as to be practically negligible.
Propylene will be able to add to growing chains formed by such centers
only when the monomer unit added immediately before is ethylene.

This phenomenon has also been confirmed by direct measurement of
the number of active centers (capable of originating growing chains)
present in the homopolymerization of ethylene and propylene with the
catalyst systems VCl; -+ AlR; and TiCls + AlR;.  Further proof is given
by the possibility of preparing ethylene-propylene copolymers with
catalysts that cannot start the homopolymerization of propylene but are
active in the homopolymerization of ethylene.

By recognizing the variation in the number of the growing chains as
indicated above and relating the polymerization rates to the same
_concentration of growing chains, the ratio between the homopolymeriza-

tion rates of ethylene and propylene is almost the same as the reactivity
ratio for ethylene.

|

obtained in 10 min
[ STV 54 o~
p
»

Grams of copolymer

| I | | |
: 20 30 40.
Time of aging at 25°C {min)

Fie. 3. Independence of activity with time for AL(CeH14) 5~ VCly catalysts age(i at "
60°Cg%or- 30 min. Polymerization temperature = 25°C; §bsolute pressureC =H 1a g{e
ivent: n-heptane, 410 cm?; Al(CeH13)s/VCls mole ratlo' = 2.5; C?,H?/ .H, m le
otioin ’ 2.15. @, V(gvanadium present in the catalytic system) =

mutioin the guseons fond, = = 0.0449; polymerization time = 6 min

0.0299; polymerization time = 10min; O, V

between the two reagents used for its preparation. The highest activity "

is obtained for a molar ratio Al(CeHia) 3/YCI4 of about 2.5: . "
3. At constant ethylene-propylene ratio, the copolymerization ra,t.e is
first order with respect to catalyst and ovgrall monomer concentra ion.
4. The overall monomer concentration bem.g constant, the polymer?za,-f
tion rate increases very rapidly with increasing ethylene concentlratl.on‘ﬂ
5. The activation energies of the (f)gur 1e/lem;a)ntary copolymerization

i ractically the same (6600 cal/mol). .
reai(:lsoglri: I;:eogolymeriz};tions carried out \'vith the aid of cata,ly‘stst'a,ctmgf
through an anionic coordinated mechar.usm (e.g., -copolymenza(;;r)l zf
propylene with butene-1 (21), of some vinylaromatic monorr:lelf's ,h_d
ethylene with propylene in the presence of catalysts prepa,re1 ro}xln sot;d
halides of Ti or V), r1 (or the reciprocal of r2)* is almost equal to the rr;, hl ,
between the homopolymerization rates of monomers 1. anfi 2. I }15
relationship is not observed for the corresponding polymerlzatlauglsi_I 0 )e +
lene and propylene in the presence of the catalyst systen} A.( " 1€ 3 6
VCl,. In this case the ratio betwee'n the homopolymenz.at'lon rat.es
ethylene and propylene is much hlghel: than tbe reac’c%vxt}}r1 ratio 19
ethylene. Neither this fact nor the considerable increase in the cogo ¥
merization rate obtained by increasing the ethylfene/propyleile ra ;oﬂl;
reacting phase can be explained only on the basis of the values o

F. Ethylene-Propylene Copolymerization Rate in the Presence
of Different Catalyst Systems

Using catalyst systems prepared from VOC; and alkyl aluminum
“dichloride or sesquichloride, Junghanns and co-workers (7) have studied
‘the influence of different parameters connected with the catalyst prepara-
tion on the copolymerization rate. A loss in activity with time occurs
“both when the catalyst is prepared in the presence of the monomers and
‘when it is kept some time under nitrogen before being added to the
onomers. The loss in activity is faster in the former case, however.
n the absence of the monomers, the catalyst activity decreases more
lowly if the A/V ratio is increased from 5 to 40. As the catalyst
ctivity decreases, a corresponding decrease in the vanadium valence
Iso takes place.

" The temperature scarcely influences the rate of decrease in activity,
t least not between 20 and 40°C.

. The polymerization rate increases if the ethylene-propylene ratio

ncreases. If the monomer concentrations are kept constant, an increase
* See footnote on page 681. :



692 G. NATTA, A. VALVASSORI, AND G. SARTORI ETHYLENE-PROPYLENE RUBBERS 693

in temperature causes an increase in polymerization rate. . A‘n increase in
total monomer concentration at constant monomer ratio increases the
lymerization rate. / 4
pOI}:l the presence of VOCls-based catalysts and W:lth {Xl(i-C4H9)3 or
Al(C,H;).Cl as the alkylaluminum (8), an increase in yield calculated
on VOCl; is always observed if the Al/V rafio is increased from 1 up to
a certain maximum value that varies with the nature of tl}e ca:talys.t :
and the solvent. Beyond that value, no further increase in yield is
bserved. :
° Using the catalyst systems Al(C.H;)Cly + VOCl.a or Alz(Qsz)zCla +
VOCl;, Kelly and co-workers (20) found that an increase 1n the Al/V
molar ratio causes an increase in the catalyst efficiency. If .the Al/V:
ratio is kept constant at 20 and Al(CzH5)QCI—A1(CQH5)Cl2 mlx.tures c'>f’
different composition are employed, a maximum catalyst efficiency 1s
found for an Al(C:H3),Cl: Al(CyHs) Cl, molar ratio of 2/3. '
If mixtures of trialkyl aluminum compounds and AlBr; are employed in,
the preparation of the catalyst, the molar ratio of AlBr;/.Ale must notk
exceed 2:1, otherwise very poor copolymer yields are obtained (20). An
increase in propylene content in the feed at constant total monomer
concentration causes a decrease in the polymerization rate and m'the
intrinsic viscosity of the copolymer. Similar results have been obtained
by Ichikawa (8). ' E
When copolymerizations are carried out with the .catalyst system
VAc; + Al(CoHs)2Cl at 25°C (2), the overall polymerization rate depends
on the molar ratio of the two catalyst components, and the highest
activity is found for Al(C.H;).Cl/VAcs ratios close to 3.5. o
The catalyst ages, both if it is employed in the copolymgnzatlon and
if it is kept at 25°C under nitrogen for some time before being added t
the monomer mixture. o ‘
If the preparation of the catalyst and the copolymerization are carreq,
out at temperatures below 0°C, the catalyst activity decreases mucbﬂ
re slowly than at 25°C. :
mOWhen tl}:e catalyst activity is plotted versus the AI(CQHs)zCl/.VAQ
molar ratio for experiments carried out at —20°C, no definite maximu
is noticeable in contrast to what is observed at 25°C. The catglyst ;
activity increases considerably if the Al(C,H;):Cl/VAcs mo.lar. ra,tlo"
increased from 3 to 4, and increases slightly if the same ratio 1s varie
from 4 to 20. . o
At —20°C, the copolymer yields obtained in a given tlmfs and Wlthj
catalysts aged under the same conditions are directly proportional to the

catalyst concentration, i.e., the copolymerization rate is first order with
respect to the catalyst concentration. v

If the C;Hg/CoH, ratio and other factors are kept constanty¥the copoly-
merization rate is first order with respect to the monomer concentration.
All other conditions being equal, the copolymerization rate increases
remarkably if the CoH,/CsH; molar ratio in the feed is increased.

III. ETHYLENE-PROPYLENE TERPOLYMERS

Ethylene-propylene copolymers cannot be vulcanized by the conven-
tional processes used for diene rubbers or for butyl rubber because of the
absence of groups that can react with sulfur.

Since the hydrogen atom of the tertiary carbon atoms is particularly
reactive toward free radicals, ethylene-propylene copolymers can be vul-
canized with organic peroxides. Crosslinking takes place by combination
of free radicals belonging to different polymer chains (see e.g., Ref. 24
and literature cited there).

As rubber users are traditionally accustomed to vulcanize with recipes
based on sulfur and accelerators, many investigators (of which the authors
of this chapter were among the first) have studied the introduction of
double bonds into every copolymer molecule during the polymerization.
“In this way terpolymers containing a small amount of double bonds
“capable of being vulcanized with traditional methods used for low unsatu-
-ration rubbers (such as butyl rubber) are obtained.

+  Although many linear or cyclic diolefins may be copolymerized with
“ethylene and propylene, not all of them are suitable for producing good

“synthetic rubbers. First of all, they must be able to polymerize is such

& manner that the distribution of the double bonds becomes random.

his is probably one of the reasons why conjugated diolefins give terpoly-

mers whose vulcanizates generally exhibit modest properties.

The use of acetylene and its homologs as termonomers does not give
ood results owing to the tendency of these monomers to react with
alkylaluminums and thus deactivate the catalyst.

In order to avoid the formation of branches or crosslinks during or
fter the terpolymerization, the residual double bond of the diene entering
he polymer chain should not react further during the polymerization and
he subsequent polymer recovery steps.

. A number of classes of nonconjugated polyenes suitable for the synthe-
sis of ethylene-propylene terpolymers have been found (Fig. 4) (25-29).
. The factors regulating the intrinsic viscosity of ethylene-propylene
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. 6 I 1 |
1 Linear nonconjugated dienes o o
CHg:CH-—CHz—CH:CH——CHa CHz~(lI CH,—CH=—CH2 g il s | B
T«
Hexadiene 1-4 CHs S
2-Methylpentadiene 1-4 g b e N
2 Monocyclic diolefins E
Q 3 - 1
£
o
[ =4
o
E 2 —
2
Cycloheptadiene 1-4 Cyclooctadiene 1-5 ) N |
£
3 Bicyclic diolefins | | ;
” % 100 200 300 400

Millimole termonomer/liter

(YT

Bicyclo [3, 2, 0] heptadiene 2-6

Fig. 5. Weight percentage of trans-1,4 divinyleyclobutane (DVCB) and 1,2,4 tri-
" vinyleyclohexane (TVCE) in terpolymer as a function of termonomer concentration

4,7,89 Tetrahydroindene
in the liquid phase.

——CH
4 Polyalkenylcyc!oalkanes CH 2
CH==CH2
‘:[ terpolymers are the same as for the binary copolymers. The rate of
CH==CH2 CH=CH, terpolymerization is generally lower than that of the diene-free copoly-
—==CH; merization (4). The content of termonomer in the terpolymer increases,

as can be predicted, if its relative concentration in the reacting phase is
increased (Fig. 5).

Whereas monoolefins are generally fed continuously throughout the
terpolymerization, all the termonomer can often be added at the beginning
of it, depending on its low rate of conversion.

However, if the termonomer is particularly reactive, continuous or
periodic addition of it throughout the polymerization may be desirable
or even necessary to prevent undesirably high termonomer conversions
4).

It has often been observed that, if the concentrations of ethylene and
propylene in the feed are kept constant and the diene termonomer con-
centration is increased, unlike in the case when the termonomer is another
' lpha—oleﬁn e.g., butene-1, the ethylene to propylene ratio in the ter-
polymer increases. This phenomenon has been observed in the case of
near, non-conjugated diolefins (25), 1,5- cyclooctadlene (26) (Fig. 6) and
dicyclopentadiene (25,30). However, the way in which the monomers
re added can limit the extent to which it appears (4).

~The termonomer most studied is dicyclopentadiene (25,4,30,31). As

"1-2 Divinylcyclobutane 1-2-4 Trivinylcyclohexane

5 Norbornene derivatives

OSNCHICH

thylenenorbornene-5 2-buten-2-yinorbornene-5

Hy——CH==CH—CHa -

Dicyclopentadiene 2- Me

6 Linear trienes o
CHy=—=CH—CHz— CH==CH—CH;—CHy— CHo— CH==CHz

Decatriene 1-4-9

Fig. 4. Classes of termonomers suitable for making ethylene-propylene terpolymer
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the norbornene-type double bond is the more reactive, the monomer unitis

s

(25,30). However, in some cases the second double bond reacts, too
(31), giving rise to branching. '

The monomer unit formed from a certain termonomer in terpoly-
merization is often different from that formed in its homopolymerization.
This is for example the case for 1,5-cyclooctadiene (32,26), 2-methylene-
5-norbornene (cationic systems) (33,33a), and 1-methyl-1,5-cyclooctadiene

(34) (Fig. 7).

Third monomer: COD —

w $=
i

in the terpolymer

Ny

Mole CaHg
Mole C3He

Third monomer: Butene-1

1 _______________________
0 | | | | l |
0 0.1 0.2 0.3 04 05 0.7
Mole third monomer
| n-heptane

Fig. 6. Copolymerization of ethylene and propylene with a third monomer. De-
pendence of C,H,/CsHs molar ratio in the terpolymer on the concentration of thy
third monomer in the reacting phase. Solid line: ethylene—propylene—cyclooctadien:_
1.5 terpolymerization. Experimental conditions; polymerization temperature =
—10°C; abs. pressure = 1 atm; solvent, n-heptane; C;H,/CsH. mole ratio in th
gaseous feed = 2; VCly = 0.5 mmole/1; Al(C;Hy):Cl/VCl, mole ratio = 5; dotte
line: ethylene-propylene-butene-1 terpolymerization. Experimental conditions: poly
merization temperature = 25°C; abs. pressure = 1 atm; solvent, n-heptane; C3Hs
C,H, mole ratio in the gaseous feed = 2; VCl, = mmole/1; Al(CsHis)s/VCly mol

ratio = 2.5.

—

ETHYLENE-PROPYLENE RUBBERS

Homopolymerization

or

CHs

CH3

-

Terpolymerization

CHy

and in terpolymerization with ethylene and propylene.

IV. DETERMINATION OF THE COMPOSITION

OF ETHYLENE-PROPYLENE COPOLYMERS

A. Radiochemical Method

Wher} radioactive ethylene (3) is used in ethylene—propylenelcopoly—
merization, the ethylene weight percentage in the copolymer is given by
he ratio of the specific activity of the copolymer to that of the pol);—
thylene obtained from the same ethylene.

697

.”Flg. 7. Monomer units formed from certain cyclic monomers in homopolymerization
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examination regardless of its compositi i i

obtained with samples containing (p3?4s—l:;;)1;ien'£he calibration eurve was

thA.near }nfrarefl method proposed by Buceci and Simonazzi %(38) uses
e intensity ratio between the shoulder at 1692 u attributable to the

methyl groups, and the maximum at about 1764 u, attributable to the

methyle?n.e groups. The ratio is a linear function of the copol

composition. POy

B. IR Spectrographic Method

d, which is the most general and important
sne for determination of the copolymer composition, one must distinguish
setween two cases depending on whether the copolymer is or is not
soluble in solvents suitable for IR spectroscopic examination (e.g., carbon

tetrachloride).

In the former case,
the optical density of
groups, makes it possib
present. The value of the extinction coe
the values obtained from measurement on v
polypropylene.

A limitation to this method is that ethylene-propylene copolymers
sometines give rise to seemingly homogeneous solutions, which, however,
also contain swollen copolymer particles. In such cases, the measurement
should be carried out in the solid state (i.e., on pieces of thin film obtained
by molding the copolymer).

According to the method proposed by Gossl (35), the ratio

_ E139

—

" E86

When adopting this metho

the analysis is rather simple (3); measurement of
the absorption band at 7.25 u, due to methyl
le to calculate the amount of propylene units
fficient used is the average of
arious solutions of atactic

C. Mass Spectrographic Analysis of Products Obtained by Pyrolysis

Bua 'and Manaresi (39) set up an analytical method based on the
pyrolys1s of ethylene—propylene copolymers followed by mass spectro-
graphie ‘analySIS of the products thus obtained. A drawback of this
_ metbod is the considerable length of time required for the analysis. It
. possible field of application is rather limited, therefore. o i

D. Relationship between the Composition of Ethylene-Propylene
Copolymers and the Temperature of Minimum Rebound

‘thThe methy!ene sequences in ethylene-propylene copolymers constitute
? (; most flexible part of the amorphous macromolecule; while the pro-
: fﬁr en:hs?quences by c.ontrast are the least flexible ones. By increasing
; bil(;,te 3f'erﬁe content in amorphous copolymers, one increases the flexi-
| ility o the macromolecule; thus a higher rebound is obtained at any
between the extinction coefficients at 13.9 p and 8.6 u, respectively, is  Biven temperature. '

used. The band at 13.9 pis attributed to sequences of methylene groups .

from ethylene units and the band at 8.6 s to methyl groups from propylen -80
units. ) [ i ‘
The calibration curve was obtained from measurements on sample =70~ 7
completely soluble in carbon tetrachloride, whose propylene content could : —601— //’
be determined with the help of the band at 7.25 . -7 -
The method proposed by Wel (36) uses the ratio: © =50 B
, _ B81 g~ 5 .
E13.9 = 30— - i
The logarithm of this ratio is a linear function of the mole percent £ -201~ —
propylene in the copolymer. =10}
The method proposed by Ciampelli and co-workers (37) uses the rat . ‘ | -
0 20 40 % 3

between the intensities of the bands at 8.6 u, whose intensity is propor-
tional to the propylene content, and 2.32 g, whose intensity is propors

tional to the number of carbon-hydrogen bonds present in the copolymer

and therefore practically proportional to the thickness of the film under

% Ca2Hgq mole

Fiz. 8. .
ig. 8 Temper:}tlui'e of minimum rebound as a function of ethylene content for
ethylene-propylene copolymers of varying composition.
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A quantitative relationship between 'the ethylene content of tfl}:
copolymer and the rebound value at or slightly below room tcim?er: e
cannot be obtained easily, especially w1tb unC}lred samples. In fac ,h. o
rebound value can be influenced by the vllscolsmy of tgs copolymer, whic
is, i function of the average molecular weight.
> 11\1:; iiigé;‘atux'es much below room temperature, the 1nﬂuenc¢; of .thz
molecular weight becomes negligible; thel.‘e_fore, the rebound va re is .
function only of the copolymer compqsxlnon. If the temperz; uret o
minimum rebound is used as a variable, it appears to be a linear function

of the ethylene content (Fig. 8) (40).

V. DETERMINATION OF THE COMPOSITION
OF ETHYLENE-PROPYLENE TERPOLYMERS

A. Propylene Content 7
the determination of the propylene .
lymers has been published, it may be -

be carried out by using the same
propylene

Although no detailed study of
content in ethylene—propylene.terpo
assumed that the determination can _
bands and the same techniques asin the case of binary ethylene-
copolymers.

B. Unsaturation Content

1. Iodometric Method

The determination of unsaturation in ethylen.e-propylene terpolymer; :
by the ICl method has been thoroughly described by Hank (41) an
Tunnicliffe and co-workers (42). According to the first author, an e)tc)ces:‘
of IClis added to a CS, or CCl, solution of the te.rpolymer. .After about
1 hr, KI and water are added. Todine formed in the reaction between
KI and unreacted IClis titrated with sodium thiosulfate.

~ CH=CH~~ 25 ~~CHI—CHCI~
ICl + KI— 1, + KCl

As a blank, an ethylene-propylene copolyme? solution is emplo.yed‘. T;vo,.
side reactions may take place: HI elimination (1) and substitution (2):
(1)
@

—~CHI—CHCl~ — ~CH=CCl~ + HI
~“~CHR—CH~ + ICl — «~CRCl—CH~ + HI
HI then reacts with excess ICl to give iodine:
HI + ICl— 1. 4+ HCl

While the first reaction does not disturb the determination of unsatura- :

tion, the second reaction gives too high unsaturation values.
of the two side reactions can be judged by titration of I, with XIO;:
: L
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The extent

KIO; + 2I, + 6HCI — KCl + 5IC] + 3H,0

To determine the reliability of the ICl method, terpolymers containing

radioactive dicyclopentadiene were prepared. The iodometric values
agreed well with those obtained by the radiochemical method.

According to the related method of Tunnicliffe et al. (42), measured

portions of a CCl; solution of terpolymer containing excess ICl are
removed at regular intervals and titrated as described above.
so obtained are then extrapolated to zero time.
control should be carried out with terpolymers containing labeled
dieyclopentadiene.

The values
Also in this case a

The ICl method is suitable also for the analysis of 1,4-hexadiene

terpolymers, but not for 1,5-cyclooctadiene terpolymers, in which exten-
sive HI elimination and further ICl addition takes place.

2. Infrared Method

The unsaturation content of dicyclopentadiene terpolymers can be

determined (41) from the intensity ratio between the band at 6.22 p,
due to the double bond contained in the cyclopentene ring, and the band
at 2.32 pu, proportional to the thickness of the terpolymer film. Cali-
bration curves can be obtained with the help of terpolymers whose
unsaturation content has been established by other methods, e.g., by
~ the ICl method. :
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