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ABSTRACT

A study has been made of the polymerization Qf 1-pentene us-
ing a titanium trichloride-triethyl aluminum catalyst and n-heptane as
the solvent. The polymerizations were run in glass reaétion vessels
at pressures near atmospheric and over a temperature range from 0° to
85°C. The monomer concentration was varied from 5 to 95 volume per-
cent; the titanium trichloride concentration was varied from 5 to 50
grams per liter; and the triethyl aluminum concentration waslvaried
from O.4 to 12 moles per liter. The rate of polymerization, intrinsic
viscosity, and polymer density were measured as a function of these re-
action conditions.

The rate of polymerization was found to be first order with
respect to monomer concentration and titanium trichloride'concentration
and independent of the aluminum alkyl concentration. The temperature
dependence of the rate was found to be of the Arrhenius form.-with an ac-
tivation energy of 7.5 kcal/mol. It was found also that the specific
rates for two different grades of titanium trichloride were not directly

proportional to the specific surface area of the titanium trichloride

-Xi-



as measured by nitrogen adsorption. At higher temperatures the cat-
alyst activity was found to decrease with time according to a process
which appeared to be first order with respect to the titanium trichlo-
ride concentration.

The intrinsic viscosity of the polymer was found to increase
with increasing monomer concentration, to decrease with increasing alum-
inum alkyl concentration, to be independent of the titanium trichloride
concentration, and to decrease with increasing temperature. In order to
correlate these molecular weight data satisfactorily with these reaction
variables it was necessary to assume an empirical relationship between
the intrinsic viscosity and the number average degree of polymerization.
This relationship indicated that the ratio of viscosity average to num-
ber average molecular weight increased with increasing molecular weight.
Some support for this empirical form was obtained from a few osmotic -
pressure determinations.

Little variation in polymer density was observed with reaction
conditions. However, the nature of the catalyst used did affect the
density.

These results have been interpreted according to the mechanism
proposed by Natta and others whereby the aluminum alkyl is strongly

adsorbed on the surface of the titanium trichloride forming an active

-xii-



catalyst site. The polymer grows out from this site with each addition
of monomer occuring at the same site. Termination of the growth of the
polymer molecule can occur by several processes; (a) spontaneous monomo-

lecular termination; (b) transfer with monomer; and (c) transfer with

the aluminum alkyl.
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I. INTRODUCTION

A. Objectives of the Study

The most general objective of this study is to contribute to a
better understanding of the processes involved in the synthesis of stereo-
regular polymers. One method of approach to this subject would be a study
of the effect of reaction conditions on the rate of polymerization as well
as on the molecular properties of the resulting polymer.

The important molecular properties of any polymer molecule would
include its chemical composition, molecular weight, degree and type of branch-
ing or crosslinking, and the steric order of the individual repeating units
within the polymer chaip. Since, in general, one must deal with a polymer
aggregate composed of many molecules which may vary in size and structure,
it is necessary to characterize the properties of the polymer either in
terms of a distribution of the property or in terms of an average property.

The particular polymer properties which were selected for study
in this research are the intringic viscosity and osmotic pressure as mea-~-
sures of the average molecular weight, and the density and x=-ray diffrac~-
tion pattern as a measure of the average crystallinity of the polymer mole-
cules. These properties, then, together with the rate of polymerization
were studied as a function of reaction conditions.

The reaction variables which were chosen for investigation are the
concentrations of the monomer and the two catalyst components, the reaction

temperature, and the surface area of the catalyst.
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A system consisting of l-pentene as the monomer, titanium
trichloride in conjunction with aluminum triethyl as the catalyst, and n-
heptane as the solvent was selected and is felt to be representative of this
type of stereospecific polymerization.

B. Stereoregularity in High Polymers

The discovery of catalysts which would produce high molecular
weight, linear polyethylene under surprisingly mild conditions was followed
rapidly by the development of the concepts of stereoregular polymers and
stereospecific polymerization. Although some previous work had been done
along these lines, it was largely through the efforts of Prof. Natta and his
coworkers that these concepts were developed and publicized.

Natta's early work dealt mainly with the synthesis of high mole-
cular weight polymers from hydrocarbon olefins and diolefins using cata-
lysts prepared from aluminum alkyls and titanium chlorides. It was found
that not only could new polymers be synthesized but that fractions of these
polymers exhibited crystalline i-ray patterns. Furthermore, when some of
the standard monomers were polymerized with these catalysté the polymers
obtained had properties considerably different"from those of the typical
"free radical" polymers, and these differences in physical properties were
found to be due to differences in the crystallinity of the two types of
polymer.

Several features of the new°polymers appear to account for the
large increase in crystallinity. First, these polymers are essentially
linear. Thus, short chain branching reactions; common in the high pres-

sure polymerization of ethylene, apparently do not occur. Second, whereas
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in the free radical polymerization of many monomers some 1 - 3 percent

of the growth steps are "head-to-head", the structural units in these
crystalline polymers seem to be alligned "head-to-tail" exclusively. Fin-
ally, there appears to be some regularity of the steric configuration of
the assymetric carbon atoms along the polymer chain in these crystalline
polymers.

Although the first two of these features are essential in stereo-
regular polymers, it is the third condition which allows the polymer chains
to become part of a crystal structure. In an addition polymer whose repeat- .
ing structural unit is (-g—g—), where R is any group other than hydrogen,
the carbon atom to which tieRR group is attached will be assymetric. Thus
every other carbon atom along the backbone of the polymer chain will be
assymetric and it is the order of the steric configurations of these car-
bon atoms which plays such an important part in determining the properties
of the polymer.

In polymerizations initiated by the normal free radical initiators
the addition step appears to be completely random insofar as the configura-
tion of the assymetric carbon atoms is concerned. These polymers, with ran-
dom distribution of configurations along the chain, have been termed "a-

tactic" by Natta (36). A section of such a polymer chain could be repre-

sented in two dimensions in the following way:
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where the R group above the line represents one configuration and the R

group below the line represents the other.
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In polymerizations employing the new stereospecific catalysts,
polymers have been obtained with at least two types of regular structure.
In the first of these, termed "isotactic", the configuration of the assy-

? 2

metric carbon atoms remains the same for long sections of the polymer:

H R H R B R H R H R
-C-C-0-C=wC=-C=C-C-C=-20-
H H B H H H H H H H

In the second, termed "syndyotactic," there is a regular alternation of

the two configurations along the polymer chain:

H R H ¥ H R H H H R
-C-0-C=~-0-C-C-C=-C=-C=C -
H H HE R B E E R H H

Although these planar vepresentations are useful in representing
the various types of polymer, they are oversimplifications of the actual
situation. X-ray dats indicate that many of these stereoregular polymers
form helical crystal structures with three or more monomer units in each
turn of the helix. It is these helices then which line up with one anéther

to form the crystalline material.



II. SURVEY OF RELATED LITERATURE
1

A. General

Several excellent books and reviews on the subject of stereo-
specific polymerization have been published in the last two years. The
most recent, and probably the most complete, is the book by Gaylord and

Mark, Linear and Stereoregular Addition Polymers. (2#)0 While this book

presents a good discussion of the polymerization mechanisms described
in the literature, perhaps its most useful feature is an excellent tab-
ulation of the data contained in the many foreign patents. A slightly
different mechanistic viewpoint is expressed in an article by Fried-
lander (22) which also serves as an excellent introduction to, and re-
view of the subject.

Schildknecht (719) and Tobolsky (85) have presented gdeneral
(82)

reviews of the literature in this field while Stille has reviewed

the uses of complex metal catalysts including their use in this field of
stereospecific polymerization.

A sizeable portion of the published work in this field is due
to Dr. G. Natta and his coworkers at the Polytechnic Institute in Milan.
Several of Natta's early articles provide a good introduction to the
(37,38),

field as well as a discussion of the new concepts involved

More recently he has discussed the nomenclature relating to this field

of stereospecific polymerization (56>0



B. Catalyst Systems

Since Ziegler's discovery that titanium tetrachloride together
with aluminum triethyl would catalyze the polymerization of ethylene (92)
a large number of catalyst systems have been reported which will effect
the polymerization of one or more monomers. The major differences which
are found between one catalyst system and another are the type of monomer
which can be polymerized, the relative activity of the catalyst, and the
stereoregularity of the resulting polymer.

The type of catalyst system which seems to have received the
greatest amount of attention thus far is the Ziégler type catalyst which
is one produced by combining a titanium halide with an aluminum alkyl.
Natta, using both titanium tetrachloride and titanium trichloride to-
gether with various aluminum alkyls, was able to polymerize numerous
Q - olefins including styrene, propylene, 1 - butene, 1 - pentene, 1 -
hexene, 4 - methyl-l-pentene, 4 - methyl - 1 - hexene, and 5 - methyl -
1 - hexene(67'7o) . This system has also been reported to produce cis

(26,39) (43,57)

1-4 polyisoprene s 1-2, polybutadiene and cis 1-4 poly-

(39)

butadiene « The trichlorides of titanium, vanadium and chromium in
conjunction with aluminum triethyl are reported to produce trans Lol-
polybutadiene(58)°

Variations of this system also form active catalysts. For ex-

ample, titanium dichloride, titanium tetrafluoride, titanium tetrabromide,

titanium tetraiodide, titanium tetra=a]lcololates will all catglyze the

(71)

polymerization of propylene when combined with aluminum alkyls
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In general either the tetrachloride or the trichloride of ti-
tanium in conjunction with aluminum triethyl hes been found to be the
most active catalyst of this type while the titanium trichloride - al-
uminum triethyl system appears to give polymers with the highest degree
of stereoregularity.

A number of other compounds have been found to be active cat-
alysts in stereospecific polymerization. Isoprene can be polymerized
to give specific isomers using n=butyl lithium (87) or dispersed lithium
metal (81)0 Sodium alkyls (28), the Alfin catalysts (90), and potassium
alkyls (91) will all produce crystalline polystyrene. In addition, a
large number of compounds will catalyze the polymerization of ethylene
giving a high density product <l9575); but since polyethylene contains
no assymetric carbon atoms it is not a true stereoregular polymer. Never-
theless it seems probable that many of these catalysts could produce
stereoregular polymers from a monomer such as propylene.

Although this brief review of stereospecific catalysts is by
no means complete, it is hoped that it will indicate that a variety of
materials can serve as active catalysts in these polymerizations. More
complete tabulations of these catalysts and the appropriate polymeriza-

(2,2498)

tion conditions can be found in the review articles mentioned above.

C. Polymerization Kinetics and Mechanism

The kinetics of polymerization reactions involving these com-
plex metal catalysts has received considerable attention in the past two
years. The majority of this kinetic work has dealt with catalysts

formed from the titanium chlorides and metal alkyls. Ethylene, propylene,
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styrene and isoprene have all been studied under a variety of reaction
conditions and the kinetic behavior apparently varies considerably with
the particular catalyst system.

The system of propylene, titanium trichloride and aluminum
triethyl has probably been subjected to the most thorough study and,
again, this is due to the work of Natta and his colleagues. The most

(61-66)

complete presentation of these data was in a series of six articles

while summaries or condensations have appeared in several places (4o,

56, 64, 65). In general, the results of this work show that the rate of
polymerization is first order with respect to propylene and titanium tri-
chloride concentrations and independent of the aluminum alkyl concentra-
tion. An overall activation energy of about 10 kcal/mol is obtained.

The reciprocal degree of polymerization is found to be proportional to
the half power of both the aluminum triethyl conc. and the titanium tri-
chloride conc., and proportional to the reciprocal of the propylene
concentration.

Natta and Danusso have reported a similar study on the kinetics
of styrene polymerization using both the tri~ and tetra-chlorides of ti-
tanium together with aluminum alkyls. Again these results have been pre-
. seqted in a series of articles (15'16’55). Using titanium trichloride
/with aluminum triethyl, the rate of polymerization is found to be first
order with respect to the concentrations of both monomer and titanium
trichloride. However, more complicated behavior with regard to catalyst
aging and activity was noted. An overall activation energy of 10.5

kcal/mol was found. Using titanium tetrachloride and aluminum triethyl

the rates were found to be a strong function of the ratio of Al/Ti.
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Burnett and Tait <7), in a short note, described similar re-
sults with styrene, titanium trichloride and aluminum triethyl obtaining
the same first order dependence and an activation energy of about 8
kcal/mol.

Saltman (83) has reported on the kinetics of isoprene poly=-
merization using titantium tetrachloride and aluminum trijisobutyl.

A marked dependence of both the rate and the nature of the products on
the ratio of Al/Ti is found. The rate is reported to be first order
with respect to monomer, titanium tetrachloride and aluminum trialkyl
concentrations and en activation energy of 1lh.h kcal/mol is found over
the range from 0° to 20°C.

A number of people have studied the polymerization of ethy-
lene using a catalyst of titanium tetrachloride together with various
metal alkyls. Friedlander (21) studied the reactions between titanium
tetrachloride and both n-butyl lithium and triisobutyl aluminum as well
as the activity of these catalysts in ethylene polymerization. Orze-
chowski (72) studied the titanium tetrachloride/triisobutyl aluminum
system with more emphasis on experimental procedure. Both found effects
of Al/Ti ratio and order of catalyst addition, which apparently involved
raduction of the titanium tetrachloride as well as adsorption phenomena.
Ludlum (55)5 studying the same system, found the polymerization rate to
be first order in monomer concentration and titanium tetrachloride con-
centration and the usual complicated effect of Al/Ti ratio.

McGowan and Ford (34) investigated both n-butyl lithium and

dibutyl zinc together with titanium tetrachloride in the polymerization
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of ethylene. They found that the polymerization was second order in

monomer concentration, first order in titanium tetrachloride concentra-
tion and essentially independent of the amount and nature of the alkyi.
Gilchrist (25), studying the same system (with di-butyl zinc) found an
involved dependence on the rate of both the titanium and alkyl concen-
trations as well as the second order dependence on the monomer concen-
tration.

In general, then, the systems involving titanium trichloride
appear to be first order in monomer in titanium concentrations, inde-
péndent of the alkyl concentration, and they have overall activation
energies in the range of 10 kcal/mol. Systems involving titenium tetra-
chloride are not readily amenable to generalization due probably to com-
plications arising in the reduction of the titanium tetrachloride by the
alkyl.

In addition to these articles, each of which includes some
discussion of the mechenism as applied to the specific system, several
theoretical papers have been presented which discuss the reaction mech-
anism. The majority of these deal with the nature of the catalyst sites.

Eirich and Mark (17,18) have discussed possible mechanisms
for stereospecific polymerization including the nature of the catalyst
sites. Assuming reversible adsorption of both the co-catalyst and mon-
omer on the catalyst, rate and molecular weight relationships were de-
rived. These relationships have been adopted to the system studied in

this research and are discussed more fully in a later section(pg. 17).
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Uelzmann (89), Patat (76), and Natta (b1) have discussed the
nature of the catalyst complex active in Ziegler type polymerizations.
Agreement is reached only in that a bimetallic complex is formed, that
the propagation step takes place at the complex, and that the configura-
tion of the adding monomer unit is influenced by the complex.

Mussa (35) has considered the problem of the molecular weight
distribution of the product obtained in these polymerizations. Data
indicating that this distribution is unusually broad are discussed and
mechanisms are presented which might rationalize these data.

Bailey and Lundberg (5) have treated the variations in polymer
crystallinity on the basis of a single type of catalyst site. A rela-
tionship between the polymer crystallinity and the "degree of stereo-
specificity" of the catalyst is derived and the éffect of temperature
on the degree of stereospecificity is discussed.

D. Polymer Properties

In addition to the general properties of stereoregular poly-
mers, two specific areas of property determination have received par-
ticular attention. The first of these areas concerns the relationships
between the solution properties of these polymers, especially those con-
cerned with molecular weight determination. The second concerns the de-
termination of polymer crystallinity and the factors which influence
this crystallinity.

The solution property studies were genefally concerned with
relationships between intrinsic viscosities and osmotic pressure or light

scattering molecular weight. Danusso and Moraglio (54’12) studied the
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relationships between intrinsic viscosities in toluene and osmotic pres-
sure molecular weights with a series. of fractionated samples of poly-
styrene. Both atactic and isotactic polymer samples were studied and
the intrinsic viscosity-molecular weight relationships were found to be
essentially the same for the two types of polymer. Differences between
the isotactic and atactic polymer were found in the second virial co-
efficients frém osmotic pressure.

Similar studies on polystyrene in toluene have been made by
Ang (5’4>, Pegker (74), and Trosssarelli (86), all of whom used light
scattering to determine molecular weights. Their results were essen-
tially the same as those of Danusso and Moraglio.

Krigbaum, Carpenter and Newman (29) have reported on intrinsic
viscosity, light scattering, and osmotic pressure measurements of iso-
tactic polystyrene in o-dichlorobenzene and p-chlorotoluene. They found
the distribution of unfractionated samples to be quite broad, with
ﬂ;/ﬂ& in the range of 10.

k)

Chaing (8) and Ang ( - have determined the intrinsic viscosity-
molecular weight relatipnship for isotactic polypropylene using frac-
tionatied samples and the light scattering technique. Ciampi (ll) has
reported similar results with osmotic pressure measurements on fraction-
ated éamples of isotactic polypropylene. -Again these studies showed
that the intrinsic viscosity-molecular weight relationship was indepen-

dent of the polymer tacticity whereas interaction coefficients were af-

fected by the structure.
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Natta has described the crystal structure, as determined by

(k4-50, 52,

x~-ray diffraction patterns, of several crystalline polymers

59)

o

In particular, rather complete structure determination has been
made for isotactic polypropylene (50) and syndiotactic 1, 2-polybuta-~
diene (ué)a Natta has also presented methods for determining the de-
gree of crystallinity of isotactic polypropylene(Sl) and isotactic poly-
styrene (55) on the basis of specific volume.,

The fhermodynamics of crystallization in linear polyethylene
has begn_studied by Quinn and Mandelkern (77)‘while Tung end Buckser(84>
have investigated the effect of molecular weight on crystallinity in
polyethylene. In both of these cases specific volume was used as a mea-
sure of the polymer crystallinity.

Methods of obtaining absolute crystallinities using x-ray dif-

fraction have been described by Krimm and Tobolsky (30,51) and Ohlberg
(2,73)

and Alexander o



ITT. THEORETICAL CONSIDERATIONS

A. Rate of Polymerization

1. General Kinetics of Double Bond Polymerization =- The kinetics

of homoéeneous free radical polymerization of olefins has been studied
quite thoroughly and summarized by several authors(20’25’24). The
assumptions which are made and the relationships which are derived do
an excellent. . job of explaining polymerization data over wide ranges of
conditions. Thus it would seem appropriate to present here a brief sum-
maryvof these relationships.

~As in other chain reactions several processes are involved ig
>the conversion of monoﬁer to polymer. These processes can be considered
to fall into three groups: chain initiation, chain propagation, and
chain termination.

The initiation of polymerizations is considered to include two
separate steps: (1) the formation of active free radicals, and (2) the
addition of a monomer unit to an active free radical. In ﬁhe first step
an organic initiator (I) such as benzoyl peroxide decbmposes to form two
"primary" free radicals (I°)

kg
I - 2 I (1)

Secondly, a monomer unit (M) adds to an active free radical to form

& "chain" radical (Mps)
K,
Ie + M - Ml‘ . ) (2)

~1h-
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The growth, or propagation, steps in the polymerization reac-

tion can be represented in a similar manner

kp
Mp. + M = Mps
kp
MQ& + M - M5°

or in general

p

A S T ] (3)

One of the most important assumptions involved in the development of
these kinetic relatlonships is that the reactivity of the various chain
radicals (MX°) is independent of the size of the chain. Thus the same

rate constant, kp, is applicable at each step.

Termination of the growing chain can occur in several ways.

In the first, by "coupling", two growing chains combine to form one
dead polymer molecule !
Kte .
MX * My - Mx-i-y (La)

In the second, the two growing chains "disproportionate" to form two
dead molecules
kta |

Mo Mo M+ M (bb)
Finally, a growing chain radical may terminate by removing a hydrogen
atom (or some free radical group) from a molecule, or "transfer agent'.
This process is called termination by transfer and can be generally
represented as follows:

ktg
M. + SH - MH + 8 (ke)
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where SH is any transfer agent and S is a free radical which may or may
not be cgpable of further initiation of polymer chains.

These equations, then, describe the mechanism of an initiated
ffee radical polymerization and from them, together with several assump-
tions, general kinetic relationships can be derived.

The steady state treatment is applied to the total concentra-
tion of free radical species present [M°]‘in that it is assumed that this
concentragtion does not change with time. This is equivalent to the assump-

~tion that the rate of initiation is equal to the rate of termination un-
;dgr‘stéady'sﬂété conditions.. Noting that Equations (2), (%), and (Lc)
do not affect the chain radical concentration we canAobtain an express-
.ién for the rate of change in radical concentration and 'set it equal to
:zéro:

S ='0'= 2xg [1] - ke (017

- kga (M) (5)

Combining the two termination steps and solving for the radical concen-

tration we obtain /2
2kq [I]

kg

[M°] = (6)
From Fquation (3) we can write an expression for the rate
of propagation (Rp) |
Ry =k, (][] | (M)
and combining Fguastions (6) and (7) we can express fhis rate in terms of

measureable quantities

‘ 2 1/2
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Since the amount of monomer reacting according to Equation (2)
is negligible compared to that reacting according to Equation (3) if the
degree of polymerization is large, the rate of propagation is essentlally

equal to the rate of polymerization.

- M
Rp = EEL—J (9)

Several comments should be made concerning this derivation.
First, the expression for the rate of initiation (included in Equation 5)
is usually modified to include an efficiency factor to allow for primary
radicals which are formed but do not initiate chains. Second, when term-
ination according to chain transfer (Equation Le) yields radicals which
are unreactive (inhibition) or less reactive (retardation) the expression
for the rate of polymerization will be appropriately altered. However,
it is not felt that a discussion of these factors is appropriate at this

point.

2. Heterogeneous Catalysis - Having discussed briefly some of the

methods used in treating homogeneous polymerization reactions we shall

now proceed to discuss relationships applicable in stereospecific poly-

merizations.

One of the characteristics of many of these polymerizations is
the presence of a solid catalytic species. Thus, the problems of hetero-

geneous catalysis and adsorption become important, and again these have

been adequately treated by many authors (52’80)0 The application of

these principles to heterogeneous polymerization has been treated by

Eirich and Mark(17-18),
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A reaction which takes place at a surface can be considered to

occur in five consecutive steps:

1. Diffusion of the reactants to the surface

2. Adsorption of the reactants

%. Chemical reaction

L, Desorption of the products

5. Diffusion of the products from the surface.
In bulk polymerizations, where the viscostly of the media becomes high,
it is likely that the diffusion steps 1 and 5 could become important.
However, at low conversions such as were attained in this study the vis-
cosities remain low and the diffuéion processes are most probably quite
rapid as compared with the other steps in the process.

The desorption of the products (step 4) is often difficult to
separate from the reaction step. It is therefore usual to cdnsider the
two steps together. This is not a convenient concept in polymerization
reactions because many propagation steps occur before termination of
the chain and the subsequent desorption. However, this very fact re-
duces the importance of the desorption step in rate considerations and
it is generally neglected.

This, then, leaves two important steps in the surface reaction:
the adsorption of the reactants and the subsequent chémical,reaction.
Applying the Langmuir-Hinshelwood mechanism to the propagation step of
a surface catalyzed polymerization gives the following scheme:

P
s
7 o y

M +8 -85 - -5 - - - -5 -5 -

where S represents the solid surface, M the monomer unit, and P the

polymer chain of n monomer units.
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If we now consider a unit area of catalyst surface having a

concentration of active sites c¥*g (sites per cm.2) and having a fraction

6 of these sites covered with adsorbed monomer, then the rate of chemical
reaction per unit area of surface (r) can be written

r = kX6 (10)
where kp is the reaction rate constant. It then remains to relate the
concentration of adsorbed monomer to the concentration of the reactant
in the bulk liquid.

This relationship has been derived by Lengmuir by assuming

that at equilibrium the rate of adsorption of a reactant on the solid
surface will equal its rate of desorption. These rates can be expressed

in terms of the bulk concentration of the reactant (CR), the concentration

of surface sites, and the fraction of the surface sites covered by the

reactant:

1]

rg = k;CRC¥*g (1 -9) (11)
rqg = k. ¢¥g 6 (12)
Equating these two rates and solving for the fraction of surface covered

one obtains:

k, C
6= = R (13)
k_l + leR

Using the form of Equation (13) to relate the concentration of adsorbed
monomer (C¥40) to the bulk monomer concentration (CM): we can obtain an
expression for the rate of polymerization (RP):

k, s c¥ C
=k:9 1 s M (l)-l-)

Fp
k_l + leM
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where s i1s the specific surace of the catalyst (cm?/g;) and the rate
is expressed in terms of g. per hr. per g. of catalyst.

Two special cases occur which are of interest. In the first,
the monomer concentration is small or it is not readily adsorbed so that
k4f5>k10M. The reaction rate then becomes first order with respect to
the monomer concentration. In the second case the monomer concentration
is large or it is very easily adsorbed such that leM;£> k_1. The rate
then becomes independent of the monomer concentration.

3. Ziegler Type Catalysts - At this point it seems gppropriate

to consider briefly some of the features of Ziegler type catalysts.

In particular, this system of titanium trichloride with an aluminum
alkyl will be considered sincg it consists of a preformed solid catalyst
and a liquid cocatalyst which can be considered to be adscrbed on the
surface of the solid. Systems based on titanium tetrachloride can be re-
lated to this system by assuming that the aluminum alkyl first reduces
the tetrachloride to the solid tri- (or di-) chloride after which it is
adsorbed on the surface to provide active catalyst sites,

The nature of the titanium trichloride - aluminum alkyl system
indicates that the active sites are formed by the adsorption of the alkyl
on the titanium trichloride surface. However, as was indicated pre-
viously, the precise nature of the bonding between these compounds has
not been determined. It seems probable that a coordination complex be=
tween the Al and Ti atoms exists thereby giving an assymetric nature to

the catalyst site which would help to explain the stereospecificity of

the propagation step in the polymerization reaction.
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The kinetics of the polymerization for a given catalyst sys-
tem are essentially independent of these considerations and, for the
same reasons, little information concerning the nature of the catalyst
can be obtained from kinetic data.

If we consider the most general case of reversible adsorption
of the alkyl of the titanium trichloride surface we can obtain an ex-
pression for the coancentration of active sites as a function of the
alkyl concentration, Cp, by applying the Langmuir relationship derived
previously (Equation (13))and letting cg represent the concentration of
sites available for alkyl adsorption:

c k C
1 A
c* = c 0 = EE__;fETE- (15)
=1 1A

where c*S represents the concentration of sites (sites/cm?) on which the
alkyl is adsorbed (therefore active sites for polymerization), c, the
total concentration of sites available for alkyl adsorption, Cp the bulk
alkyl concentration, kl and k_l rate constants.

Again, in the limiting cases, the concentration of active sites
can be either directly proportional to, or independent, of the bulk con-
centration of the aluminum alkyl.

4., The Overall Rate Equation - We can now obtain an expression for

the overall rate of polymerization in terms of measureable quantities
and constants of the system. Combining Equations (14) and (15) and dis~
tinguishing between the adsorption rate constants for the monomer and

alkyl we obtain:
Rp _ kp 8 Cg KM Kp CM Ca (16)
(1 + Ky Cy)(1 + KyCy)
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where K = kl/k-l’ the reciprocal of the equilibrium dissociation con-

stant, for the monomer (KM) and the aluminum alkyl (KA)° pr the rate

of propagation, is numerically equal to the rate of polymerization:

R, - 4+%¥®-- 1M (17)

where Gpi 1s the weight of TiClB, P the weight of polymer, and M the
weight of monomer. IFrom Eqﬁation (16) we can see that the polymeriza-
tion rate can vary from first order to zero order dependence on both
the monomer and the alkyl concentrations.

Analysis of the overall rate equation with regard to tempera-
ture effects results in a rather complicated expression since the dis-
sociation constants as well as the rate constant are temperature depend-

ent. This dependence is usually expressed in the Arrhenius form:

T

kp = A"p e RT' (183.)
+Di

Ky = Ay e BT (18b)
+DA.

Ky = Ay e BT (18¢)

where Ap, Ay, and Ay are the classical frequency factors, Ep the activa-
tion energy for the chemical reaction, and Dy and Dy are dissociation en~-
ergies for the dissociation equilibrium of the monomer and alkyl on the
solid titanium trichloride.

We can, however, get a good idea of the relative magnitudes of

the temperature effect by considering the limiting cases of Equation (16).
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The largest temperature effect will be found for the case in which both
the monomer and the aluminum alkyl are strongly adsorbed and present in
excess. In this case the rate will be independent of both concentrations:
R, =k, 8 ¢ (19)
and the temperature dependence will be expressed by,
R, = Ap sc e FI (20)
If the monomer is weakly adsorbed but the alkyl strongly complexed the

temperature dependence will be of the form:
mEp *+ Dy
L RT :
Rp = Ap Ay s o Cy e (21)

The lawest overall activation energy will be obtained for the case of

weak monomer adsorption and weak alkyl complexing (or low alkyl concen-

tration):
w(EE = Dy = Dy)
= , 22
Rp Ap AM AA 8 Cg CM CA e RT (22)

These equations, then, predict the rate behavior for hetero-
geneous polymerization on the basis of classical adsorption and reaction
rate theory with the tacit assumption that active catalyst sites are cf

a uniform nature.

5. Non-uniform Reaction Sites - The most significant factor in

stereospecific polymerization is the fact that the polymer produced has
a certain steric order. While the causes for the presence of order in
the polymer are connected with the nature of the catalyst, the fraction

of polymer possessing this order can be considered from a kinetic view-

point.
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Experimentally it has been found that catalytic systems which
produce steredregular polymer simultaneously produce a certain amount of
rolymer with no steric order or at least little steric order. One explane
ation that has been put forth for this behavior is that more than one type
of catalyst site is present. In particular it has been suggested that
two types of site are present, one giving ordered polymer and the other
giving non-ordered polymer.

Another explanation is that a single type of catalyst site is
present but that these sites produce polymer with a distribution of struct-
ures ranging from complete steric order to disorder.

It seems probable that in the actual situation catalyst sites
with a distribution of stereospecificities are present each of which
produces polymer with a distribution of structures. The analysis of a
system according to such a model would be far too complicated to be use-
~ful. It is, however, instructive to consiaer briefly one of the simpler
models.

If we assume that there are two types of catalyst site present,
one producing stereoregular polymer and the other producing atactic poly=-
mer, the total rate of polymerization will be equal to the sum of the
rates at each type of site. If we then consider the situation in which
the monomer is weakly adsorbed but the alkyl strongly complexed such that

Equation (21) is applicable, the following expression can be derived:
- OBy 58

Q;E) A" CyGpy e BT (l+BeRT (23)
dt £
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where the rate is expressed in g. per hr., A' and B are constants, Gmps
is the weight of TiC15 present, AEl is the overall activation energy for
the polymerization at one type of site, and OE 1s the difference between
this activation energy and that for the other type of catalyst site.

Thus, it can be seen that for this case only the form of the
temperature dependence of the rate is affected by assuming a "multiple
site" model. Obviously, if the activation energies at the two types of
site are nearly equal, Equation (23) will reduce to the usual Arrhenius
representation.

Although it is possible to derive, in certain cases, expressions
for the rate which will show a different dependence on monomer concen-
tration (or alkyl concentration) when the "multiple site" model is used,
the different form of temperature dependence as expressed in Equation (25)
is probably the most signifiéant. This arises from the fact that the
difference in activation energies (8E) can be obtained independently from
measurements of the temperature dependenée of the polymer crystallinity.

We have seen, then, that theories which have been suggested to
account for variations in the degree of crystallinity can also lead to
variations in the form of the rate equations. In the next sections we
will consider the effect of reaction conditions on the degree of cry-

stallinity as predicted‘by these models.

B. Degree of Stereospecificity

1. Definition - The concept of the degree of stereospecificity, which

appears to be a useful one, is related to the propagation step of a
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polymerization process and to the regularity of the resulting polymer.
A precise definition of the term has been proposed by Bailey and Lund-
berg (5) and much of the following derivation is due to them.

As a model for analysis they have chosen an infinitely long
polymer molecule formed by the addition of an infinite number of mono-
mer units. In a polymer such as a poly (o - olefin) each monomeric unit
in the polymer contains an assymetric carbon atom and this carbon atom
will have one of two steric configurations. The probability that a mon-
omer unit enters the growing chain with a given configuration is defined
as the "degree of stereospecificity" of the propagation step.

Using a slightly different model we can arrive at another defi-
nition. Consider a catalyst site of an assymetric nature and a polymer
chain growing at that site. We define the degree of stereospecificity as
the probability that the monomer unit enters the polymer chain with a
given configuration relative to the catalyst site and therefore relative
also to the growing polymer chain. This is the case of cataiyst con-
trolled propagation.

Using this same model we can also define the degree of stereo-
specificity as the probability that the monomer unit will add with the
same configuration as that of the adjacent monomer unit. This might be
termed polymer controlled propagation.

These three definitions yield relationships between the degree
of stereospecificity and the crystalline fraction which are nearly equi-
valent. They differ, however, in one important aspect relating to the
type of order in the polymer, that is, the prediction of syndyotactic
polymer. For the situation in which the propagation step is "catalyst
controlled" a degree of stereospecificity (p) of 0.5 corresponds to
random polymerization while at p = 1.0 or p = O the resulting polymer

will be completely isotactic. On the other hand, for "polymer controlled"
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propagation (or for the model of Bailey and Lundberg) the situation
for which p = O corresponds to sydyotactic polymerizetion, p = 0.5 to
random and p = 1.0 to isotactic polymerization.

(5%

2. Relation to Polymer Crystallinity = Bailey and Lundberg

have derived, on the basis of their definition of the degree of stereo-
specificity, a relationship between this degree of stereospecificity and
the "meximum degree of crystallinity" in the polymer.

In this derivation they first obtained the probability of ob-
taining a sequence n units long of assymetric carbon atoms having the
same configuration. Then, assuming that only sequences of length greater

than n, are capable of crystallization, the maximum degree of crystallinity

(D ) is equated to the fraction of material existing in sequences of

max

length greater than nj:

= n-l 2[ 1m0t Pot
D__ = Ml-p) [:? O p- 22 (1-p)° (%)
N [

If“this derivation is carried out on the basis of the kinetic
model involving polymer control of the propagation step Equation (24) is
readily obtained. If catalyst control is assumed, the relationship be-
tween D .. and p is identical to Equation (24) except for a second term

which is negligible except for p close t6 0.5.

The parameter n, in this derivation should be regarded as an a-
verage value rather than an absolute length of theoretical significance.
Bailey and Lundberg have estimated it to be about 10-20 for polypropylene.
Fortunately, its absolute value is not particularly critical for the calk

culation of activation energy differences on the basis of these models.
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Finally, let us consider the relationship between the degree of
stereospecificity and the maximum degree of crystallinity for the situa-
tion in which two types of catalyst site are present. If we assume that
one type of site produces essentially amorphous material (p = 0.5) while
the other produces essentially isotactic material (p = 1.0) then we can
define an "average degree of stereospecificity" which will be linearly

related to the fraction of sites producing isotactic material (fl):

) (25)

L
pavga =2 (1 + fl

The maximum degree of crystallinity can also be related to this fraction
of sites and therefore to Pavg.’
+ (2 -
e, 2| e 29
g _b+(1-1o)13mELX

where b is ratio of the propagation rates at the "isotactic" and "amor-

phous" sites.

3. Kinetic Considerations - If we consider the effect of reaction

variables on the crystallinity in light of these models we find that the
most important variable is that of temperature.

For the‘situation in which only one type of reaction site is
considered it can be proposed that two different transition states exist
torresponding to two configurations of the adding monomer unit. Thus,
for polymer controlled propagation a unit adding with the same configura-
tioh as the adjacent unit will pass through one transition state while a
unit adding with the opposite configuration will pass through the other

transition state. For the case of catalyst control the two transition
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states will correspond to the two configurations of the monomer rela-
tive to the assymetric catalyst site. In either case rate constants

corresponding to the two courses of reaction can be considered.

-E+/RT

k =A e (27a)

E_
A e /RT (27pb)

k

These rate constants can now be related to the degree of

stereospecificity:
k
R (28)
k, + k_

If we rearrange Equation (27) and combine it with Equation (28) we ob-

tain;

-3E/RT

p_ = A+ (29)

& e

1-p A
where OE is the difference in activation energies for the two processes.
Thus, if we obtain the maximum crystallinity of the polymer
formed at several reaction temperatures we can relate this to the degree
D
1-p )

1
VS, (—TJ we can calculate the difference in activation energies for the

of stereospecificity through Equation (24). Then by plotting 1ln (

two processés from the slope of this curve.

As we mentioned previously in connection with the polymerization
rate, this energy difference is in the chemical rate activation energies.
It should also be noted that the polymer crystallinity, according to this
model, is completely independent of the concentrations of monomer, alkyl,
and titanium trichloride as well as the dissociation energies of the

monomer and alkyl.
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For the case of two types of active site a similar dependence
of crystallinity on temperature can be derived. Although ﬁhe degree
of stereospecificity can be used as a parameter, this relationship can
be obtained more directly. Thus, the maximum degree of crystallinity

is related to the rates of polymerization at the two types of site:

D = —(B/dt)] (30)
(ap/at); + (ap/at),
Recognizing that (dP/dt) = R,fGpy and letting the ratio (RP)I/(RP)E
= b we can rearrange Equation (58) to obtain:

D f
mx Ly (31)

1-Dpoxy ) f5
If we take the most general form of the rate equation (Equa-
tion 16), the degree of crystallinity will be avslight function of mono-
mer and alkyl concentration and the temperature dependence will be quite
complicated. However, for any of the limiting cases of the rate equation

(Equations 20,21,22), the ratio of the rates, b, can be expressed as a

function of temperature only:
| ~AE, /RT
A e

b= = -AE /RT (52)

A2 e
Combining Equations (31) and (32) we obtain:

Disx e-aE%RT

(33)
1-Dpax

where OE = AF, - AEp and A is a combination of constants. Equation (33)

1

is very similar to Equation (29); the differences being that p is not a



-31-

linear function of D, and that the ®E in Equation ( 33) includes the
difference in the dissociation energies for the two types of process.

These two theories, then, can be tested by obtaining crystal-
linity data as a function of polymerization temperature. The linearity
of an Arrhenius plot of the two functions of crystallinity would then
indicate the applicability of the two theories.

L, Crystallinity Measurements - The two most widely used experi-

mental methods for determining crystallinity are densiﬁy and x-ray dif
fraction.

The use of density (or specific volume) measurements is based
on the assumption that the specific volume of the crystalline and amor-
phous materials }s not affected by the presence of the other phase. This
assumption is probably not quite valid, but the accuracy possible in
density measurements along with the ease of the measurement assures the
continuing use of this method. The degree of crystallinity is given by:

;“’V-:a
D& —o (34)

= o

Vo= Vg
where ¥ is the specific volume of the semple and v, and v, the specific
volumes of %he pure crystalline and pure amorphous materials respectively.
Thus, if the crystallinities of two samples are known or can be calculated,
the crystallinity of any other sample can be calcuiated from its density.
The x~ray diffraction method relies on the assumption that the

scattering produced by a unit mass of amorphous material is independent

of the presence of crystalline polymer. The amorphous fraction of the
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polymer is then obtained from the ratio of the normalized intensities

at the peak of the amorphous halo of the sample to the amorphous polymer.
A second method employs the total scattering of the amorphous fraction
rather than just the peak intensity.

The advantage of this method is that only one sample of known
crystallinity need be obtained (eg. totally amorphous)o It has drawbacks
in that the method requires expensive equipment and a fair amount of
time, and that in maﬁy cases a crystalline peak occurs at the same angle
as the major amorphous peak, resulting in poor accuracy and reproduci - -
bility.

C. Degree of Polymerization

1. Kinetic Considerations - In the treatment of free radical poly-

merization it is found that the degree of polymerization (%) is deter-
mined by the ratio of the rate of polymerization to the sum of the term-

ination rates:

- fp (35)

% (Rt)i
i
The major restrictions on this relationship are that branching and cross-

]

linking reactions are unimportant and that terminatibn is by dispropor-
tionation. Termination by coupling is accounted for by including a fac-
tor between 1.0 and 2.0 which depends on the fraction of termination
steps occurring in this manner.

Polymerizations involving heterogeneous catalysts can be treated
in much the same manner. It is generally thought that the termination

steps always occur at the catalyst site so that termination by coupling
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need not be considered. However, at least one branching mechanism can
be postulated which would complicate the kinetic scheme.

Neglecting this complication for the present we can postulate
several termination mechanisms and derive the corresponding expressions
for the degree of polymerization.
| (ko)

The following mechanisms have been proposed by Natta and

Eirich and‘Mark(l7>:
a) Disproportionation:

t
Me - - CHy - CHR - P = Me - - H + CH,

1]

CR - P
b) Transfer with Monomer:
K
Me - - CHy - CHR - P+ CHy = CHR —Me - - CH2 - CHQR

CR - P

i

+ CH2

¢) Transfer with other substances:
ks
Me - -CHp -CHR =P+ SR —Me --R+ S8 ~CHy ~CHR -P
An example of this last type is transfer with the aluminum alkyl found
by Natta.
If we now assume first order rate expressions for each of these
mechanisms and consider the case of the polymerization rate which is first

order in monomer concentration and independent of the alkyl, we can ob-

tain an expression for the degree of polymerization:

1 kg +kyy Oy * kg Cg
= T (36)
X, ko Cy

The form of the rate expression can be determined independently
and by appropriate variation of the reactant concentrations the termina-

tion constants of Equation (36) can be determined.
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This, however, is a simplified view of the process. It is
possible, of course, that the transfer operations occur by reaction of
the transfer agent in solution with the growing pdlymer chain. Also,
variations in the form of the rate equation can be easily accounted for,
in which case Equation (36) would be adequate. If, however, the trans-
fer agent is adsorbed on the polymerization site before it reacts to ter-
minate the growing chain, then one would have to relate the concentration
of adsorbed reactant to the bulk concentration. In this case the Lang-
muir relationship (Equation 13) could be used and Equation (36) would be
modified accordingly.

The problem of branching is somewhat more complicated. One
possible branching mechanism involves a "dead" polymer chain which has
terminated in a manner such that the terminal group contains a double
bond. This double bond is then capable of being adsorbed on the active
catalyst site and subsequently being incorporated into a growing poly-
mer chain., This type of "long chain" branching would not greatly affect
the polymer crystallinity as does the "short chain" branching common in
high pressure polyethylene. It would,; however, have a marked effect on
both the molecular weight and the molecular weight distribution.

It does not seem likely that the rate of such a branching re-
action would be related to the bulk polymer concentration according to
the usual adsorption-desorption theories, since it is unlikely that e-
quilibrium exists. Rather, such factors as the specific polymerization
rate, the nature of the major termination steps, and the average degree

of polymerization of the unbranched polymer are likely to affect the

rate of such a branching reaction.
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In summary then, the éverage degree of polymerization can be
related to the rates of the various termination steps in the usual man-
ner. This relationship may be complicated by the necessity of dealiﬁg
with the concentrations of adsorbed reactants rather than with bulk con-
centrations. The presence of branching reactions will also lead to de-
viations from the predicted molecular weight.

2. Molecular Weight Determination - Of the three most common meth-

ods of measuring molecular weight two are of particular importance in
kinetic studies. Osmotic pressure is important because it yilelds a num-
ber average molecular weight, which is the proper average to be used in
kinetic relationships. Intrinsic viscosity is important because of the
relative ease of obtaining accurate measurements which can generally be
related to the osmotic pressure molecular weights. The third, light
scattering, yields a weight average molecular weight and is therefore

of greater importance in property studies.

The osmotic pressure method is based on the theory that, in
dilute solution, the activity of the solvent will be decreased by the
presence of a solute. This decrease will be proportional to the mole
fraction of the solute so that if the weight fraction is known the mole-
cular weight can be calculated. In this method the decrease in activity
is balanced by a pressure (n) applied to the solution. Thermodynamic
énalysis leads to the relationship between activity and this pressure:

- In &) = xVy /RT (37)

where aj is the activity of the solvent in the polymer solution and
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Vi the molar volume of the pure solvent. For very dilute solutions

the activity can be related to the concentration (c) and molecular
weight (M):

“In &) = eVi/M (38)
The approximation involved is removed at infinite dilution so that we
obtailn

(n/c)y = RI/M (39)

Since we are dealing with polymer semples of many different

molecular weights, we must refer to average molecular weights. It can
be shown that the osmotic pressure method yields a number average mole=

cular weight (Mp) which can be defined as:
M, - Y, Ni Mi (40)
Y Wi

This can be seen intuitively since the method measures the number of
solute molecules rather than size of the molecules. Equation (59) must
therefore be modified to give:

(x/e)_ - RT/M, (41)
which is the familiar relationship for dilute polymer solutions.

The intrinsic viscosity [n] of a polymer in a given solvent
has been empirically related to molecular weight according to the form:

(] = KM, (42)

where K and a are constants and Mv is the viscosity average molecular
weight. This relationship receives theoretical support over ranges as

large as a factor of a hundred.
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The viscosity average molecular weight is found to be much
closer to the weight average than to the number average molecular
weight for all distributions likely to be encountered in a high poly-
mer. If, however, measurements are made on a series of polymer samples,
all of which have the same molecular weight distribution, the form of
Equation (42) will still be valid although K will be in error. This is
true due to the fact that for a given distribution the three molecular
weight averages are linearly related.

If the distribution of the samples varies, then the relation-

ship between [7n] and M, will no longer conform to this relationship, and

if this variation is irregular no consistent relationship between [n] and

M, will be found.
Thus, the intrinsic viscosity can be used as a measure of the
number average molecular weight but variations from the usual relationship

can be expected if the molecular weight distribution is not constant.



IV, EXPERIMENTAL TECHNIQUES

A, Materials

1. Monomer and Solvents - The l-pentene used in this study was

supplied by the Philip‘s Petroleum Co. and was their "Pure Grade" (99 mol
percent minimum), Most of this material was put directly into the dry
box in one liter bottles and stored there after sparging with purified
nitrogen for about five minutes. Some of the l-pentene was further puri-
fied by .storing over metallic sodium although this treatment did not ap-
pear to affect the rates appreciably.
The solvent used for the majority of the work was Philips
"Pure Grade" n-heptane. This material was further purified to remove
trace amounts of unsaturated compounds. Although there was some variation
in purification method, the following procedure was generally followed.
Three to four liters of heptane were stirred by means of an
air stirrer with successive volumes of concentrated sulfuric acid until
no color developed in the acid layer after about six hours. This opera-
tion generally required about three one liter volumes of acid over a par-
iodof four days. Next, the heptane was washed with distilled water until
the water was neutral to litmus paper. The heptane was then passed through
a column of silica gel into a distilling flask which had been dried and
flushed with nitrogen. 10- 20 cc. of one molar triethyl aluminum was
then added and the heptane was distilled under nitrogen. Finally, the

heptane was put into the dry box in one liter bottles where it was shaken

=38
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with silica gel which had been freshly activated for several days at
200° C.

Impurities remsining in the monomer and solvent after puri-
fication were determined by titration with dilute aluminum triethyl ac-
cording to the method of Orzechowéki (72)0 This technique, which gives
the amount of alkyl required to neutralize the impurities present, con-
sists in adding incrementally a 0.1 molar solution of alkyl in n-hep=-
tane to a known quantity of solvent. After each increment a drop of a
dilute (0.05M) solution of titanium tetrachloride is added; and the form-
ation of a yellow color indicates the presence of excess alkyl thereby
allowing the calculation of the amount of alkyl required to neutralize
the impurities present.

In this way it was found that the level of impurities in
both the n-heptane and the l-pentene was less than 0.5 millimoles per
liter as aluminum triethyl (if water were the sole impurity this would
correspond to about 40 ppm. ).

In addition, infrared spectrographs of typical samples of
n-heptane and 1l-pentene were obtained and these are shown in Figure
32,

2, Catalyst Components - The catalyst employed in this work was

solid, anhydrous titanium trichloride in conjunction with aluminum tri-
ethyl.
Two grades of titanium trichloride were investigated, both of

which were obtained through the Anderson Chemical Co. of Weston,
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Michigan, a division of Stauffer Chemical Co. The first of these was
anhydrous titanium trichloride, practical powder, while the other was
anhydrous titanium trichloride, HRA (hydrogen reduced, activated).

Both samples of titanium trichloride were reported to have been
produced commercially by the hydrogen reduction of titanium tetrachlo-
ride and therefore should be the O or violet crystalline form. The acti-
vated titaniumAtrichloride was obtained some time after the "practicalf
material and it was reported to have been activated through a ball milling
process, Some of the properties of the TiCl3 (pract.) are given in table
2k,

In order to facilitate the handling of the small quantities
of titanium trichloride required for the polymerizations, several sus-
pensions of the solid titanium trichloride in n-heptane were prepared.
These were prepared in the dry box by adding 1-5 g. of titanium tri-
chloride to about 150 cc. of n-heptane in 8 oz. bottles fitted with bu-
tyl rubber seals. The required quantity of titanium trichloride could
then be transferred from these bottles to the polymerization vessels
with a hypodermic syringe.

The aluminum triethyl was obtairied from the Hercules Powder
Co., Wilmington, Delaware as a one molar solution in n=-heptane. This
material was used without further treatment.

B. Rate Measurements

1. Preparation of Reaction Mixtures - The polymerizations were car-

ried out in glass flasks kept at constant temperatures in a water or oil

bath. All of the components of the reaction mixture were added to this

reaction flask inside of a dry box having an atmosphere of purified nitrogen.
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The dry box was a standard model (2C304) supplied by the Ke-
waunee Mfg. Co., Adrian, Michigan. A slight positive pressure was main-
tained inside the dry box by constantly adding purified nitrogen which
escaped through an inert liquid bubbler when the pressure exceeded sev=-
eral inches of water. Airco oil pumped nitrogen was further dried by
passing it through three colums (500 mm high X 40 mm dia.) the first two
of which were packed with Drierite while the third was packed with
calcium hydride. Analysis of this nitrogen stream by the Mass Specto-
meter showed that it contained less than 0.04 percent oxygen and less
than 0.07 percent water. By a similar anaslysis, a typical sample of the
dry box atmosphere was found to contain less than 0.1 percent oxygen
and less than 0.2 percent water. The drybox was located in a constant
temperature room which was maintained within one degree of 24°C.

The reaction flasks were conical flasks with four vertical
indentations in the sides which helped provide efficient mixing. The
volume of these flasks was about 150 cc. Prior to each run the flask
to be used was filled with chromic acid cleaning solution and allowed
to stand for at least one hour after which it was rinsed thoroughly
with distilled water and then dried for more than three hours at 200°C.
Hypodermic syringes used in the transfer of catalyst components were
also washed with water and dried at 200°C. This glassware was put di-
rectly into the antichamber of the dry box while still hot and the anti-
chamber was then evacuated by means of a mechanical vacuum pump. After
partial pressurization with purified nitrogen the antichamber was re-

evacuated and finally filled with nitrogen before the glassware was

transferred to the main chamber of the dry box.
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Inside of the dry box a teflon coated magnetic stirrer and
the reactants were added to the reaction flask which was capped with a
rubber serum bottle stopper. The order of addition for all but a few
runs was: solvent, pentene, aluminum triethyl, and titanium trichloride.
The weight of each reactant was determined by difference to the nearest
0.01 g. after roughly measuring out each component volumetrically. The
total volume of the polymerization mixture was generally about 50 cc
although volumes to to 125 cc were used.

After the addition of the solvent and monomer, the flask was
stoppered and both of the catalyst components were added by means of a
hypodermic syringe. Before the addition of the titanium trichloride;
up to 50 cc of nitrogen were added to the flask to build up the pressure
after which the solution was shaken so as to allow the aluminum tri-
ethyl to scavenge any impurities present.

Finally, the titanium trichloride, suspended in n-heptane,
was added to the flask. It was found that, in order to obtain reason-
ably reproduéible rates, the catalyst suspension had to be shaken well
and the sample withdrawn fairly rapidly.

The flask was then taken out of the dry box, put into a con-
stant temperature bath, and the magnetic stirrer was turned on. The
usual time lapse between the addition of the titanium trichloride and

putting the flask into the bath was about five minutes.

2. Determination of the Rate of Polymerization - The time of the

polymerization was measured with an electric timer starting from the
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time the reaction flask was put into the constant temperature bath. The
reaction mixture was stirred magnetically with sufficient speed to keep
the mixture dispersed. The bath was maintained at constant temperature
by means of a mercury regulator together with a relay system and heating
coil. While in the bath the flask was encased with a brass cage as a
safety precaution.

Periodically during the reaction, samples were withdrawn
from the polymerization mixture with a hypodermic syringe equipped with
s metal stopcock. The syringe, stopcock, and needle were dried and
flushed with nitrogen before each sample, but no nitrogen was added to
replace the sample volume so that the chance of introcducing impurities
was kept to a minimum., The slight change in pressure during the reaction
did not appear to affect the polymerization rate. The hypodermic was
tared before taking the sample and the weight of the sample was deter-
mined by weighing the hypodermic plus the contents immediately after
withdrewing the sample. The closed stopcock prevented appreciable
evaporation of the sample even at the higher temperatures. The usual
sample size was about 2 cc. After weighing, the sample was added to
methanol and the time noted. The hypodermic was rinsed with a small
amount of n-heptane and this was also added to the methanol. The time
required between the withdrawal of the sample and the addition to the
methanol was about one minute.

Upon addition of the sample to the methanol the polymer was
precipitated while the solvent and catalyst dissolved in the methanol.

The solid polymer was then filtered on a medium sintered-glass filter,

dried under vacuum to constant weight, and weighed.
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The polymerizations were run for durations of from one to
four hours, depending upon the expected rate, and usually five samples
were taken spaced evenly over the entire time.

The polymer concentration, expressed as grams of polymer per
gram of solution, was then plotted as a function of time and the de-
pendence obtained was generally linear. A typical curve is shown in
Figure 1. The slope of this plot is the rate expressed in grams of
polymer per gram of solution per minute. The curves are found to re-
main linear in these batch polymerizations mainly because the decrease
in monomer concentration is small.

However, in a few polymerizations a decrease in rate is
observed toward the end of the run. This decrease is greater than
would be explained by a decrease in monomer concentration and has been
attributed to the introduction of impurities (water or oxygen) into
the reaction mixture while taking one of the samples. This is often
supported by the corresponding presence of a white vapor in the flask
characteristic of the reaction of these impurities with the aluminum
alkyl. In such cases the affected points are disregarded in the cal-
culation of the rate.

The method of determining polymer concentrations by precipi-
tation in methanol was compared with the method of evaporating samples

to constant weight without precipitation. No difference in the rate
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as determined by the two methods was observed, and since the preci-
pitation method was less time consuming it was employed.

In the determination of the effect of temperature on the
rate one further step was employed. The reaction flask was first
put in a bath at 25°C and the rate was measured in the usual manner.
Then the flask was removed and put in a bath at another temperature
and a second rate was obtained. Typical data of this type are shown
in Figures 2 and 3. The rapid decrease in rate at the high tempera-
ture as shown in Figure 3 seemed to be a fairly reproduceable pheno-
mena rather than due to impurities and its possible significance will
be discussed in a later section (page8l).

Information in two other areas had to be obtained experi-
mentally in connection with the rate determinations. In the first
case the temperature of the reaction mixture was measured as a func-
tion of time so as to determine how rapidly temperature equilibrium
was attained. It was found that in the most severe case (from room
temperature to 90°C) the temperature of the reaction mixture was
within two degrees of that of the bath in T minutes, and equilibrium
was essentially attained in 15 minutes.

Secondly, since the concentrations of the various components
should be expressed in weight per unit volume, the density of the re-
action mixture under various conditions had to be measured or cal-

culated. Densities of n-heptane over the entire range of temperatures
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(78)

were available from the literature but since l-pentene boils
below 30°C no data for it was available at the higher temperatures.
Densities of a pentene-heptane mixture were determined at several
temperatures as well as the densities of the pure heptane which were
in excellent agreement with the literature values. These data are
plotted in Figure 31 in the appendix. Assuming a density of 0.87 g.
per cc, for the polymer and neglecting the contributions due to the
catalyst components, the density of the reaction mixture was calcu-
lated using the principle of additive volumes. The calculated val-
ues were found to agree well with the few experimental values which
were obtained.

C. Molegular Weight Determination

1. Treatment of the Polymer - After taking samples for the rate

determination about 40 cc. of the reaction mixture remained, and
this was added directly to about 100 cc. of dilute hydrochloric acid.
More n-heptane was added and the entire mixture was shaken vigorously
until the organic layer was clear. The acid layer was removed and
the polymer, dissolved in n-heptane, was precipitated in an excess
of methyl alcohol. The polymer was then separated and dried under
vacuum at room temperature.

The solutions for viscosity were prepared by dissolving

a weighed quantity of polymer in toluene and diluting this solution
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~to 50.0 cc. in volumetric flasks. This polymer solution was then
filtered through a coarse sintered glass filter.

The concentration was determined from the weight of the
polymer added to the known volume of solvent and was checked by
evaporation a 10.0 cc. aliquot of the filtered polymer solgtion to
constant weight. If these two concentration values did not agree
within 2 percent, a second aliquot was evaporated to dryness and an

average value was used,

2. Intrinsic Viscosity - Viscosity measurements were made in

a modified Ubbelhode suspended-level viscomefer made by Canadian
Laboratory Supplies, Ltd., Montreal, Quebec, according to a design
developed at the Polymer Corporation, Sarnia, Ontario . The
capillary was 18.5 cm long and had an inside diameter of 0.0356 cm.

The viscometer was suspended in a water bath at 34.8 *
0.02°C and flow times were measured to with 0.05 sec. for the sol-
vent and for several concentrations of the polymer solution. The
flow time for toluene was about 96 seconds, and the concentrations
of the polymer solution was adjusted so as to give flow times of
from 1.1 to 2.0 times that of the solvent.

A smsll kinetic energy correction was applied to the flow
times. The relative viscosity (hf) was obtained for a given polymer

concentration from the ratio of the corrected flow time of. the solution
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to that of the pure solvéntu The specific viscosity (nsp = M, -1)
divided by the conééntrafion was then extrapolated graphically to
zero concentration to give the intfinsic viscosity ([n]). BExtra-
polation of the function (Znnr)/c to zero concentration also yields

the intrinsic viscosity, giving a check on the extrapolation pro-

cedure.
These relationships can be expressed in the form proposed
2

by Huggins (27)

n e = [n] + &' [n]%c » (43)

D

and

. P 1 2

(fgnr)/e = [n] - k" [n] ¢ (L)

and it can be shown that k" = k' - 1/2. This, then, provides one
further check on the method of extrapolation. k' was found to be
in the range from 0.34 to 0.37 for polypentene in toluene.

A typical set of data is shown in TableVL with the corres-

ponding double extrapolation plot shown in Figure 26.

3 Osmofic Pressure - Osmotic pressure measurements of the sta-
tic head type were made using Johnson-Sands type osmometers. The semi=-
permeable membranes used were 'undried regenerated cellulose" having
a wet thickness of 0.00% inches. They were supplied by the Sylvania

Industrial Corp., Fredericksburg, Virginia.
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The membranes were conditioned by gradually displacing the
water in the membrene with acetone (in a four step procedure) and
then transferring the membrane's directly to toluene.

Solutions of the polymer in toluene, varying in concentra-
tion from 0.1 to 1.0 g. per 100 cc., were prepared as described pre-
viously (page 48). Three or four concentrations were required for
each molecular weight determination.

The osmometer assemblies were placed in a water bath main-
tained at 34.8 + .02°C, The difference in liquid level between the
osmotic pressure and reference capillaries was obtained with a cathe-
tometer as a function of time. Equilibrium was generally reached af-
ter several days and readings were continued for at least six days.
Often, after equilibrium had been reached, a decrease in the height
was noted which was ascribed to the "leakage" of low molecular weight
polymer through the membrane. Thus, the linear portion of the height
vs. time plot was extrapolated to zero time. In this way, the csmo-
tic pressure rise, expressed in terms of centimeters of toluene, was
obtained for a series of polymer concentrations.

Since polymer solutions are non-ideal at finite concentra-
tions, extrapolation to zero concentration is necessary. The rela-

tionship which is found to represent the osmotic pressure behavior
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gt finite concentrations is:
n/C = (n/C), + BC (45)
where n is the osmotic pressure, C the polymer concentration, and B
a constant. By plotting (ﬂ/C) versus concentration an intercept is
obtained which corresponds to the osmotic pressure of the ideal poly=-
mer sclution. The number average molecular weight (ﬂn) can then be
obtained from the relationship:
M, = RT/ (x/C), (46)
where R is the gas constant and T the absolute temperature.
A typical set of data are given in Table VII and plotted
in Figures 27 and 28. Sample calculations are also given in Table
VII,

D. Crystallinity Measurements

1. Preparation of the Samples - Film samples of the polypentene

were used for both the x-ray and density measurements. Polymer which
had been treated as described previously (page %48) was dissolved in
toluene to give about a 2 percent solution. This solution was then
filtered through a coarse sintered glass filter directly onto a mer-
cury surface after which the toluene was allowed to evaporate under
partial vacuum at room temperature. The resulting films varied in

thickness from 15 to 40 mils.
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These films were then exposed tc a vacuum of about 1072 mm,
Hg. for several weeks during which time they were periodically heated
to 50°C and then cooled slowly to room temperature. By this prccess
it was hoped that all of the toluene would be removed and that maximum

degree of crystallinity would develcp in the polymer films.

2. Density Measurements - The densities of these film samplies were

determired in a density gradient column. The column was set up ac-
cording to a method described in the literature (1588)0 It was about
40 cm. high by 7 cm. in diameter and was maintairved at 25.0°C + 0,1°C
by means of constant temperature water bath. The iliquids used in the
colum were water and isopropyl alccohol.

Glass floats, blown from 2 mm O.D. capilliary tubing were
calibrated by titrating the IPA with water to find the composition
which just balanced the float. The liquid density was then determined
with a Westphal balance. Four of these floats were obtained in the
desired density range.

The floats settled rapidly when put into the column reach-
ing their respective levels in less than a minute and no change in
position was noted after 10 minutes. Furthermore, no change in the
position of the floats was noted after 2k hours during which_time all
of the film densities were obtained. Figure %3 shows the calibration

of density as a function of height in the column as determined by the

float positions.
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The density of the polymer film semples was then determined
by dropping pieces of the film into the column and noting the equili-
brium height. These pieces were of different shapes but all roughly
4 mm in diameter. The heights, measured by a cathetometer, were taken
for the approximate ceuter of gravity for the specimen. For the poly-
mer samples, equilibrium was reached more slowly than for the glass
floats. A time of about one hour was required before no further change
in position was noted.

3. X-Ray Measurements - X-ray diffraction patterns were obtained

using a Phillips x-ray unit with a flat film camera. Nickel filtered
Cu K radiation was used. Kodak non-screen medical film was employed
and the sample to film distance was 4.4 cm. The films were exposed
for 15 minutes while the x-ray unit was operating at 40 kilovolts

and 20 milliamps.

The x-ray unit was also equipped with a goniometer which
made possible the quantitative determinatiorn of the intensity of the
diffracted x-rays as a function of the radial angle (20). The trans-
mission technique was used and the diffraction pattern was determined
for the range ir 20 from 4° to 30°. The x-ray beam was collimated with
two 1° slits.

A typical diffraction pattern of this type is shown in Fig-

ure 29. Two major corrections must be made if the patterns of two
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different samples are to be compared quantitatively. The first is
for background scattering and this can be obtained by measuring the
x-ray intensity over the angular renge to be studied, with no sample
present. This scatteriﬁg was found to be essentially consteant for the
time in which measurements ﬁere made. The x~ray pattern for a given
sample is corrected by subtracting the intensity of background radia-
tion fér a given angle from the observed intensity at that angle. The
second correction 1s for sample thickness. In the case of transmission
patterns the intensity of the radiation at any angle should be directly
proportional to the thickness of the samplg, if absorption By'the sam~
ple can be neglected. Experiments showed that this assumption was
essentially valid, especially since sample thicknesses did not vary
greatly.

The corrected intensity at a given angle (Iog),,,.. Was ob=

tained then according to the relationship:

(1 29)obso - (1

t

)
20’B (4?>

(I2e)corr

where (IEG)obs is the observed intensity, (Ing)p the intensity of
background scattering, and t the sample thickness.

E. Surface Aresa Measurements

1. Volumetric Adsorption Apparatus - The apparatus used to make

the surface area measurements was essentially the same as that des-

cribed by Craig(9>o It consisted of a standard vacuum manifold to
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which was connected a system containing a monometer, a calibrated gas
burette, connections for the sample tubes, and a reservoir for the ni-
trogen.

Mathesor prepurified nitrogen (99.996 mol percent min.) was
used withcut further treatment. The sample tubes, about 10 cc in vol-
ume, had twe irlets. One was a capillary tube with which the sample
fube was connected to the system. The second was a section of 8 mm
tubing through which the TiCl5 was added to the sample tube which was
sealed off with a torch immediately after filling.

2, General Procedure - The titanium trichloride was added to the

sample tubes ingide of the dry box and the entrance tubing sealed off
with & torch. (The titanium trichloride weight was obtained by differ-
ence from the tube weight before and after fillingo) The sample tube
was thern conunected to the system and evacuated obernight or until a
pressure of lOmLL mn. of mercury or less was obtained.

The total volume of the system was adjusted by means of the
gas burette. This volume, up to the stopcock comnecting the sample to
the system, was known from previous calculation but the void volume in
the sample tube was not known. This was calculated, using ideal gas
law relstionships, by adding nitrcgen to the system, noting the pres-
sure and thern opening the stopeock ic the evacuated sample tube (at room

temperature) and noting the decrease in pressure. During a run this
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void volume in the sample tube consisted in two parts, the volume at
room temperature and that at the ligquid nitrogen temperature. The
room temperature volume was calculated from the dimensions of the cap-
illary tubing.

After determining these volumes the sample tube was immersed
in liquid nitrogen and after equilibrium was reached the pressure was
recorded along with appropriate temperatures. The temperature of the
liquid nitrogen was determined with a vapor pressure thermometer. From
these data the volume increment adsorbed could be calculated. The stop-
cock was then closed, more nitrogen was let into the system, and the
pressure noted. The stopcock was reopened and a second equilibrium
point was obtained by noting the equilibrium pressure and making the
appropriate calculations. In this manner three or four equilibrium
points between p/}b = 0.05 and p/po = 0.35 were obtained.

3, Calculations =~ The volume of nitrogen adsorbed between any

two equilibrium points was calculated from the following equation:

(48)

pe o 224b | (pg cppn  (pr -pel) Vo (pe - pet)Vs(

R Ty Ty INQ
where
V# = volume of gas adsorbed betweern any two equilibrium points
at standard temperature and pressure.
-1 -1
R = 62,360 cc. mm. mole deg
(pi - pf) = pressure decrease during adsorption step
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(pp - pp') = difference between final equilibrium pressure and pre-
vious equilibrium pressure.

vy = calibrated volume
Vo = void volume at room temperature

V3 = void volume at liquid nitrogen temperature

Ty = temperature of gas burette

Ty = room temperature

TN2 = temperature of liquid nitrogen

o = constant related to non-ideality of N, gas.

From these equilibrium data the surface area of the titanium

trichloride was obtained using the multilayer adsorption theory of Brun-

aver, Emmett, and Teller (§)° In its linear form the B. E. T. équation
is:
p/To 1, c-1fP ) (49)
Vo (1- p/p, v, C vy C < Do

where

Vp = total volume of nitrogen adsorbed at pressure p

P = pressure

Py = saturation pressure of the adsorbate

Vm = volume of nitrogen adsorbed at monolayer coverage

C = a constant related to the heat of adsorption

Thus, a plot of p/PO versus (p/po) should give a straight
V(1 -2 /7,)
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line whose slope is (C-l)/VmbC and whose intercept is l/Vm C. From
these two values the volume of nitrogen adsorbed at monolayer cover-
2
o
age can be calculated, and accepting a value of 16.2 A~ as the cross

sectional area of the nitrogen molecule the specific surface area (s)

can be calculated according to the relation:

s = 16.2 '!m_<_P.“> C (50)

g€ \RT

where T and p refer to standard temperature and pressure and g is
the weight of the titanium trichloride.

One set of data together with the calculated data are given
in Table IX while Figure 3%C shows the data plotted according to the
B. E. T. equation.

F. Experimental Errors

1. Rate Measurements - In the determination of the actual rate of

polymerization determinant experimental errors arose in (1) the weigh-
ing of the sample, (2) the weighing of the polymer sample, and (3) the
time measurement. The usual sample weight was about 1.5 g. and this
was weighed to the nearest 0.00l g. The polymer weight varied from
0.001 to 0.0% g. and this could be obtained to within 0.0001 g. The
times were measured to the nearest tenth of a minute with the usual
time interval being about 100 minutes. Since at least 5 points were

obtained; the rate being the slope of the line through these points,
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a faif estimate of the probable error in the calculated rates could
be obtained. This estimate of the possible error ranged from + 10
percent for the low rates to about + 1 percent for the higher ones.

These estimates would also include the less determinant errors
in%olvedu These would include (1) evaporation of the sample after with-
drawal, (2)-non-homogeneous sampling, (3) incomplete drying of the poly-
mergrand (4) loss of the polymer in transfer operation. It is felt that
errors introduced in these ways were generally neglible since the esti-
mated errors correspond fairly well to the determinant errors.

The monomer concentration measurement should involve errors of
less than 1 percent while the weighing of the TiCl5 into the reaction

“flask should involve errors of less than 3 percent. However, the prob-
lem of reproducible sampling of the TiCl5 suspension in n-heptane pro-
bably introduced errors of up to 20 percent iﬁ the measurement of the
actual TiCl5 concentration.

‘The bath temperature was maintained within + 0.1°C of the
desired temperature and it was felt that heat transfer was quite ade-
quate to maintain the reaction temperature within these limits for most
of the work. However, since the heat of polymerization is large it is
quite possible that some temperature rise occured during runs Wiﬁh high
rates of polymerization. Since this would be a "snowballing" effect
this probably explains the occasional high rates obtained at very high

monomer concentrations.
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In general rates could be reproduced within about 15 percent

but occasionally greater deviations were found.

2. Molecular Weight Measurements - The determinant errors in-

volved in measuring the intrinsic viscosity were errors in measuring
flow times and errors in measuring the concentration. Errors such as
the presence of dust in the capillary or in dilution would normally
be noticed in analysis of the data? The concentrations could be mea-~
sured to within about 2 percent while the other errors appeared to be
of negligible significance. Duplicate runs were found to be repro-
ducible within about 5 percent.

The aluminum triethyl concentration was determined by weight,
the error in which was less than 2 percent. However no analysis of
the concentration of the original AlEt5 solution in n-heptane was ob-
tained so that there is a possible error of perhaps 10 percent in the
absolute concentrations. This would not affect the relative concen-
tration or the conclusions drawn from these data. Impurities in the
reaction mixture would cause a decrease in the AlEt5 concentration.

An estimate of the concentration of such impurities was measured by ti-
tration and found to be less than 0.00l moles per liter. This would

be appreciable at the lower AlEt§ concentrations (25 percent at the
lowest concentration used) but varied too much to allow a correction

factor to be applied.
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The major errors involved in measuring the osmotic pressure
molecular weights cannot be evaluated precisely. These would include
leakage of the low molecular weight polymer through the membrane and
errors in extrapolating the osmotic rise to zero time. In general, os-
motic pressure gives molecular weights within about 20 percent. It
is felt that these data are somewhat less accurate than this.

3. Crystallinity Measurements ~ The relative densities of the

polymer films should be quite precise (within 0.1 percent). The ma-
Jor errors involved in this measurement would be the presence of bub-
bles or foreign material in the film and this generally was quite ap-
parent.

The absolute densities depend on the calibration of the floats
for the density gradient column and could be in error by as much as
1 percent.

The absolute crystallinities calculated from the density
measurements depend on an estimated density of the pure crystalline
polymer and this estimate could be in considerable error. Thus, thege
crystallinities could be in error by as much as a factor of 2.

No quentitative data were obtained from the x-ray investiga=

tion.

L, Surface Area Measurements - The reproducibility of the surface

area measurement was quite good (variastion of less than 5 percent).
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Measurements subject to experimental error would include weighing of
the sample ( + 1 percent>, measurement of the volume of nitrogen ad-
sorbed ( < 1 percent), and temperature measurements (small effect).
The presence of impurities in the sample and nitrogen would intro-
duce errors which account for the observed variation. These errors,
furthermore, would be similar for each of the four runs made so that

the error involved may be somewhat greater than the variation which

was observed.



V. RESULTS AND DISCUSSION

A. Rate of Polymerization

l. Preliminary Studies =~ The rate of polymerization investigation

was primarily concerned with the effects of temperature, monomer and

titanium trichloride concentrations, and specific surface area of the
catalyst. A number of other reaction variables were investigated for
the purpose of showing either that the reaction rate was independent

of the variable or what magnitude of error might be expected from un-
intentional changes in the variable,

The polymerization rates, in terms of grams of polymer formed
per hour per liter of reaction mixture, were obtained according to
the methods described previously (page L2y,

The effect of stirring rate was obtained by vgrying the
éetting on a magnetic stirrer such that the rotation of the stirring
bar was varied from zero to the maximum stable rate. The reagtion
flask was baffled so as to promote mixing. Thé results, presented in
Table XII, show that no appreciable effect was obtained.

The aluminum triethyl coﬁcentration (CA) was varied over a
ten fold range and polymerization rates were obtained. Again, no ef-

fect was obtained and these results are shown in Teble XIII.

6l -
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Several runs were made under typical conditions except that
one of the catalyst components was left out. Thus, a run was made
with titanium trichloride and 1-pentene but no aluminum triethyl; and
one with aluﬁinum triethyl and l-pentene but no titanium trichloride;
and one with aluminum triethyl, l-pentene, and the supernatant heptane
from a titanium trichloride suspension but no solid titanium trichlo-
ride. This last run was to check whether there was a sufficient quan-
tity of titanium tetrachloride (or other soluble material) in the ti-
tanium trichloride suspension to affect the polymerization rate. No
polymer was obtained from any of these runs after long reaction times.

Variations in method of preparing the reaction mixture were
investigated. The usual preparation method (mixing together solvent,
monomer, and alkyl and then adding titanium trichloride) was checked
with regard to the time between addition of alkyl and titénium trichlo-
ride and the‘temperature at which the catalyst components were mixed.
No effect of time between addition of components was noted but about
a ten percent decrease in the rate was noted when the catalyst was
mixed at 10°C rather than the usual 24°C. Since the temperature at
which the catalysts were mixed was held at 24° + 1.0°C, this varia-
tion was not considered important.

As a further check in variations of preparative methods, the

order of reactant addition was investigated. If the monomer, solvent,



-66-

and titanium trichloride are mixed first and then the aluminum alkyl
added, an appreciable decrease from the expected rate is observed. If
the two catalyst components are mixed and immediately added to the re-
action mixture the predicted rate is obtained. If the premixed cat-
alysts are allowed to stand for longer periods of time at room tempera-
ture the activity of the catalyst decreases until after about two
weeks essentially no polymerization is obtained. Further discussion
of these last observations will be presented in a later section (page8?).

Finally, a qualitative study of the effect of impurities
was made. It was found that polar impurities such as oxygen and water
have no effect on the rate if they are added before the titanium tri-
chloride is added. If they are added after the titanium trichloride,
then an appreciable decrease in rate is noted.

These results have been interpreted in light of the theore-
tical discussion presented previously. The independence of the rate
of polymerization on the stirring rate, while not a conclusive praof,
supports the theory that diffusion rates are not important in the over-
all rate process. The independence of the rate on the aluminum alkyl
concentration suggests that the alkyl is strongly adsorbed on the ti-
tanium trichloride surface or is present in excess. This latter state-
ment is supported by a radio active tracer study made by Natta (k2)

which showed that with a similar catalyst system the ratio of moles of
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active sites to the moles of solid titanium trichloride was about
100:1. Apprecisble variation in this ratio can be expected for diff-
erent catalysts but it does indicate that for the apparent Al/Ti ratios
used in this study, the ratio of moles of alkyl to moles of active ti-
tanium trichloride sites is probably closer to 100:1 than to unity and
thus the alkyl would be in large excess.

The fact that no polymerization occurred in the absence of
alkyl again supports the adsorption mechanism proposed, and suggests
that there should be a range of alkyl concentrations at which the rate
is proportional to this concentration. The nature of the alkyl in its
role as scavenger for impurities made it impractical to obtain rates
at alkyl concentrations much lower than were obtained.

The effect of polar impurities can be explained by the fact
that the aluminum triethyl acts as a scavenger, and since it is pre-
sent in excess, changes in its concentration will not affect the rate.
Thus, when polar impurities are introduced before the titanium tri-
chloride is added, they will react with the alkyl. If they are added
after the titanium trichloride, then a portion of these impurities
will react with active sites on the titanium trichloride. This also
serves to explain the lower rates obtained when the titanium trichlo-

ride is added to the reaction mixture before the alkyl.
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2. Effect of Titanium Trichloride Concentration - The effect
of the titanium trichloride concentration on the rate of polymer-
ization was determined by varying the quantity of a single titanium
trichloride suspension in the reaction mixture over a six fold range
while all other variables were held constant. These results, as
shown in Figure 4 (also see Table XIV), indicate a first order de-
pendence of the rate on the titanium trichloride concentration but
a non-zero intercept.

This non~-zero intercept was attributed Lo impurities in the
reaction mixture which did not react with the aluminum alkyl but
which did react with the active catalyst sites.

Knowing the apparent concentration of the titanium trichlo-
ride in the suspension which was added to the reaction mixture, one
should be able to reléte the reaction rate to the actual concentra-
tion of solid titanium trichloride in the reaction mixture. It was
found, however, that when a second suspension of titanium trichloride
in n-heptane was prepared (using the same solid titanium trichloride)
the rate results, based on the calculated concentration of solid ti-
tanium trichloride in the reaction mixture, did not yield the same
rate constant obtained with the first titanium trichloride suspension.

In light of the previous discussion of the effect of impuri-

ties; an explanation for this difference was apparent. The n-heptane
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used in therpreparation of the titanium trichloride suspension con-
tained a small quantity of impurites which reacted with the active
sites on the surface of the solid titanium trichloride. Thus, if the
impurity level in the n-heptane varies or the heptane-titanium tri-
chloride ratio is changed, the extent to which the impurities cause a
decrease in active titanium trichloride concentration will change.

In order to obtain a rate constant characteristic of the so-
lid titanium trichloride the reiative impurity level in the titanium
trichloride suspensicns was varied systematically. This was accom-
plished by preparing a series of titanium suspensions using the same
batch of n~heptane and the same solid titanium trichloride but varying
the concentration of the titanium trichloride in the suspensions.
Rate measurements were then made using varying amounts of each of the
titanium trichloride suspensions. If these results are plotted in
terms of rate vs. apparent titanium trichloride concentration in the
reaction mixture, linear relatiosships are obtained which have the same
non-zero intercept but which vary in slope (or specific rate) according
to the concentration of the titanium trichloride in the n-heptane sus-
pension. A typical set of results for three different titanium trichlo-
ride suspensions are shown in Figure 5.

We can now use these data to calculate the concentration of

impurities in the n-heptane, used for making up the titanium
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trichloride suspensions, in terms of grams of solid titanium trichlo-
ride deactivated per gram of n-heptane. This quantity can be deter-
mined from data for two titanium trichloride suspensions so that the
use of more than two suspensions gives a check not only on the value
of the impurity concentration but also on the validity of the method.

The concentration of "active" titanium trichloride in each
suspension can then be calculated (see Table V). If the data used
in Figure 5 are plotted as a function of the titanium trichloride con-
centrations in the reaction mixture; based on these "active" titanium
trichloride concentrations, the dashed line in Figure 5 is obtained.

In addition to the three titanium trichloride suspensions
shown in Figure § six other suspensions were prepared using a different
n-heptane batch and a similar set of data was obtained. Both of these
sets of data are shown in Figure 6 and it can be seen that excellent
agreement was obtained. Because different batches of solvent and
monomer were used in the polymerizations for the two sets of data,
slightly different non-zero intercepts were found from the rate vs. ti-
tanium trichloride goneentration curve. Thus in Figure 6 both sets of
data have been corrected to give a zero intercept so that the data can

be compared directly.
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Tn this manner a specific rate (g. /hr - g. TiClB) was ob=-
tained at one temperature and monomer concentration, which was be-
lieved to be characteristic of the solid titanium trichloride.

On further situation arose which required correction of the
calculated data. This was a decrease in the activity of the titanium
trichloride suspensions with time. This decrease in activity was noted
when, after several days, an attempt to duplicate some of the data dis-
cussed above resulted in lower rates than would be predicted. In or-
der to account for this, "calibration runs'", that is, runs made under
the same conditions as the original set of data, were made periodically
and an "activity" was calculated from the ratio of the rate obtained
to the predicted rate. This activity is plotted in Figure 7 as a
function of time for the two titanium trichloride suspensions used for
the bulk of the rate determinations. It can be seen that after an in-
itial drop of ten to fifteen percent this activity appeared to remain
constant except for a possible further drop at the end of the time dur-
ing which rate measurements were made.

Thus, for the purpose of correlating the rate data obtained
as a function of monomer concentration, the concentrations of titanium
trichloride in the two catalyst suspensions were corrected by constant
factorsm In light of the experimental errors encountered in this work,

these corrections are not of great significance.



-75-

swtl ‘¥ suotsuedsng STOTI JO A3TATIOV *) oanSTd

sko
(0} ] 09 ( a) 3WIL ov ¢ 0

20

80
o

—— — = = — — — = = = = = = = = — = - p— I@IIIQ.O

501

D)

H NOISNadsns Z1o11

o}

9°0

20

8°0

— — — IO'I

O = 6°0

% NOISNadsns £1911

ALIAILOV

ALIAILOV



76-

3. Effect of Monomer Concentration - In order to study the ef-

fect of monomer concentration, the rate vs. titanium trichloride con-
centration relationship was determined for a series of monomer concen-
trations varying from 5 to 95 percent by wlune, at two temperatures.

These data, shown in Figures 8, 9 and 10 indicate the same first or-

der dependence on the titanium trichloride concentration as was obtained
above. No definite trend is obtained in the non-zero intercepts of
these curves due to the necessity of using different batches of mon-
omer and solvent for the different monomer concentrations.

The slope of each of these lines, a specific rate of polymer-
ization, was then plotted as a function of monomer concentration as
shown in Figure 11. The plots for the two temperatures both appear to
be linear although some deviation from linearity might be inferred at
the higher monomer concentrations at the lower temperature.

This first order dependence of the rate on the monomer con-
centration is in accord with the proposed adsorption mechanism for the
case in which the monomer is weakly adsorbed on the catalyst site. If
the deviation from linearity were to be real, this also would be in ac-
cord with the adsorption mechanism for the case of intermediate monomer
adsorption; but it is not felt that the data are accurate enough to sup-
port, with any force, anything other than a first order dependence on

monomer concentration.
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4, Temperature Effects - The effect of temperature orn the rate

was determined by measuring the polymerization rates at two tempera-
tures for the same reaction mixture as described previously (pagelf).
The second of these rates was corrected for changes in specific vol-

ume (due to the temperature change) and for monomer concentration (due
to conversion to polymer)o The ratio of these two rates was found to

be essentially independent of all reactant concentrations over the range
studied, as would be expected on the basis of the rate equation ob-
tained thus far.

A renge of temperatures from 0° to 86°C was studied. These
data are shown in Figure 12 in the usual Arrhenius form. In this case
the. logarithm of thé ratio of the rate at temperature (T)‘to the rate
at 25.2°C is plotted vs. reciprocal temperature.

Several observations concerning these data should be made.
First, in the polymerization in the range of 0°C a noticeable agglo-
meration of the catalyst occurred.. Second, in the polymerization at
86°C a rapid decrease in the rate of polymerization was noted with
time, as can be seen from Figure 3. Both of these situations could
possibly cause a decreasein the observed rate. The low ﬁemperature
might lead to diffusion problems while at the higher temperature, where
the initial rate should be used, the problem of temperature equilibrium

in the reaction flask could become important. The rates at 86.2° were
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obtained by extrapolating the function (Lgl-i—LELQ) to zero time where
[P]o is the polymer concentration when thg reaction flask is put into
the high temperature bath. The data at 8627 .from Figure 3 have been
extrapolated in this manner in Figure 13 where it can be seen that the
non-linear extrapolation is subject to some error.

Thus, in Figure 12, the Arrhenius relationship has been inter-
preted as being linear. From the slope of this plot an activation en-
ergy of 7.5 kcal per mole is obtained. For this particular system the
linear Arrhenius relationship is consistent with the equations derived
for the case of more than one type of propagation step because the diff-
erence in overall activation energies; as determined from crystallinity
measufements, was found to be very small (see page 117)-

An analysis of the decrease in rate with time as observed
at the higher temperatures lead to some interesting, although approxi-
mate results. As a first approximation this decrease in rate can be
explained by a decrease in titanium trichloride activity which if first

order with respect to the titanium trichloride concentration

% M C*py (51)

dt
where C*Ti is the concentration of active titanium trichloride in the
reaction mixture and kd the first order rate constant for deactivation.

Integrating this expression we can obtain an expression for C*Ti which
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be used in the rate equation:

a [P] kg t

—d-—-;— = kp Oy (C*ps)p € (52)
Thus, a plot of the logarithm of the rate vs. time should yield a
straight line whose slope 1s ky and whose intercept is the logarithm
of the initial rate. Such a plot of the differentiated data from Fig-
ure 3 is shown in Figure 14. From this plot it can be seen that, while
an approximate fit of the data 1s obtained, the fit is poorest at low
times and therefore this method has not been used to obtain initial
rates.

Values of ky have been obtained in this mannér for the four
runs made at 86°C and the two runs made at 65°C. These are shown in
Table I. At the lower temperatures the effect was too small to detect.
However, a rough value of the activation energy for this deactivation
can be obtained from these few data and this value is found tc be about
20 kcal/molo

TABLE I

First order rate constants in the deactivation of T1015

Run Temperature kg Al/Ti
(°c) (nr~1) (mol ratio)
254 86.2 0.81 2.5
255 86.2 0.54 6.7
256 86.2 0.63 3.3
257 86.2 0,72 2.8
261, 65.6 0.16 3.3
262 65.6 0.11 1.2
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One further observation, mentioned previously, which could
be related to these data is the decrease in catalytic activity noted
when the titanium trichloride and aluminum triethyl were premixed and
allowed to stand at room temperature before addition to the reaction
mixture. This decrease in activity showed up over a period of days
rather than hours and would therefore be of the proper order of mag-
nitude as predicted by the data at higher temperatures. If these phen-
omena are related it would indicate that this deactivation involved the
aluminum triethyl as well as the titanium trichloride. One possible
explanation could be that the aluminum triethyl caused the reduction
of the titanium trichloride to a lower valence state which was of re-
duced catalytic activity. In such a case the deactivation rates shown
in Table I would be a function of the Al/Ti ratio, but it is not felt
that the data ére of sufficient accuracy either to sugport or refute
this model.

One other possible explanation for this decrease in activity
would be that the TiCl5 particles agglomerate and that this process is
faster at the higher temperatures. This has been suggested by Natta (56)
for the system<TiCl5nAlEt5-propylene9 but he found a steady state rate
of polymerization after relatively short time intervals which was not
observed in this work.

(15)
Danusso has reported behavior of a similar nature for

the system styrenemTiClthlEtBO



-88-

5. Effect of Surface Area - The theory, as developed previously

suggests that the rate of polymerization should be proportional to the
specific surface area of the TiCl5. In order to study this variable,
a second sample of TiClB was obtained which was reported to have a
higher catalytic activity. This sample was designated as HRA (Hydro-
gen Reduced, Activated).

A specific rate, characteristic of this sample of TiC159 was
obtained at one temperature and monomer concentration according to the
method outlined on page T0. Three TiCl5 suspensions were prepared and
the rate data obtained are presented in Table XVI. These data were less
precise than those obtained with the first TiCl5 sample because of the
smaller quentities of catalyst which were required to obtain a given
rate of polymerization. Nevertheless, a rate constant was obtained
(believed to be accurate within about 8 percent) which was greater than
the first by a factor of 37.

The surface area of these two samples of solid TiCl5 was
determined by nitrogen adsorption according to the method described -
previously. The results of these measurements, shown in Table II; in-
dicate that the ratio of the surface areas of these two samples is

only 3.9 to 1.0.
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TABLE IT

Effect of Surface Area on the Rate of Polymerization

Tj’_Cl5 Grade Sample Surface Area Polymerizag'
5 tion Rate
(m"/g) (g/br. g Tﬂ015)
Practical 1 0.785 5,0(+ 0.2)
2 0,74k
avg. 0.77
HRA 3 2.89
i 3,12 185 (+15)
avg. 3.0
Ratio (HRA/Pract) 3.9 37

1. Rate obtained at 44°C and Cj = 6.40 g/al

The data from the surface area determination can also be used
to obtain the free energy of adsorption as a function of surface coverage.
This relationship should be a measure of the heterogeneity of the sur-
face. It was found that this relationship was almost identical for the
two TiCl5 samples and that the surfaces appeared to be quite homogeneous
with respect to the adsorption of nitrogen (see Figure 15)u

The disparity between the ratio of specific rates and the ratio
of the specific surface areas for the two grades of TiCl5 is somewhat
surprising. If we accept the proposed mechanism we must conclude that
the concentration of active sites per unit of surface area is lower for

the TiCl3 (Pract.) by almost a factor of ten.
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TABLE IT

Effect of Surface Area on the Rate of Polymerization

TiCl5 Grade Sample Surface Area Polymerizag'
5, tion Rate
(n™/g) (g/br. g TiCl,)
Practical 1 0.785 5,0(+ 0.2)
2 0, T4k
avgo. 0.77
HRA 3 2.89
L 3,12 185 (+ 15)
avg. 3.0
Ratio (HRA/Pract) 3.9 37

1. Rate obtained at 44°C and C = 6.40 g/dl

The data from the surface area determination can also be used
to obtain the free energy of adsorption as a function of surface coverage.
This relationship should be a measure of the heterogeneity of the sur-
face. It was found that this relationship was almost identical for the
two Ti015 samples and that the surfaces appeared to be quite homogeneous
with respect to the adsorption of nitrogen (see Figure 15).

The disparity between the ratio of specific rates and the ratio
of the specific surface areas for the two grades of TiCl5 is somewhat
surprising. If we accept the proposed mechanism we must conclude that
the concentration of active sites per unit of surface area is lower for

the TiCly (Pract.) by almost a factor of ten.
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In Xight of the possible differences in the processing of the
two grades of TiClB, it does not seem Jjustifiable to compare them solely
on the basis of surface area. Thus both grades were reported to have been
produced by the hydrogen reduction of TiClu, the major difference being
that the TiClB(HRA) was subsequently put through a ball milling process.
However, the activated material was obtained some six months after ob-
taining the 'Practical’ grade material, during which time the industrial
demand for the product was increasing rapidly so that process improvements
were probably being made. Even if no change in the process had occurred
it is quite possible that the level of contaminénts (oxygen, water vapor,
etc.) varied from one batch to the next, thereby changing the catalyst
activity.

As mentioned above, Natta (56) has observed a dependence of
the rate on partidle size such that (a) a steady state rate of polymeri-
zation is attained independent of the initial particle size of the TiCli,
(b) the time required to reach this steady state rate is inversely pro-
portionly to the rate, and (c) small particle sizes will give high initial
rates which then drop off to the steady state rate. Even though such a
mechanism may serve to explain the decrease in rate observed at higher
temperatures it should not affect the treatment of the surface area data.

Thus, no change in rate with time was observed at the temperatures used

to obtain the specific rates given in Table II. It would seem likely,
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then, that these rates would correspond to the initial rates which Natta
found to be dependent on the particle size rather than to the steady state

rates.

6. Overall Rate Equation - The results described above can be ex-

Fl

pressed in terms of an equation for rate of polymerization in terms of

the variables studied:

ap -NE/ RT

dt '
where'

ap
~— = Rate of Polymerization (g. polymer/hr)
dat
A =100 (d1/hr - g TiClB)

AR = Overall activation energy = 7,500 (cal/mol)
T .= Polymerization Temperature (°K)
Cy = Monomer Concentration (g/d1.)

G*;,;= Weight of active titanium trichloride (g.)

R = Gas constant = 1.987 (cal./mol. -°K)
The weight of active titanium trichloride will be a function of the
weight of titanium trichloride added (GTi), the quantity of impurities

present (Gi), the polymerization temperature and the time of reaction

(t):

kg t
G¥py = (Gpy - Gy) e (54)

where ky is almost constant except for its temperature dependence.
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This temperature dependence can be approximated by the following equation:

iy © 1011:86  -20,000/RT | (55)

These equations apply to the polymerization of l-pentene in an
inert solvent using a catalyst of titanium trichloride and aluminum tri-
ethyl. The titanium trichloride referred to is the "practical powder",
although the data for the titanium trichloride (HRA) could be expected
to have the same form and activation energy with the pre-exponetial fac-

tor A being a factor of 37 greater.

The form of Equation (53%) is in agreement with the results
obtained by Natta (40) on the system titanium trichloride-aluminum tri-
ethyl-propylene, as well as similar results on the system of titanium
trichloride-aluminum triethyl-styrene obtained by both Danusso et al., (15)
and Burnett and Tait (7)° The activation energy obtained is in agree-
ment with that obtained by Burnett and Tait (8 kcal/mol) but somewhat

lower than those found by Natta, Danusso et al., for both styrene and

propylene (~ 10 kcal/mol).

B. Degree of Polymerization

1. Preliminary Studies - In the study of the effect of reaction

conditions on the degree of polymerization (or molecular weight) intrin-

sic viscosities were measured as a function of the appropriate variables.



O~

These intrinsic viscosities were then related to the number average de-
gree of polymerization. About fifty runs were made for the specific pur-
pose of obtaining polymer for molecular weight determination. These runs
were made with a special titanium trichloride suspension which had been
washed thoroughly with n-heptane to remove any soluble material. The me-
thod of treating the polymer and obtaining the intrinsic viscosities have
been described in a previous section (pagel8).

Again, several variasbles were investigated in order to show that
no effect was obtained or to determine what error might be expected from
unintentional variations. The concentration of titanium trichloride over
a tenfold range, the percent conversion over a tenfold range, and the time
of reaction over a twofold range were found to have no effect on the in-
trinsic viscosity. (see Table XX).

The effect of low titanium tetrachloride concentration was
checked because it was found that by washing the titanium trichloride
used in the polymerizations, the intrinsic viscosity of the produc was
increased appreciably. It was thought that perhaps the soluble titanium
- tetrachloride was causing this decrease. However, although the titan-
ium tetrachloride did have a small effect, it did not account for the
relatively large effect of washing. These data are also shown in Table

HG
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These results are all in accord with the theory presented pre-
viously (page %2), Natta, however, found a decrease in intrinsic visco-
sity with increasing titanium trichloride concentration ( >n It should
be noted that these molecular weight results cannot be compared directly
with those of Natta since they have been made on the total polymer while-
Natta's were obtained mainly for the crystalline fraction obtained by €X-
traction. Also, these polymer samples are ail from reactions carried to
less than 5 percent conversion so that although no effect of conversion
was found here it is quite possible that conversicn could be an important
factor at a higher level.

2. Relationship Between Intrinsic Viscosity and Number Average De-

gree of Polymerization - The correlation of intrinsic viscosities with

both monomer concentration and aluminum triethyl concentration, while
influenced by theoretical considerations, is for the most part empirical.
In light of the nature of the data which were obtained the object of this
discussion is to show that the data can be explained by the proposed the-
ory rather than offering the data as conclusive proof of the theory.

The intrinsic viscosity data at 22°C are given in Table XXI.
One correction has been applied to the intrinsic viscosities from one
set of runs (No. 275) and this was to account for a difference of 3°C
in the polymerization temperature. The method of correction is inciuded
in Table XXI and is based on results of a temperature study which will

be presented in a later section (pagelOJ)n
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The effect of monomer concentration on the intrinsic viscosity
([n]) is shown in Figure 16 where the aluminum alkyl concentration is a
parameter. From theoretical considerations presented earlier one would
expect this relationship to be of the form:

l/a - B (56)
Cy

1okl L

X, ([n]
where a and K are constants from the relationship between [n] and the
number average degree of polymerization (iﬁ), and A and B are combinations
of rate constants. The major assumptions involved in obtaining this re-
lation are: (1) that the transfer reaction involving the monomer is first
order with respect to that concentration; (2) that the other termination
reactions are independent of the monomer concentration; and (3) that the
breadth of the molecular welght distribution of the polymer (as charac-
terized by the ratio ﬁ%/ﬂ%) is independent of reaction conditions.

It was found, however, that the intrinsic viscosity data could

not be correlated satisfactorally in this manner. Furthermore, the de-

pendence of the intrinsic viscosity on the monomer concentration did not
appear to follow any simple mathematical relationship. Although:the form
of this dependence seemed to be independent of the AlEt3 concentration.
This suggested that the relationship between [n] and ih of Equation (56)

was not valid.

In order to provide a basis for the correlation of the intrinsic
viscosity data, it was assumed that the relationship between ih and the
monomer concentration given in Equation (56) was valid. From the data for
a single alkyl concentration in Figure 16 a relationship could then be ob-
tained between the measured [n] and a "corrected intrinsic viscosity" which
would satisfy Equation (56). This "corrected intrinsic viscosity" should
be directly proportional to iﬁ. This relationship is shown by the solid
curve in Figure 17, where the "corrected intrinsic viscosities have been

multiplied by a constant factor to give fﬁ.
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As a check on this relationship, osmotic pressure molecular
welghts were measured on several of these samples. These measurements
are shown in Figure 17 as experimental points and they appear to agree
reasonably well with the curve obtained from the corrected intrinsic

viscosities.

A more fundamental spproach would be either to obtain osmetic
pressure molecular weights for each sample or to obtain the [71] vs. in
relationship from osmotic pressure measurements. The first method is
impractical because of the lack of precision of osmotic pressure meas-
urements. The latter method would alsc require quite a few measurments
in order to obtain a relationship with any reliability. In the method
which was used a fairly precise curve waé obtained on an empirical basis
and a few osmotic pressure measurements were made to give the relatioqﬁ
ship some theoretical support.

The unusual nature of this relationship requires som ration-
alization. First of all, at the lower values of [n] the curve is linear
with a slope of 0.64 which would be reasonable for a series of polyﬁer
samples of the same breadth of molecular weight distribution. At the
higher values of [1n] the curve departs radically from linearity indica-
ting a marked increase in the ratio of ﬂﬁ.to ﬁh , a measure of the breadth

of distribution. One explanation for this behavior is that some sort of

branching reaction occurs which is favored by either a high degree of
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polymerization of the unbranched polymer itself or else by the same
nonditionsvwhich favor a high degree of polymerization. The type of
branching mechanism'whereby a "dead" polymer molecule containing a term-
inél double bond forms a branch by polymerization through this donble
.bond COuld behave in this manner. Thus, if the dead pdlymer molécule
becomes more difficult to desorb as it becomes larger, it would remain
in the vicinity of the active catalyst site longer and therefore have

a better opportunity to form a branch. Or, in the termination mech-
anisms proposed by Natta (see page 33) termination by transfer with

the aluminum triethyl does not result in a terminal double bond while
termination by the monomolecular process or by transfer with the mon-
omer do result in a terminal double bond. This branching process would
be favored by a higher fraction of termination processes resulting in &
terminal double bond and therefore by high monomer concentrations and
low aluminum triethyl concentrations. But these conditions are exactly
those which favor high moiecular weights so that it appears as if the
branching were dependent on the molecular weight of the unbranched poly-
mer.

3. Effect of Monomer and Aluminum Alkyl Concentration - The effect

of monomer concentration on the intrinsic viscosity has been shown in Fig-
ure 16. If the number average degree of polymerization for each of these

samples is obtained using the relationship described above, the resulting
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relationship between (l/X—n ) and (l/CM) is linear as can becseen from
Figure 18. This, of course, is to be expected since these data were
used to calculate the in vs. [n] relationship on the basis that this
relationship should be linear. Nevertheless, it can be seen that this
method does a reasonable job of Correlating the data.

The form of the dependence of in on the aluminum alkyl con-
centration (CA) can be found by plotting the slopes of the curves in
Figure 18 VS, CA' This is shown in Figure 19 where two calculated
curves have been drawn in. The solid line represents a correlation on

the basis of the Langmuir adsorption isotherm:

Ky Cp

Rep = ke (l——-—+ . (57)

where RtA is the rate of termination by transfer with alkyl, ktA the
rate constant, and KA the reciprocal of the equilibrium dissociation
constant.

The dashed line represents a correlation based on the rela-

tionship reported by Natta:

1/2
R = k! C
ta tA A

This method of correlation is also a particular case of the Freundlich

adsorption isotherm.
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If the appropriate constants are calculated from these curves
the general relationship between in and Cy can be calcﬁlatedo Figure 20
shows the data for the effect of Cy on Xn for three different monomer con-
centrations and the corresponding calculated curves for the two methods
of correlation.

From these data the following equations, expressing the depen-

dence of X on reaction conditions, can be deduced:

£ %
l_kt+ktMCM+k‘bA l.+KACA (59)
= kK C
% p M
or.
1/2
; 3
1 Ky Tk Oy tRpp O (60)
= k_C
X p M

where kp is the rate constant for propagation and ki is the rate constant
for monomolecular termination but would also include any terminstion pro-
cess dependent on some substance whose concentration remained essentially

constant.

From Figures 18 and 20 the constants of these eguations can be
determined. First, the intercept of the curves in the l/in Vs, l/CM plot

is ktM/kp. The slope of these curves will be:

k
+ ‘k't;A' . T (CA) (61)

P

B
"
Sl
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where f(CA) will be one of the two functions described previously. Plot-
ting these slopes vs. Cp as in Figure 19, the intercept will yield kt/kpo
By plotting the slopes vs. (CAl/E), k'tp can be obtained from the slope.

If l/(m - ;E ) is plotted VS l/CA the slope and intercept of this curve

will yield ﬁoth kip and Ky of Equation (59).

The values of these constants will be presented in the next
section together with similar constants obtaiﬁed for a different temp-
erature of polymerization.

Equation (60) is the form of the relationship reported by
Natta on the titanium-trichloride-aluminum triethyl-propylene system
with two exceptions. First, he obtained this relationship with the
intrinsic viscosities of the crystalline fractions of his polymer. Sed-
ond, he found a dependence of the intrinsic viscosity on the titanium
trichloride concentration.

It is felt that the Langmuir adsorption model, as expressed in
Equation (59), has a better theoretical basid than does Equation (60),
either from the standpoint of Freundlich adsorption or from the s?and»
point of equilibrium between the aluminum alkyl and dissociation pro-
~ ducts. Furthermore, although the data are not sufficiently accurate to

decide between the two models;, they do seem to fit the Langmuir model

somewhat better, especially at high alkyl concentrations.



-107-

Thus, accepting the relationship between [7] and Xn proposed
in the preceding section, the molecular weight data can be satisfactorily
correlated on a basis of the following termination reactions: (1) spon-
taneous or monomclecular dissociation of the growing polymer chain from
the catalyst site (kt); (2) termination by transfer with an adsorbed
monomer unit (ktM)3 and (5) termination by transfer with an adsorbed
aluminum alkyl molecule (kip)o

L, Temperature Effects - In order to get some idea of the effect

of temperature on the molecular weight a series of runs were made at
53°C, Combining these results with those at 22°C approximate activa-
tion energies can be calculated for the various rate constants.

These data are shown in Figures 21 and 22 where (l/in) is shown
as a function of C, for constant Cy end as a function of (1/cy) at con-
stant Cy. The curves in Figure 21 are again calculated curves based on
the two termination models.

The termination constants can be determined as described pre-
viously except that a trial and error process, involving the assumption
of a value for kt’ 1s necessary in order to obtain ki, ktA and KA? The
resulting constants together with those obtained at the lower temperature

are presented in Table III. From these values approximate activation en-

ergies can be calculated and these are also given in Table III.
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TABLE III

Rate Constants and their Activation Energies

Constant Units Value Overall Energy
of Activation,etc.
| 53°C 22°C (kcal)

Progapation 1 -1

ky dl.hr g .363 1.220 T4
Monomolecular Termination

K, nrt 0.363X10™° | 2.04x1070 25
Transfer with Monomer

Ky a1 nr g™ 0.0602%10™ | 0.222K10™ 8.1

Transfer with Alkyl (Langmpiir)

Ky nrt 0.806x10™ 5.04%10™ 11.h

K, l.mol. T 22.1 20.9 -0.3k
Transfer with Alkyl (Natta)

. 2. - -1/2 - -
krtA ll/ hr lm.ol l/ 2.03X10 3 12.07 X 10 5 11.1

The only other mention of effect of temperature on molecular

weight for these heterogeneous polymerizations is Natta's statement that

little effect was found and that therefore the activation energies of the

(40)

Principle termination steps were about that of the propagation reaction

The activation energies presented here can give some additional

information regarding the nature of the termination processes even though

they are only approximate values.

Both the activation energy for pro-

pagation and that for termination by transfer with monomer involve the
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dissociation energy for monomer adsorption as well as the activation en-
ergy of chemical reaction. If the monomer adsorption site is the same
for the termination and propagation steps (as the suggested'mechanism
proposes) then the two dissociation energies would be identical. Thus,
the difference in overall activation energies (in this case about 1
kcal/mol) would be the difference in the chemical activation energies.
The small difference which was found could indicate that the transition
states for the two processes are similar.

The relatively high activation energy found for the monomole-
cular termination process involves only the chemical activation energy
and thus appears ﬁo be of the proper order of magnitude.

These data do not appear to provide & basis for choosing be-
tween the mechanisms proposed for alkyl transfer. Thus, on'the basis of
Langmuir adsorption, the low dissociation energy would indicate very
weak physical adsorption. Since the polymerization rate was‘found to be
 independent of the alkyl concentration it was concluded that the alkyl
was strongly adsorbed in forming the active catalyst sites. We must con-
clude then, that the adsorption involving the alkyl in termination re-
actions is completely different from that involved in forming the ac-
tive catalyst sites. The chemical activation energy asscciated with
this termination process (™11 kcal/mol) could be expected fof a process

involving an exchange of alkyl groups through some ionic mechanism. This

would also apply however, to a terminaticn process involving the alkyl in

solution as has been suggested by Nattsa.
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C. Degree of Stereospecificity

1. Estimation of the Degree of Crystallinity - An attempt was

made, using x-ray measurements, to obtain an absolute percent crystallinity
for the poly (l-pentene) samples. Qualitatively it can be seen from x-ray
photographs that the polymer produced with the titanium trichloride-alum-
inum triethyl system is at least partially crystalline. Figure 23 shows
pictures of (a) the amorphous polymer, (b) very slightly crystalline
polymer (titanium tetrachloride-aluminum triethyl polymerized) and (c)
fairly crystalline polymer (titanium trichloride-sluminum triethyl poly-
merized).

If the scattering intensities are calculated as a function of
29; according to the method described on page 54, the curves shown in
Figure 24 are obtained. From these curves, as well as from the pictures
themselves, it can be seen that the major crystalline peaks occur at
approximately the same values of 260 as the peaks of the amorphous halo.
Thus, it becomes impossible to obtain with any accuracy the curve due to
amorphous scattering for the partially crystalline material, and the curve
is needed for calculating the pefcent crystallinity.

This problem would be less serioﬁs for a highly crystalline
polymer. However, attempts to obtain a more crystalline material by means
of solvent extraction were also unsuccessful. Extraction with both ethyl
acetate and ether effected some separation but the insoluble material
did not show any appreciable increase in crystallinity, which would in-
dicate that the fractionation took place largely on a molecular weight

basis.
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One other method is available for estimating the percent cry-
stallinity from the data obtained in this work and that is from the den-
sity measurements. Since the density of the amorphous material could be
found experimentally it remains to estimate the density of the completely
(37)

crystalline material. From the data presented by Natta, / and shown

in Table IV, a reasonable estimate would seem pcssible.

TABLE IV

Some Properites of Crystalline and Amorphous Poly ( clefins)

Polymer Density Identity Period No. of mon~
(gms/cc) along the fiber omers units
axis in Identity
Period
Polypropylene
Isotactic 0.92 . 6.50 3
Atactic 0.85 o -

Polybutene-1

Isotactic I 0.91 6.45 : 3
Atactic 0.87 ———— -
Polypentene-~1 0.87 6,60 -

The crystal structure determination for isotactic polyproylene
has been sufficiently complete to allow the calculation of the theore-
tical density of the pure crystalline material and this value has been

reported to be 0.9%6 (5)0 Thus it would seem that the density values



-115-

reported by Natta correspond to mainly crystalline (isotactic) or mainly
amorphous (atactic) rather than to the completely crystalline and com-
pietely amorphous polymers required for calculation.

Nevertheless, the similarity of the identity period repeat dis-
tances supports Natta's claim that these & olefins crystalize in a hel-
icalbconfiguration with three monomer units per identity period. It
would be expected then that the densities of the purely crystalline mat-
erial fbrba series of poly (o olefins) would vary regularly, decreasing
slightly as the length of the R group of the olefin (CEé = CHR) increases.
This is supported by the similarity of the experimental densities found
for isotactic polypropylene and poly (1-butene).

Using the value of 0.936 for the density of totally crystalline
polypropylene one could, on this basis, estimate a value for the density
of totally crysﬁalline poly (1-pentene) to be about 0.90 -~ 0.92. Ex-
perimentally it was found that the density of amorphous poly (1-pentene)
was 0.857 and that a density of 00871 was typical of the polymer obtained
from,polymerization with a titanium trichloride-aluminum triethyl catalyst.
From Equation (34) a percent crystallinity for this partially crystalline
polymer can be calculated to be about 25 to 30 percent.

2, Effect of Reaction Temperature on Crystallinity - In light of

the theoretical considerations concerning the effect of reaction variables
on the degree of stereospecificity, and therefore on crystallinity, it

was felt that the reaction temperature was the only variable likely to
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cause an appreciable effect. Density meésurements'were méde on twelve
polymer films as described on page 53 and these results are shown in
Table XXIII. Although appreciable differences iﬁ density were found in
polymers made from different catalyst systems, the effect of reaction
temperature on polymer density was found to be slight.

This could be due to one of two factors. First, the difference.
in density between the totally amorphous and totally crystalline mat-
erials was small ( ~0.5 g./cc), and second, the variation in polymer
crystallinity over the 100°C range of temperatures appeared to be less
than ten percentg

The use of the density gradient column made it possible to
measﬁre_the relative densities with high precision so that errors in
these values most likely would be due to variations in the nature of the
polymer films. Thus, very small amounts of catalyst residue in the film
would cause an appreciable increase in the measﬁrea density, although
it is felt that the method used in treating the polymer was sufficient
to remove essentially all of the catalyst. One further cause for varia-
tions in these densities might be a molecular weight effect. In general,
the_variation in ‘density with molecular weight is negligible at high
molecular weights (8#)’ but in light of the suggested relationship be-
tween branching and the molecular weight of the polymer sample, some

effect is possible. Thus, if a high intrinsic viscosity corresponded
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to the presence of several branches in the polymer molecule a slight de-
crease in density might be anticipated.

Thege considerations tend to raise some doubt as to whether
the small observed increase in density with reaction temperature is real.
At any rate the differences are much too small to allow a meaningful test
of the various theoretical models proposed in an earlier section.

Recognizing these limitations we can use these data to obtain
an approximate value for OE, the difference in overall activation energies
for the two types of propagation reaction. Since the differences in cry-
stallinity are small it does not make any difference which model is used.
In this case the model proposing two types of reaction site has been u-
tilized, so that the two types of propagation reaction refer to the pro-
cesses at the two types of site, one producing atactic polymer and the
other producing isotactic polymer.

From the discussion on page 30 and from Equation (34) it was
found that a plot of 1n(-2__ ) vs. (1/T) should be linear (where D is the

1-D
crystalline fraction). Such a plot is shown in Figure 25. The small

differences in density magnify the scatter of the data such that the only
reasonable conclusion would be that the difference in overall activation

energies 1s less than 1 kcal/molo

The only other reports concerning the effect of reaction temp-

erature on crystallinity appear to be conflicting. Natta claims that
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(40)

increasing the reaction temperature causes a decrease in crystallinity
while Bailey and Lundberg give data showing the opposite effect (5),
Aside from the fact that both were dealing with the titanium trichloride-
aluminum triethyl-propylene system no experimental details were given.

The only variable which was found to have an appreciable ef-
fect on the polymer crystallinity was the nature of the catalyst. The
titanium trichloride (pract.) together with aluminum triethyl produced
polymer with the highest crystallinity. The titanium trichloride (HRA)-
aluminum triethyl system produced polymer with a slightly lower crystall-
inity, while polymer from a titanium tetrachloride-aluminum triethyl sys-
tem showed very little crystallinity.

In conclusion then, polymerization temperature was found to
have little effect on crystallinity whereas the nature of the catalyst
had a pronounced effect. These observations are certainly compatible

with the theory presented previously but unfortunately do little to sup-

port any given theory.



VI. CONCLUSIONS

The results of this study of the polymerization of l-pentene
using a catalyst of titanium trichloride together with triethyl aluminum
can be summarized in terms of the following conclusions:

1. Over the range of conditions which were studied the>rate of
polymerization is first order with respect to the monomer and
titanium trichloride concentrations and independent of the tri-
ethyl aluminum concentration. However, no polymerization will
occur in the absence of the triethyl aluminum.

2. In the range from 0° to 85°C. the temperature dependence of the
initial rate of polymerization is of the Arrhenius form with an
activation energy of 7.5 kcal/mola

3., At the higher temperatures investigated the rate of polymeriza-
tion decreases with time. This change in rate can be correlated
satisfactorily by assuming that the titanium trichloride is de-
activated by a process which is first order with respect to the
titanium trichloride concentration.

4. These observations offer strong evidence in support of a mech-
anism whereby the aluminum alkyl is strongly adsorbed (or chem-
ically bound) on the titenium trichloride surface forming a cat-
alyst site at which weekly adsorbed monomer is added to the grow-

ing polymer chain.
-120-
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Using two different grades of titanium trichloridecobtdined at ‘different
times it is found that the specific rate of polymerization is
not directly proportional to the specific surface area of the
titanium trichloriden

The intrinsic viscosity of the polymer decreases with increas-
ing triethyl aluminum concentration, increases with increasing
monomer concentration, and is independent of the titanium tri-
chloride concentration. The relationship between reciprocal
intrinsic viscosity and reciprocal monomer concentration is not
linear as would be expected.

The intrinsic viscosity data dan be correlated satisfactorily
by assuming an empirical relationship between the intrinsic
viscosity and the number average degree of polymerization such
that the ratio of viscosity to number average molecular weight
increases with increasing molecular weight. Using this rela-
tionship the reciprocal degree of polymerization is directly
proportional to the reciprocal monomer concentration and can be
related to the concentration of the aluminum alkyl by assuming
either an adsorption mechanism or a relationship dependent on
the one half power of the aluminum alkyl concentration.

These observations would support a termination mechanism in-

volving: (a) spontaneous monomolecular termination of the



10.
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growing polymer chain; (b) termination by transfer with ad-
sorbed aluminum alkyl; and (c) termination by transfer with
adsorbed aluminum alkyl.

The intrinsic viscosity of the polymer is found to decrease with
increasing temperature. Approximate activation energies for
various termination reactions are found to be: (&) 25 keal/mol
for monomolecular termination; (b) 8 keal/mol for transfer with
monomer; and (c) 11 kcal/mol for transfer with aluminum alkyl.
Little change in the density of the polymer is found with changes
in the reaction variables of temperature, monomer concentration,
and catalyst concentrations. The polymer density is affected

appreciably by the nature of the catalyst employed.



Ls

10.

11.

12.

13.

1k,

15.

16,

17.

REFERENCES

A.S.T.M. Standards, Part 9, (1958) 511.

Alexander, L.. Ohlberg, S.

(1955) 1068.

and Taylor, G., J. Applied Phys., 26,

Ang, F., J. Pol. Sci., 25, (1957) 126.

Ang, F. and Mark, H., Monatsh, 88, (1957) k27.

Bailey, F..

and Lundberg,

R., Abstracts of Papers, 134th meeting

of the A.C.S., Sept., 1958.

Bruanauer, S.

(1938) 309.

Emmett, P.H., and Teller, E.J., J. Am. Chem.Soc., 60,

Burnett, G.M. and Tait, P., J. Pol. Sci., 34, (1959) 46.

Chaing, R., J. Pol. Sci., 28, (1958) 235.

Craig, R.G., Thesis, Univeristy of Michigan (1954).

Craig, A.W. and Henderson, D., J. Pol. Sci., 19, (1956) 215.

Ciampi, G., Chimica e Industria, 38, (1956) 298.

Danusso, F.,
Danusso, F..
Danusso, F.

Danusso, F.,

(1958) 628,

Danusso, F.,

(1959) 13.

Eirich, F.
(1956).

and Moraglio,
and Sianesi,
and Sianesi,

Sianesi, D.

Sianesi, D..

and Mark, H.,

G.y Jo Pol. Sci., 2k, (1957) 161.

D., Chimica e Industria, 40, (1958) 450.

D., Chimica e Industria, 40, (1958) 909.

and Calcagno, B., Chimica e Industria, 40,

and Calcagno, B., Chimica e Industria, 41,

Kunstoffe Plastics, 3, Jahrgang Nr.2

-123-



18.

19.

20.

21.

22,

23.

24,

25.
26.
7.
28.

29,

30.
31.
32 e

55,

3L,

25

~12k-

~ Eirich, Fi and Mark, H., J. Colloid Sci., 11, (1956) 748.

Field, E. and Feller, M., Ind. and Engr. Chem. 49, (1957) 1883.

Flory, P.J., Principles of Polymer Chemistry, Cornell University
Press, Tthica, 1955.

Friedlander, H. and Oita, K., Ind. and Engr. Chem., 49, (1957) 1885.

Friedlander, H.N. and Resnick, W., "Solid Polymers from Surface
Catalysts" in J. McKetta and K. Kobe, Advances in Petroleum Chemis-
try and Refining, Interscience, 1, (1958) Chapter 11.

Frith, E.M. and Tuckett; R.F., Linear Polymers, Longmans, Green and
Co., London (1951).

Gaylord N. and Mark, H., Linear and Stereoregular Addition Polymers,
Interscience, 1959.

Gilchrist, A., J. Pol. Sci., 34, (1959) 49.

Horne, S.E.'et al., Ind. and Engr. Chem., 48, (1956) 78k.
Huggins, M.L., J.A.C.8., 64, (1942) 2716.

Kern, W., Braun, D. and Herner, M., Makro. Chemic., 28, (1958) 66.

Krigbaum, W.R., Carpenter, D.K. and Newman, S., J. Phys. Chem., 62,
(1958) 1586.

Krimm, S. and Tobolsky, A., J. Pol. Sci., 7, (1951) 57.

Krimm, S. and Tobolsky, A., Textile Res. J., 2L, (1951) 21.

Laidler; K.J., Chemical Kinetics, McGraw-Hill, New York 1950,

Ludlum, D,,. Anderson, A. and Ashby, C.;, J. Am. Chem. Soc. 80,
(1958) 1380.

McGowan, J. and Ford, B., J. Chem. Soc., (1958) 1149,

Mussa, C., J. Applied Pol. Sci., 1, (1959) 300.




36,

38.
39
Lo.
b1,
L2,

L3,

Ll

L5,

L6,

b,

L8.

L9,

50,

51,

52,

5.

-125-

Natta, G., J. Pol. Sci., 34, (1959) 3.

Natta,
Natta,
Natta,
Natta,
Natta,
Natta,

Natta,
(1955)

Natta,
(1955)

Natta,
(1955)

Natta,

Natta,
Rend.,

Natta,
Rend.,

Natta,

Natta,
Rend.,

Natta,
Rend. ,

Natta,
Rend.,

Natta,

G., Modern Plastics, 34, (Dec., 1956) 169.

G., Chemistry and Industry, 47, (Nov. 23, 1957) 1520,

G., Angew. Chem., 68, (1956) 615.

G., J. of Pol. Sci., 34, (1959) 21.

G., J. Inorg. Nuclear Chem. (London), 8, (1958) 589.

G., J. Pol. Sci., 3k, (1959) 531.

G. and Corradini,
229,

G. and Corradini,
229,

G. and Corradini,
229,

G, and Corradini,

G., Corradini, P.

19, (1955) 40k.

G., Corradini, P.
2

, (1957) 363,
G., Corradini, P.

G., Corradini, P.

21, (1956) 365.

G., Corradini, P.
22, (1957) 11.

G., Corradini, P.

20, (1956) T28.

P., Atti. Accad, Nazl. Lincei, Rend., 19,

P., Atti. Accad. Nazl. Lincei, Rend., 18,

P., Atti. Accad. Nazl. Lincei, Rend., 19,

P., J. Pol. Sci., 20, (1956) 251.

and Bassi, I., Attis, Accad. Nazl. Lincei,

and Bassi, I., Atti, Accad. Nazl. Lincei,

and Bassi, I., Makromol. Chemie 21, (1956 )240.

and Cesari, M., Atti. Accad. Nazl. Lincei,

and Cesari, M., Atti. Accad. Nazl. Lincei,

and Porri, L., Atti. Accad. Nazl. Lincei,

G. and Danusso, F., Chimica e Industria, 40, (1958) Lk5.




54,

25

56,

o7
58.
59.
60.
6;.
62,
63.
6L.
65,
66.

67.

-126-

Natta, G., Danusso, F. and Moraglio, G., Makromol , Chemie, 20,

(1956) 37.

Natte, G., Danusso, F. and Moraglio, G., Makrcmol . Chemie, 28,

(1958) 166.

Natta, G. and Pasquon, I., "The Kinetics of Stereospecific Polymeri-
zation of o Olefins" in Eley, D.D., Selwcod, P.W. and Weisz, P.B.,
Advances in Catalysis, Academic Press Inc., XI, (1959) Chapter 1.

Natta, G.; Porri, L., Corradini, P. and Morero, D., Atti. Accad.
Nazl. Lincei, Rend., 20, (1956) 560,

Natta, G., Porri, L., Corradini, P. and Morero,D., Chimica e
Industria, 40, (1958) 362.

Natta, G., Porri, L., Corradini, P. and Morero, D., Atti., Accad.
Nezl. Lincei, Rend., 20, (1956) 560.

Natta, G., Pasquon, I. and Glachetti, E., Chimica e Industria, 39,

(1957) 993.

Natta, G., Pasquon, I. and Glachetti, E., Chimica e Industria, &Qj

(1958) 97.

Natta, G., Pasquon, I. and Giachetti, E., Chimica e Industria, Eﬁb

(1958) 267.

Natta, G., Pasquon, I. and Giachetti, E., Chimica e Industria, Eﬁb

(1958) 556.

Natta, G., Pasquon, I. and Giachetti, E., Angew. Chem., 69, (1957)
213

Natta, G., Pasquon, I. and Giachetti, E., Makro. Chemie, g&“(l957)
258.

Natta, G., Pasquon, I. and Scalari, F., Chimica e Industria, &Q}

(1958) 103.

Natta, G., Pino, P., Mazzanti, G., Corradini, P. and Giannini, A.,
Atti. Accad. Nazl. Lincei, Rend., 19, (1955) 397.




69.

70.

T1.

T2.

13-

Th.

75

76.
e

T8.

9.
80.
81.
82,

83.

8h.

85.

-127-

. -Natta, G.. et al., J.A.C.S., 77, (1955) 1708.

Natta, G., Pino, P. and Mazzanti, G., Chimica e Industria, 37,

(1955) 921.

Natta, G., Pino, P. and Mazzanti, G., Gazz. Chim. Ital., 87,
(1957) 528.

Natta, G., Pino, P., Mazzenti, G. and Longi, P., Gazz. Chim. Ital.
87, (1957) 570,

Orzechowski, A., J. Pol. Sci., 34, (1959) 65.

Ohlberg, S., Alexander, L. and Warrich, E., J. Pol. Sci., 27,
(1958) 1.

Peaker, F.W., J. Pol. Sci., 22, (1956) 25.

Peters, E.F., Zletz, A. and Evering, B.L., Ind. and Engr. Chem., &2J
(1957) 1879.

Patat, F. and Sinn, H., Angew. Chem., 70, (1958) 496.

Quinn, E. and Mendelkein, L., J. Am. Chem. Soc., 80, (1958) 3178.

Rossini, F.D. et al., Selected Values of Thermodynamic Properties
of Hydrocarbons and Related Compounds, Carnegie Press, 1953.

Schildknecht, C.E., Ind. and Engr. Chem., 50, (1958) 107.

Smith, J.M., Chemical Engineering Kinetics, McGraw-Hill, New York, 1956,

Stavely, F.W. et al., Ind. and Engr. Chem. 48, (1956) T778.

Stille, J.K., Chem. Rev., 58, (1958) 54l.

Saltman, W., Gibbs, W. and Lal, J., J. Am. Chem. Soc., QQJ (1959)
5615.

Tung, L.H. eand Buckser, S., J. Phys. Chem., 62, (1958) 1580.

Tobolsky, A.V., American Scientist, 45, (1957) 34.




86.

87.
88.
89.

90.

ol.

92,

-128-

Trossarelli, L., Campi, E. and Saini, G., J. Pol. Sci., 35, (1959)
205.

Tobolsky, A. and Hsieh, H., J. of Pol. Sci., 25, (1957) 2k5.

Tung, L.H. and Taylor, W.C., J. Pol. Sci., 21, (1956) 1kk.
Uelzmann, H., J. Pol. Sci., 32, (1958) 457.

Williams, J., VanDenBerghe, J., Dulmagi, W. and Dunham, K.,
J. Am. Chem. Soc., 78, (1956) 1260.

Williams, J. et al., J. Org. Chem., 23, (1958) 6%8.

Ziegler, K., Angew. Chem., 67, (1955) 54l.



APPENDIX A

SAMPLE DATA AND CALCULATIONS

-129-



-130-

TABLE V

Calculation of "Active" TiCls Concentration

It is assumed that the n-héptane used to prepare the TiClz
suspension contains Gi/Gs grams of impurity (expressed as grams of solid
TiClB deactivated) per gram of heptane. TiCl5 suspensions H, J, and K
were prepared using the same batch of heptane and the same solid TiCl5
and their "apparent" concentrations (grams TiClB added per total gram
suspension) were as follows:

Suspension Apparent Concentration
(g./g. susp.)

H 0.0145
J 0.0277
K 0.0446

Several runs were then made using these catalyst suspensions
under identical conditions of temperature and monomer concentration but

varying the TiCl§ concentration in the reaction mixture:

Run No. Catalyst g. Suspension go Ti015 Rate
Suspension per liter of per liter of (g,/hrolo)
reaction mixture reaction mixture

1h1 J 13.9 0.38% 0.99
142 K 1%.6 0,608 2.18
143 K 27. 4 1.224 L.6L
1hh H 66.8 0,970 1.95
145 J 40.0 1.103 3.60
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TABLE V (conta)

These data are plotted in Figure 5. Straight lines are drawn
through these data for each catalyst suspension. Since we assume the non-
zero intercept for this type of plot can be attributed to impurities in
the reaction mixture which are not scavenged by the AlEtz and since the
reaction conditions and solvenﬁ and monomer batches are identical for all
of these runs, the intércepts should be identical. The slope of each of

these lines gives us a specific rate based on the "apparent" TiCly con-

centrations:
Suspension Specific Rate (R) g. TiClz per g.
g./br.-g. TiCls Heptane in Sus-
pension (C)
H 2.15 0.0147
J 3,43 0.0285
K L. 08 0.0467

We now have sufficient data to calculate the active TiClB
concentration in each suspension. We can express the assumptions we
have made in form of equations. First, G; grams of TiCl3 are deacti-

vated per grams of heptane:

- G, (62)

G¥ GTi 1

Ti T

where G¥p; is the weight of active TiClz in the suspension and Gpi the
weight of TiCl5 added.
Gi = K Gg (63)

where K is a constant and Gg the weight of heptane in the suspension.
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TABLE V (cont)
From the data we obtain R = r/GTi and C = GTi/Gs for each
TiClB suspension where r is a rate in grams per hr. We have assumed that
the specific rate based on the active TiClz (R# = r/G*Ti) is independent

of the catalyst suspension used:

b \ e (64)

____E;___) = T
G¥ps g == 7 \G*Ti K

Using any of these three equations we can calculate K, the concentration

of impurities in the heptane:

| \
—— ) - - (65)
Grs -K G| & Gpy - KGg | 5
- R
K = i (66)
€5 g

Thus we obtain three values for K which sould be similar:

Data Used K (go TiCl, deactivated
per 100 g. Heptane)
H-J 0.81
H-K 0.8%
J-K 0.93

It will be noted that the value of K used in calculation of the

data was somewhat lower (0573, see Table XIII)G This value was obtained
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TABLE V (cont.)

by trial and error using the individualvruns rather than the method out-

lined above. The difference between these values will have little sig-

nificance in the calculations of specific rates.



Sample Date and Calculations
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TABLE VI

INTRINSIC VISCOSITY

Calculated Data

o Data
‘ i Flow Time ‘
Rel. Conc. (sec.) t - %9 N nsp/cr En‘ﬂr/cr
Solvent 96 .25 96.05
1.00 166.75 166.63 | 1.7348 0.7%48 0.551
| 0.50 128.28 128.12 | 1.3%39 | 0.6678 0.577
‘ 0.25 111.50 111.4%2 || 1..600 0.6400 0.593
Calculations:
1. Kinetic Energy Correction:
tczt"g_to—
2. Relative Viscosity
Ny = (tc)solna/ (t.) solvent
3. Specific Viscosity
nsp:nr'l
4, Intrinsic Viscosity:

Solv. Conc. - 0.167 g/dl.
From plot (see Figure 26)
Intercept-0.605

[n] = 0.605/0.167 = 3.62 dl/g
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TABLE VII
OSMOTIC PRESSURE

Sample Calculation and Data

Calculations:
From plot of osmotic pressure (expressed in cm. toluene) as a
function of time, obtain equilibrium osmotic pressure for several concen-

trations. From Figure 27 for runs 306-A:

Cell Conc. h h/c
(cm.tol.) (cm-dl/g)

1 1.01 2.18 2.16

2 0.673 1.10 1.63

3 0.673 1.12 1.66

L 0.336 0.k2 1.25

From plot of (h/c) vs. C (Figure 28) obtain (h/c) = 0.80

Osmotic Pressure; <= —P=___ h (atm. )
(76.0)(13.6)
(x/c), = RT/M,
= 0.854 g./cc; T = 308°K
R = 0.8206 dl-atm.-°K™ - mol
- 5
Mn = M = 3“83 x 105

(h/c )o



Sample
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TABLE VII (cont.)

(In1) (h/e),
6.3%6 0.80
L.27 1.06
3.26 1.60

3.83 x 10
2.89 x 10

1.91 x 10°

5.47 x :Lo5

k12 x :Lo5

2.73 x 107
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TABLE VIII

Calculated Intensities from Geiger Counter Trace of
X-Ray Scattering - Sample 150A

Background 4 Corrected
6 Intensity Intensity Intensity
Degrees I I, InIO I,
5 3L 26 8.0 10.0
6 30 20 10.0 12.5
7 37 110.5 26.5 33.1
8 L2 8.5 33.5 41.8
9 3L 7.0 27 33,8
10 28 6.0 22 27.5
11 25 6.0 19 23.7
12 21 6.0 15 18.8
13 20,5 6.0 14,5 18.1
14 21 55 15.5 19.4
150 27 5.0 22 27.5
16 31 4,5 2645 33,1
17 36 4.5 31.5 39,4
18 48 4.0 Lh.0 55
19 50 4.0 L6.0 5745
20 | 39.5 4.0 35.5 Iy
2l 31 4.0 30.5 38,1
22 27 4.0 23.0 28.7

Sample thickness - 16 mils
Intensity corrected to thickness of 20 mils:

20
I, = =22 (I-1,)
c l6 (6}
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TABLE IX

Sample Data and Calculations for Determination of Surface Ares

Data and Calculated Data: TiClz (HRA) - Semple 1

Dead Space Surface Area
Determination
Bulbs 1+2+x 1+2+x  1-%+x 1-3+x 1-3+x
vy (cc) hi.7 41,7 62.1 62.1 62.1
hy (cm) 4,00 4.00 3,95 3,65 3,85
hy (cm) 60.10 60.10  59.70 60.60 49.80
P; (cm) 56.10 56,10  55.75 56495 45,95
(P;), (cm) 56,00 56,00  56.65 56.85 L45.85
hy ?cm) k.05 3,95 3,90 3.80 3,95
h), (cm) 47,70 boks 6.60 15.80 2k, %0
Pr (cm) 43,65 0.50 3,70 12.00 20.3%5
(Pe), (cm) 43,55 0.40 3,60 11.90 20,25
Bulb Temp (°C) 24,8 26,2 26.7 26,8
Room Temp (°C) 2h.6 26.0 26.2 26.6
Lig. Np Temp (°K) 7.6 7.6 T7.6 T7.6
P; - Pr (cm) 55,60 52,05 Lk, 95 25.60
P, - Pf’(cm) 0.40 3,20 8.30 8.35
PfPO 0.005 0.047 0.157 0.266
1+« 1.000 1.002 1.008 1.014
V* (cc) 2.79 3,715 2.96 1.475
Vp (cc) 2.79 6.505 9,465 10.94
1-P/P 0,953 0.84% 0.734

(P/Po)/VT(l?P/PO) (cc™) 00758 .01993

03315
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TABLE IX (cont.)
Calculations

1. Dead Space Volume - (Vo + V3 = Vp)

V1(Py)e = (Vi + Vp) (Pr)e
(41.7) (56.00-43,55) = 11.95 cc
43.55

Vp =

Vs, (the volume at R.T.) is calculated from capillary

dimensions.
Vo = 2.65 cc
V5 = 9.% ce

2. Adsorbed Volume (V¥)

v o 22,05 [ (B - Pf)vl i
R Ts Tr To
e.8.~
—_ 22,415 (52.05)(62.1)  3.20)(2.65) ~ (3.20)( 9.3)(1.002)
62,360 299.3 299.1 7.6
V¥ = 3,715 cc

3. Volume adsorbed at monolsyer coversge (Vm)

From plot of (P/P,)/Vp(1-B/B,) vs. (P/P,) - (See Figure 30)
Slope = .0021

Intercept = 0.116

Vm = = = = = 8.47 cc

S+ 1I 0,116 + ,0021
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TABLE IX (cont.)

4. Calculations of Specific Surface Area (Asp)
2
V(6,023 x 10 5)

Molecules adsorbed -

22,41k

2
Cross sectional area of N2 molecule - 16.2 A°

Wt. of TiC15 sample (Gti) - 12.75 go

23
vV, (6.023 x 10
n | 2.x ) (16.2 x 1070 ) = 4,35 —I'E(mg/go)

TGy (22,kk ) Gy
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TABLE X

Calculation of Free Energy of Adsorption

Calculated Data

P/P, Vip Vig/V,, n(P./P)  OF
“cc cal/mol

;002 0.95 0.110 6.21 960
.00k 1.54 0.182 5.52 851
.010 3,16 0.373 L.61 T11
.020 L.63 0.5k47 3,91 603
.0kO 6.22 0.735 3,22 496
100 8.11 0.958 2,30 355

AF = -RT 1n (B/P,)

T=77.6" K
Vg = obtained as a function of (p/P,) from

Figure 30,



APPENDIX B
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TABLE XTI

Summary of Rate of Polymerization Data

The fcllowing table includes all of the runs made for the deter-
mination of the rate of polymerization except those initial runs which were
made using TiCl5 suspensions of unknown "active' concentrations. Most of
the runs before run 141l were of this nature. There were two reasons for this:
first, it was not realized at that time that the deactivation of the TiCl§
due to the heptane could be accounted for; and second, impurities intro=-
duced into the catalyst suspensions when taking samples caused sporadic
decreases in activity which could not be accounted for. The TiCl5 concen-
trations of the runs before No. 104 are not "active" TiCly concentrations
-and therefore cannot be compared directly.

Notes are made at the end of this table to explain either un=
usual conditions or variables, or runs which were not included in the
correlated data.

A complete tabulation of all runs made for the purpose of ob-
taining intrinsic viscosity data is given in Tables XX, XXI and XXII and

it -was not felt that this material should be duplicated.
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TABLE XI (cont.)
EXPERIMENTAL RATE DATA

Run No.  Monomer TiCl5 AlEt5 Temp, TiClB Heptane and Rate

Conc. Conc. Conc. Susp. Pentene (g/minn
(g/a1) (g/1) (Mol/1) (°C) Batch x10

L1 12,8 0.4%  0.0k4 W, D A/A 0.46
L2 12.9 0.50 0.0k 44,0 D A/A 0.51
I3 12.6 0.35  0.04 4,0 D A/A 0.27
46 12.7 0.35 0.0k by,0 D A/A 0.32
L7 12.7 0.67 0.0k Lhy.0o D A/A 0.78
48 12.6 0.43 0.0k Lh,o D A/A 0.4k
L9 12.6 0.45 0.0k L,0 D A/A 0.39
50 12.7 0.45 0.0k Lh,o D A/A 0.48
51 12.h 0.4k 0.0k h,0 D B/A 0.51
57 12.7 0.45 0.0k .o D B/B 0.40
58 12.8 0.23 0.0k .o D A/B 0.1k
60 12.7 0.88  0.04 Lkh,0 D A/B 1.0k
61 12,5 0.k5 0.0k 4.0 D B/B 0.36
62 12.5 0.45 0,04 Wh,0 D B/B 0.37
6% 12.7 0.45  0.04 .0 D B/B 0.%6
66 12.6 0.b4 0.0k Ly,0 D B/B 0.37
67 12.7 0.45 0.0k Wh,0 D B/B 0.35
104 6.39  0.078 0.02 W0 ¢ C/E 0.08
106 6.37  0.113 0.02 Lh,o e C/E 0.10
107 6.25  0.470 0.02 .o f C/E 0.58
108 6,37  0.268 0.02 Ly,0 h C/E 0.28
109 6.27  0.275 0.0k4 Lhy,0 h C/E 0.28
110 6.3L  0.481 0.02 .0 h C/E 0.57
111 6.40  0.673 0.02 bh,0 b C/E 0.83%
112 6.41  0.324 0.02 W, b C/E 0.41
113 6.7  0.319 0.02 Lo ¢ C/E 0.48
11k 6.3  1.056 0,02 4,0k C/E 1.32
141 6.50  0.28%3 0.02 Wyo J E/I 0.25
142 6.43  0.509 0,02 W0 K E/I 0.55
143 6,54  1.033 0.02 .o K E/I 1.20
144 6.7  0.469 0,02 L,0o H E/I 0.50
145 6.60  0.814 0.02 Who J E/I 0.9k
146 12,78  0.816 0.02 bh,0 J E/J 1.h2
147 12,63 0.2k 0,02 bh,o J E/J 0.29
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TABLE XI (conts)

Run No. Moncmer TiCl5 AlEt§ Temp. TiCl3 Heptane and Rate

Conc.  Conc. Concw Susp. Pentene (g/min. -g)
(g/a1) (g/1) (Mo1/1) (°C) Batch x10

148 12,72 1.00% 0.02 Lo K E/J 2,16
149 6,48  0.433 0,02 by,0 J E/I , 0.326
150b 12,78 0.960 0.02 Yo J E/J 2,92
151 6.43  0.685 0.02 bh,0o J E/I 0.67
152 12,7+ 0.496 0.02 Lo X E/J 0.92
15% 12,74 0.k23  0.02 Lo J E/J 0.50
15k 12.76 0,887 0.02 W,0 K E/J 1.82
155 12.88  0.287 0.02 Wh,0 H E/J 0.47
156 6.3  0.78% 0,02 h,0 K E/I 0.83
157 6.3  0.824 0,02 bh,0 J E/T 0.58
158 6,50  0.291 0,02 4h,0 H E/1 0.2%
1590 49,2 0.567 0.02 b, J F/L 6.10
160 49,5 0.258  0.02 bh,0 J F/L 2,08
161 6.38  0.529 0,02 Wh,0o J E/I 0.49
162 k9,2 0.143  0.02 Ly,o J F/L 1.13
163b 49.5 0,271  0.02 4,0 H F/L 3.49
164 49, b 0.10L  0.02 W0 H F/L 0.78

165b hg.7 0.428 0.02 Wh,o J F/L 4,90
1166 b9 .k 0.390 0.02 . Wk,0 H F/L 3,40
167 6.30  0.300 0.02 Lh,0 H E/I 0.305
168b 49,5 0.520 0,02 Who J F/L 5,32
1169 49.6 0.316 0,03 Wh,0 H F/L 2.80
170 6.50  0.29% 0.05 k.0 H E/I 0,21
171 49,5 0,060  0.03 Lh,o H F/L 0.3k
1720 30,5 0.282 0.02 W0 J G/L 1.60
173 30,4 0.145 0,02 bW, H ¢/L 0.71
174 3046 0.297  0.02 4,0 H G/L 2,1k
175 30,5 0.417  0.03 o J G/L 2,22
176 20.7 0.111  0.03 o J G/L 0.52
177 20,7 0.231  0.03 W, J ¢/L 1.30
178D 30.7 - 0,548 0.0L bh,0 J G/L 3,40
179 %0.5 0.175 0.05  4h,0 H G/L 0.82
180 30.8 0.440  0.03 Lh,0o H G/L 2,78
181 6,48  0.768 0.03 ,0 K E/I 0.63
182 6:56  0.296 0.0% L,0 H E/1 0.2k
183 6.4k 0.562 0,02 bh,o J E/1 0,50
18kc 13.10  1.121  0.02 25,2 J E/J 0.56
185 13,08  0.39% 0,02 25,2 H E/J o 0.22
2.060 0.02 25,2 K E/J 1.202

186 1%3.06



-151-

TABLE XI (cont.)

Run No. Monomer T1015 AlEt5 Temp. TiCl5 Hept,. and Rate
Conc. Conc. Concs Susp.  Pentene (g/min-g)
(g/a1)  (g/1) (Mol/1 (°c) Batch x 10*
187 13,0k  0.547 0,02 25,2 J E/J Q.30
188 13,02 1.681 0.02 25,2 K E/J 1.00
189 13,02 0.881 0.02 25,2 K E/J 0.61
190 13.05  0.83L 0,02 25.2 J E/J 0.59
191 50.8 0.298 0.02 25,2 H G/L 1.00
192 50,6 0,104  0.02 25,2 H G/L 0.16
193 13,02  1.27h 0.02 25,2 K E/J 0.59
19k 6.54  1.030 0.02 b0 K E/I 1.82
195 6.41  0.289 0.02 Wh,0 H E/I 0.23
196 6.42  0.67TF 0,02 Lo J E/I 0.63
197d 6,53  0.367 0,02 Lh,0 K E/K 0.25
198 6,48  0.365 0,02 .o K E/K 0.3
199 6,46  0.366 0.02 W,0 K E/K 0.28
200 6.46 0,535 0.0k b0 K E/K 0.41
201 6.46  0.518 0.0k4 .o K E/K 0.3k
202 6.45  0.53% 0,06 4,0 K E/K 0.43
20% 6.3%  0.766 0.06 W0 K E/K 0.52
20k 6.44  0.229 0.01 I,o K E/K 0.1k
205 6.48  0.806 0.02 4h,0 K E/K 0.79
206 6.42  0.79% 0,01 Lh,0 K E/K 0.60
207 6,48  0.505 0.08 W0 K E/K 0.31
208 6.47  0.762 0,01 b0 K E/K 0.50
209 6.54  0.765 0.00k  hh.,0 K E/K 0.50
210 6.47  0.520 0.05 bh,0 K E/K 0.31
211 6.45  0.772 0.03 4.0 K E/K 0.50
212 50.7 0,445 0,02 5.2 J G/L 1.64
213 50.8 0.20k  0.02 25,2 H o/L 0.77
21k 50.8 0.428  0.02 25,2 J G/L 1.46
215 50.7 0.351 0,02 25,2 H G/L 0.88
216  50.7 0.062  0.0L 25.2 H /L 0.077
217 50.7 0.143 0,03 25,2 J G/L 0,30
218 37,7 0.579 0.02 25,2 J G/L 1.96
219 37,5 0.155 0,02 25,2 H G/L 0.39
220 37.6 0.4%2 0,02 25.2 J G/L 1.32
221 37.7 0.502  0.02 25,2 J G/L 1.47
022 27.6 0.105 0.02 25,2 H G/L 0.186
223 37.8 0.248  0.02 25,2 H G/L 0.52



Run No.,

22k
225
226
227
228
229
2%0e
231
232
233
23k
235
2%6
257
238
239
2ko
2kl
o2
2L 3h
2
245
26
oLt
2h8
249
250
251
251
253
253
25k
25k
255
255
256
256

Monomer T1015

Conc.

(g/a1)

37.3
50.8
50.6
12.72
12,76
12,45
5.93
099
5,91
6,01
6.08
6.05
11.58
2k .9
25.9
25,0
25.1
240
2k .9
18.6
18.7
25.0
18.4
18.3
18.5
18.3%
2k .9
12,00
11,48
6.28
5.93
6.48
5.68
6.50
5.75
6.42
5.65

Conc.

(g/1)
0,352

. 343
.560
.292
389
.09k
226
.181
.262
. 308
400
27

139
. 318
.832
.992
.196
0.584
1.132
0,195
0.716
0.8%5
0.357
0.578
1.148
1.147
0.577

O O OH OO OO OO OO OO OoOOo

O

0.554
0.570
0.430

0.413

€4y €y Oy €y €y Oy €4 Cy €y Oy Oy € b Gy C FO Gy Oy b Oy Oy b &y &y Oy i & b oMo o & Oy

Hept. and
Pentene
Batch

G/L
G/L
G/L
E/J
E/J
E/J
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/M
H/N
H/N
H/N
H/N
H/N
H/N
H/N
H/N
H/N
H/N

Rate

(g/min-g)
x 10

0,75
0.42
0.90
0.98
0.39
0.70
0,075
0.35
0.20
0.26
0.51
0.62
.00
STh
.00
RITS
.31
.96
.15
.18
.19
17
43
.69
.00
o Th
565
N
.30
.63
27
55
.23
1.28
0,205
1.%2

OH OO0OOHFH OMNMMOOHF OMNDOOMNMMNOW
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TABLE XI (cont.)

Run No. Monomer TiCl 3 AlEt 3 Temp. TiCl 3 Hept. and Rate
Conc. Conc. Conc. Susp. Pentene (g/min-g)
(g/d1) (g/1) (Mo1/1) (°C) Batch x 10
257 5.3% - 0,005 25.2 K H/N 0.167
257 b.71 0.005 25.2 K H/N 1.00
258 12,22  0.842 0.0 25,2 J H/N 0.65
258 12.17 0.01 0.5 J H/N 0.160
259 12.91  0.575 0.02 25,2 K B/0 0.58
260 13.0b  0.605 0,02 25.2 K’ 1/0 0.62
261 6,23  0.431 0.01 25,2  J B/0 0.21h4
261 5,72 0.01 65.6 J H/0 0.885
262 3,19  0.563 0.004 25.2 J H/0 0.17h
262 2.86 0,00k  65.6 J H/0 0.61
263F 12,45 0,340 0.01 65.6 J c/o
26k 50.% 0.02 25,2  K' c/o 0.266
26k 49,1 0,02 bh,2 K c/o 0,606
266 12,77  1.115 0,02 25,2 J c/o 1.70
266 12.62 0.02 1.0 J c/0 0.48
267 6.66  1.45%  0.02 25,2 J /0 0.765
268 6.6  0.845 0.02 25,2 J c/o 0.505
269 6,57  1.117 0.02 25,2 J c¢/o 0.450
270 13,16  1.393 0.02 25,2 J c/o 1.%3
271 13,25  0.391 0,02 25,2 J c/o 0.226
272 1%.16  1.138  0.02 25,2 J c/o 1.02
27% 6.56 1,258 0.02 25,2 J c/o 0.66
27k 6.60 0.296 0,02 25.2 J ¢/o 0.115
276 12.4%2 0,889 0.02 bh,o g E/J 1.30
2778 12.62  0.281 0.02 Wy,0 H E/J 0.28%
278 6.3+  0.4k00 0.02 W0 L c/p L.03
279 5,27 0,379 0,02 Lh,o M c/p 3,0
280 6.38  0.291 0.02 bh,0 L c/p b6
281 6.%3%  0.202 0.02 W,0 L c/P 5.06
282 6.,0b  0.10% 0.02 b0 M c/P 1.12
28% 6.28  0.185 0.02 Wh,0o N c/P 6.12
28k 6.2 0,072 0,02 L, M c/p 3,38
285 6.20 0,052 0.02 o M c/pP 0.565
286 6.37  0.105 0.02 .o L c/P ' 1.90
287 6.35  0.204  0.02 th,o M c/p 2.12
288 12,72 0.297 0.02 b0 H E/J 0.28
291 12.65 0,557 0.02 bh,0 J E/J 0.482



TABLE XI (cont,)

Run No. Monomer TiClB AlEt5 Tempn TiCl5 Hept. and Rate

Conc. Conc. Concs Susp.  Pentene (g/min-g)

(g/ar) (g/1) (Mo1/1) (°c) Batch x 10
290 6.34  0.0415 0.02 .o N c/P 0.515
292 6.32  0.1392 0.02 o L c/P 3,12
293g1 12.8 0,02 25.2 X' c/q 0.25
2931 12.8 0.02 25.2 K c/q 0.26
29kg, 12.8 0.02 25.2 K’ c/q 0.29
29kb 12.8 0.02 25.2 K c/Q 0.275
3058, 12.9 0.290  0.05 .o = H/S 0.253
305D 12.9 0.291  0.09 Lh.o ® H/S 0.276
Notes:

a; The TiCl5 concentration reported for runs before run No. 104 are not
corrected for deactivation by the heptane used in the TiClz suspension.
Runs 104 and following have been so corrected.

b. Rate unexplainably high-data not used in correlation of rates.

c. Runs 184 to 190 were not used in correlation of rates. Runs at this
temperature and monomer concentration were repeated later and these
data were felt to be more accurate although the difference between the
specific rates obtained from the two sets of data is not great.

d. Runs 197 to 211 were used to study techniques in handling the TiClB
suspension.

e. Runs 230 to 2%6 were originally to be used for determination of acti-
vation energy. Later methods for obtaining this were felt to be con=-

siderably more accurate.
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TABLE XI (cont.)

Run 263 used only to obtain polymer for density determination.

Runs 278 to 287 made with suspensions of TiCl3 (HRA).

In runs 293 and 294 rates were obtained at 25°C; the reaction mixture
was put into deep freeze at -30°C for 24 hours, after which the rate

was again measured at 25°C. The b runs are after storage at -3%0°C.



Run No.

66
62
61
63
57
67

Run No.

298
291
302
305A
299
305B"
300
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TABLE XTI

Effect of Stirring Rate on Rate of Polymerization

Cy = 12.6 g/dl; Cp = 0.04 moles/l
Crpy = 0.45 g/1; Temperature = 44.0°C.
Relative Rate
Stirring rate (g./hr-g. TiCl5)
0 0.399
1 0.373
2 0,366
2 0.359
3 0.3%68
L 0,356
TABLE XIII

Effect of Aluminum Triethyl Concentration on the rate
of Polymerization

cy = 12.9 g./dl; Cpy = 0.29 g./1.
Temperature = 44,0°C.

Cp Rate
(moles/1) (g./hnhggTiClB)
.01 0.275
.02 0.24
.02 0.23
.05 0.26
.08 0.3%
.09 0.275
.12 0.28
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TABLE XIV

Effect of Titanium trichloride Concentration
on the Rate of Polymerization

Temp. = 44.0° C.; Cy = 0.0k moles/liter
Cy = 12.6 g/dl

Run No. TiCl, Concentration Rate

g.Tifl3 soln./liter g/min. - -liter
58 14,35 0.5k
L3 21.3 1.06
L6 21.5 1.25
L1 26.3% 1.66
51 26.9 1.91
o0 27.7 1.81
k2 30,3 1.96
L7 41.0 3.03

60 53,k L, ok



RATE DATA - Runs used for calculation of active T1015
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TABLE XV

Concentrations.

A, Catalyst batches b, c, e; £, g, h, k

Basis - 0.694 g. TiClz deactivated per 100 g. Heptane
Cy = 6.40 g./100 cec.;

Cp = 0.02 moles/liter;

Temp. = 44.0°C.
Pentene batch - C; Heptane batch - E
Calculated Corrected Corrected
Run No. Cat. Cpy. Cpy Rate
Batch (g./liter) (g./hr-liter)
10k c 078 .058 0,32
106 e J11k .09k 0.40
107 f 470 450 2,34
108 h .268 248 1.15
109 h .275 255 1.13
110 h 481 461 2.28
111 b 673 .653 3,18
112 b . 324 o 30k 1.02
113 c - 579 «359 1.87
11k k 1.056 1.0%6 5.2k

B. Catalyst batches H, J, K.
Basis = 0.T4 g. TiClz deactivated per 100 g. Heptane

C = 6.40 g./100 cc.; C

Temp. = 4k4,0°C.
Pentenge batch = E;

Heptane batch = I.

= 0.02 moles/liter;

Run No. Cat. Calculated Corrected Corrected
Batch Cri Crpy Rate
141 J .283 203 0.99
142 K .509 429 2,18
143 K 1.033 .95% L, 6h
1hk H 469 » 389 1.95
145 J 81k T34 3,60

Cpj corrected for impurities in reaction mixture- Correction for Pentene

batch C and Heptane batch E = .02 g, TiClz/liter.

Correction for Pentene batch E and Heptane batch I = .08 g. TiCl5/litern
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TABLE XVI

Rate Data for TiClz (HRA) - Determination of

Rate Characteristic of Solid TiCl5

Cy = 6.40 g./d1; Temp.
Cp = 0.02 moles/1.
Run No. TiCl5 Rate
Batch (g./hr-1)
290 N 2,05
285 M 2.30
282 M k.69
286 L T.54
287 M 8.4k
292 L 12.50
284 N 13.7
279 M 1h.k
281 L 20.2
283 N 2h.6

Data on TiC13 Batches:

Batch Apparent
TiClz Conc
(g./g. soln)
L LOLhk
M .00742
N .0262

Basis for calculating active concentrations-

.0055 g. TiClz deactivated per g. n-Heptane

= hh,0°C

Apparent
TiClB Conc.

(g./1.)

.0k15
,0525
.10k
.103
.20k
.139
.072
<379
.202
.185

Active
TiCl3 Conc.
(g./g. soln)

.0089
.00192
.0207

Active
TiCl, Conc.

(g./1.)

.0%28
<0136
L0269
.0636
.0529
.0860
.0570
.0982
.1248
L1462
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TABLE XVII

Rate Data; Effect of TiCls Concentration
at Various Monomer Concentrations

A. At 25,2°C
Run No. CM Cpy TiClB Rate
g/dl g./1 Batch (g./hr-1)
27k 6.60 0.252 J 0.45
256 6.42 0.351 J 0.83
261 6.23 0.366 J 0.89
255 6.50 0.3%65 J 0.92
254 6.48 0.484 J 1.08
253 6.28 0.462 J 1.24
268 6.64 0.718 J 1.96
27% 6.56 1.068 J 2.61
267 6.66 1.2%6 J 2,98
271 13.25 0.332 J 0.89
251 12,00 0.491 J 2.46
258 12,22 0.716 J 2.78
272 13.16 0,968 J L.17
270 13.16 1.185 J 5.29
- 2hh 18.7 0.17h H 0.71
247 18.3 0,322 H 1.76
248 18.5 0.ko1 J 2.77
2hé 18.4 0.710 J L.y
2kg 18.3 0.976 J 8.22
S 2h 24,9 0.176 H 1.23
238 25,9 0.286 H 2.82
22 2k.9 0.496 J 3.81
2ks 25.0 0.610 J LT
239 25.0 0.707 J 7.91
240 25,1 0.843 J 9.70
237 2k,9 0.967 J 11.91
250 2k,9 0.975 J 10.88
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TABLE XVII (cont.)

Run No. CM Cpy TiClz Rate
g/al g/1 Batch (g/hr-1)

202 37.6 0.095. H 0.73
219 37.5 0.140 H 1.52
223 37.8 0.233 H 2,02
22l 573 0.299 J 5406
220 37.6 0.367 J 5.16
221 37.7 0.427 J 5.73
218 37,7 0.492 J 7.6k
216 50.7 0.056 H 0.30
192 50.6 0.093 H 0.62
217 50.7 0.122 J 1.16
225 50.8 0.1k H 1.62
213 50.8 0.18k4 H 2,97
226 50.6 0.292 J 3,47
21k 50.8 0. 364 J 5.6k
212 50.7 0,378 J 6433
B. At Lh.0°C

17 12.63 0.208 J 1.1k
155 12.88 0.275 H 1.82
152 12,7h 0.486 K 3.58
146 12,78 0.693 J 5.53
154 12,76 0.870 K T.11
148 12,72 0.984 K 8.k
176 30,7 0.09k J 1.99
173 30,4 0,131 H 2.75
179 30.5 0.158 H 3,16
177 30.7 0.196 J k.99
174 30,6 0.267 H 8.25
175 30.5 0.355 J 8.57
180 30.8 0.396 H 10.62
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TABLE XVII (cont.)

b

Run No., Cym C 1 TiClB Rate

g/al g?l Batch (g/hr-1)
171 49.5 0.054 H 1.30
164 4o, L 0.091 H 2,94
162 49,2 0.121 J .28
160 49,5 0.219 J 7.82
169 49,6 0.284 H 10.51
166 Lo. L 0.351 H 12.82
Notes:

Cp varied between 0.0l and 0.03 mols/le

Pentene and Heptane batches were the same for each group of
runs at a particular temperature and monomer concentration,
but were different for the different groups.

The rates reported in this table have been corrected for the
slight variations in monomer concentration within each group.
The TiCl5 concentrations reported in this table have been
corrected for decreases in TiClz "activity". This activity
was considered constant throughout this work for the various

TiCl5 batches and had the following values: (H - 0.90;

j - 0.85; K - 0.98),
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TABLE XVIIT
Effect of Monomer Conc. on the Polymerization Rate

at 25.,2° C. and 44.0° C.

Cy Rate Temp.
g./100 cc g./hr-g. TiClz °C
604 2.65 25.2°C
13.0 5.20 25.2°C
18.5 8.0 25.2°C
25.0 12,k 25.2°C
37.6 16.9 25.2°C
50.7 19.6 25.2°C
6.l 5.0 L, 0°C
12,7 9.k 4, 0°C
30.6 26.9 LL,0°C
Lok 39.5 Lh,0°C
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TABLE XIX

Rate Data - Effect of Temperature

. ‘ (1)

Run No. Cp Rate at Avg. CM Second Rate at T Avg CM Rate n

25,2°C t 25,2°C  Temp. 10 .

XSlO 8t 25 i * Rate25 corr

(mo1./1)(g (g./da1)  (°c) (g (g./d1)

min-g) min-g)
258 .01  0.65 12.22 0.5 0.160 12,17 0,247
266 02 1.70 12.77 0.5 0.480 12.62 0.285
251 .02 0.565 12,00 Lk, 2 1.17 11.48 2.16
253 04 0.30 6.28 4l 2 0.63 5.9% 2,22
26k .02 0,266 50.3 Lh.2 0.606 49,1 2,32

From other rate data Lk, 2 2.01

261 .02 0.,21h 6.2% 65.6 0.885 5.72 4.50
262 .01 0.174 3.19 65.6 0.61 2.86 3,91
25, 0L 0.27 6.48 86.2 1.80(2) 5,68 7,72
255 .02 0.23 6.50 86.2 1,59(2) 5.75 6.82
256 .02 0.205 642 86.2 1.27§§§ 5.65  7.02
257 0L  0.167 5.33 86.2 1.11 L. 71 7.50
Notes:

(1) Ratio of rates. corrected for change in monomer concentration
according to first order dependence.

(2) Rates at 86.2°C dropped off répidly with time. Rate
reported here is initiasl rate obtained by extrapolation

to zero time the function[H/t vs. t. (see Figure 13.)
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TABLE XX

Intrinsic Viscosity Data - Preliminary Studies

Temp = 21°C; Cp = 0.03 moles/1; Cy = 19.k g./dl

TiClB T1014 Reaction Percent
Run No. Conc. Conc. Time Conversion [n]
g/1 millimoles hrs. al/g.
per liter
295A 0.10 5.0 0.26 b, b7
B 0.20 5.0 0.70 4,57
iC 0,50 2.5 0.96 4.39
D 1.00 2.5 2.5k k.53
E 0.20 0.1 5.0 1.73 L,72
F 0,20 0.2 5.0 1.3k 4,60
G 0.20 0.4 5.0 1,93 4,30
H 0 1.0 5.0 0.81 2.0%
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TABLE XXT

Intrinsic Viscosity Data at 22°C

—piry

Run No. c c [n] x 107 x, x 107
(mo“i‘es[l. ) (gM/dl) dl/g. o . (Corrected )*

296A .00k 38.3 7.80 5.82

275A . 004 13.0 5.82 5,22 5.38
303A .00k 7.76 5.30 4,9k

296B .01 38.6 6.93 5.62

295J .01 19.8 5.43 5.02

296F .01 13.0 5.06 4,78

275B .OL 13.0 4,73 L.57 477
296L 0L 12.9 4.78 4.60

296M .01 12.9 L.98 L,73

296G .01 T7.78  4.37 4,2k

296H .01 5.66 3.95 3.82

275C .02 12.9 4,23 L.11 b,31
275D .02 13.0 4. 22 k.10 4,29
289A .03 60.8 6.27 5.40

289B .03 50.6 6.08 5033

296C <03 38.3 5.97 5.27

289¢C .03 33,2 5.38 4.98

289D .03 2k.9 5.22 4,90

289E .03 15.75 L. 64 4,48

289F .03 12.7 4,36 4,24

275E .03 12.9 4.02 3.87 k.10
289G .03 10.2 3,96 3,82

289H .03 8.07 3.69 3.50

289J .03 5.00 3.15 2.77

275F .0k 12.9 3.73 3.53 3.7
303H .05 59.5 6.42 5.46

296D .05 38.3 5.47 5.03%

303G .05 19.4 Lo L. 33

303F .05 12.85 3.99 3.86

303C .05 T.79 3,29 2.96
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TABLE XXI (cont.)

Run No. Ca Cy [n] xn x 107 xp x 107
(moles/1.) (g./d1) al/g : (Corrected)*

303E - .05 5.69 3,04 2.62

275G - .06 13.0 3.63 3,38 3. 64

275H .08 13.0 PR 3.16 3,41

296E .10 38.1 h.92 4.70

303J .10 19.35 4.03 3.90

303D .10 T.77 3.09 2.69

2751 .118 13.0 3.38 3,08 3,33

2757 .196 12.8 3,09 2.69 2.94

*Run 275 corrected for difference in polymerization temperature (25°C

instead of 22°C) so that the data could be compared directly:

1 = 0,85 (L jy 024
- X
X, n /25
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TABLE XXIT

Intrinsic Viscosity Data at 53°C

Run No. Cy Cp ] Xy X 107
g/dl moles/1. al/g

304-A 37.5 .020 k.37 4.25
B 12.75 .020 2.87 2,37
C 7.78 .020 2.45 1.8k
D 5.63 .020 2.10 1.48
E 7.58 .010 2.65‘ 2.10 |
F 7.55 .050 2.1k 1.53
G 7.61 .100 1.9% 1.32
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TABLE XXIII

Effect of Reaction Conditions on Density

Sample Polymer-  Cy Cp [n] Catalyst hgyg, Density Comments
ization  g./dl moles.l (cm. ) :
Temp.
°c.
93-B 27 25,0 .02 8.1  TiCls 40.0  .87L
(Pract.)
58A =27 25.0 .02 8.1 TiCl3 Lo.1 871
(Pract.)
150-B 25.2 45 .02 5 TiCl 40.3 871
(Pract. )
150-D 25,2 20 .02 L.2 TiClz 41.0 .870
(Pract.)
93-C Lh.0 50.0 .02 4.5 TiCl5 Lo.2 871
‘ (Pract.)
P-263 65 1%3.0 .0l 2.5 TiCly 39.5 872
(Pract.)
150-A 86 13.0 .02 2 TiClz 39.1 .873
(Pract.)
150-C Ll TiCls 374 875 Extracted
(Pract.) with
ether
III-55 Ll TiClz
(Pract.) 37.9 .875 Extracted
with
ether
9%-D 25 2.2 TiCl) 50.0 0.860
9%-D-1 25 2.2 TiCly 53,3 0.857 Heated
and
Quenched
P-280 4,0 6.l .02 TiCl 42,2 .868
(1m0
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TABLE XXIV

Properties of Titanium Trichloride (Pract. Powder)

Physical

Appearance

Particle Size

Bulk Density

Heat Stability

Chemical Specifications

Ti, wt. percent range
Cl, percent range

Fe, percent max.

Ni, percent max.

Cr, percent max.

Insolubles (in 10 percent HoSOl )

C1/Ti ratio, range

TiCl)y, percent max.

Dark purple powder

0.1 to 10 microns
(predominately 2 microns)
20-25 1lbs. per cu. ft.
Disproportionates above

450°C at atmospheric
pressure. Sublimes unchanged

at 830°C in the presence of
10 atm. of TiClh.

30.8 to 31.7
67.5 to 69.0
0.02

0.02

0.02

0,10

2.9 to 3.0

I
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c¥
CA, CM; etCa

C¥py
D

DM, DA,

Ep, B, etc.

AR

NOMENCLATURE
Exponent in the empirical relationship between
intrinsic viscosity and molecular weight.
Activity of the solvent.

Frequency factors in the Arrhenius equation as
applied to the rates of propagation, termination, etc.

Ratio of propagation rates producing isotactic and
atactic polymer.

Coefficient in the virial expansion of osmotic
pressure as a power series in the concentration.

Polymer concentration in solution property relation-
ships (g./cc or g./dl.).

Concentrstion of sites on TiClz surface available
for alkyl adsorption (sites/ sq. cm.).

Concentration of active sites for polymerization
on TiCls surface (sites/sq. cm.).

Concentrations of AlEtz, monomer, etc. in reaction
mixture (g./1. or moles/l1.).

Concentration of active TiCl5 in reaction mixture

(g-/1.).
Dégree of crystallinity.

Dissociation energies of monomer and AlEt5 on the
TiClz surface. (cal/mol).

Activation energy for propagation, termination, etc.
(cal/mol).

Overall activation energy (cal/mol).

_1‘75-



BE

Gpi, Gy

kyy, kg

kpy Kas it K,
ktas kyg 5o Kta

_176_

Difference in overall activation energies for
polymerization at two types of site or for two
types of propagation reaction (cal/mol).
Fraction of catalyst sites.

Change in Gibbs free energy (calymol).

Weight of TiClz and impurities deactivating TiCl3

(g.).

Height (cm).

Intensity of X-ray scattering at angle 26.

Initiator, concentration of initiator (Sect. IIIﬂAfl).

Primary free radical and its concentration
(Sect. III-A-1).

Constants in the relationship between solution
viscosity and concentration.

Rate constants for adsorption and desorption from
s solid surface.

Reaction rate constants in polymerization reactions
for propagation, decomposition of initiator, mono-
molecular termination, termination by coupling, term-
ination by disproportionation, termination by trans-
fer with S, and termination by transfer with AlEt§.

Rate constant for deactivation_of TiClB.

Constant in the intrinsic viscosity-molecular
weight relationship.

Equilibrium constants for adsorption of AlEt5 and
monomer on the TiCl5 surface.

Slope of reciprocal monomer concentration vs. re-
ciprocal degree of polymerization curves.



Rp; R-t, eth

f177*

Molecular Weight.
Number and viscosity average molecular weights.

Monomer unit and its concentration (Sect. IIT-A~1).

Chein radical containing x units (Sect. ITI-A~1),

Catalyst site.

Number of units.

Minimum sequence length.

Number of polymer molecules.

Degree of stereospecificity.

Pressure.

Polymer unit or weight of polymer (go)o
Polymer concentration.

Rate of adsorption and desorption.

Ges constant.

Alkyi unit.

Rate of propesgation, termination, etc., (golhrug
TiC13). '

Specific surface area of the TiCls (890 ma/g.)e

Transfer agent.

Free radical from transfer agent.

Absolute temperature (°K).

Time.
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Thickness of polymer film (mils).
Specific volume (cc/ge).
Molar volume of solvent:

Volume and total volume of gas adsorbed in surface
area determination (cc).

Volume of gas adsorbed (cc).

Number average degree of polymerization.
Relative viscosity.

Specific viscosi§y (nep =ny-I)-
Intrinsic &iscosity (a1/g.).

Fraction of sites covered.

Osmotic pressure (atm.).

Density (g./ce).
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