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SUMMARY

The Ring Opening Polymerisations of Cyclic Olefins

The ring opening polymerisations of cyclic olefins were
investigated using a catalyst system of tungsten hexachloride and
aluminium tri-isobutyl. The cyclic olefins investigated were cyclo-
octene and cyclopentene. ' '

The monomers were purified and attempts were made to remove con-
Jugated dienes that were found to be present in the monomers.

The rates of the polymerisation reactions were followed using
dilatometric techniocues. It was found that the rates of polymeri-
sation were dependent upon:

(i) the order -of the addition of the catalyst components. The
tungsten compound was added to the monomer before the
aluminium compound to give the greatest rate of polymerisation;

(ii) the time that elapsed between the addition of the tungsten com-
pound to the monomer and the addition of the aluminium compound
to the mixture;

(iii) the concentrations of the monomer and the catalysts and the
molar ratio of the catalyst components.

The kinetics of the polymerisation reaction were considered and a
series of reactions were proposed in which 2 tungsten complexes were
formed which then combined with the aluminium compound to form 2 active
species. £ kinetic chain scheme was proposed which correlated the
results obtained in this project with the results of previous workers.

A mechanism was proposed to account for the deactivation of the
polymerisation by the presence of conjugated dienes. The polymerisation
mechanism was discussed in terms of the molecular orbital theory of
bonding. i

Key words: tungsten hexachloride, cyclo olefins,
metathesis, polymerisation, catalysts.,



CHAPTER T

Introduction and Literature Survey

I —~ (1) A General Description of the Olefin Metathesis Reaction

The polymerisation of cyclic olefins may be, accomplished by an appli-
cation of the olefin metathesis or disproportionation reaction. The ole-
fin metathesis reaction is a recently discovered catalytic reaction, which
may be described very generally as -

R1CH R2CH R1CH = CHR2

g =

R CH R2CH R1CH = CHR2

(1)
When the olefin used in the reaction (I) is cyclic, a polymerisation

reaction may be seen to result, i.e:

CH - CH2 CH - CH2\
I S(eH,) I (CH,)
CH - CH2 CH - CHé/

CH = "CH = CH = CH
o 2 2\
(cnz)\t1 /iCHz)n
CH, = CH = CH - CH
2 ) 2
(1D

although no reference is made here to the detailed mechanism of this
regction. ‘

Schneide; and F‘rohlich1 discovered a non-catalytic equivalent of the
olefin metathesis reaction in 1931, when the conversion of prbﬁylene to
ethylene and butene was effected' at 725%. However, it was not until the
discovery of homogeneous and heterogeneous catalysts that could promote
the reaction at much lower temperatures, whilst minimizing side reactions,
that the potential of the metathesis reaction could be realised. The homo-
geneous catalysts used in the olefin metathesis reaction are based on

transition metal compounds, usually group IV or VI metal halides, for

example, tungsten hexachloride (W C16) and an organometallic compound,

o



usually an aluminium alkyl or alkyl chloride, for example aluminium
tri-isobutyl (A1(iBu),) or aluminium di-ethyl chloride (A1EE,C1).
Heterogeneous catalyst systems used in the metathesis reaction involve a
transition metal oxide, usually tungsten or mol;bdenum oxide, supported on
an oxide or phosphate carrier, often alumina or silica.

The catalysed olefin metathesis reaction, (I), is an equilibrium re-
action which is also athermal because the bonds broken in the reactants and
made in the products are identical in nature. Equilibrium can be reached
from either side of the reaction and a random distribution of alkylidene
groups may thus be obtained in the products.

The uncatalysed metathesis reaction is symmétry—fbrbidden according to
the Woodward-Hoffman rules governing organic reactions and this can be con-
sidered to be consistent with the high temperature necessary for the theémal

reaction to proceed.

b



I - (2) Scope of the Metathesis Reaction

(V) Acyclic Olefins

Mono-Olefins

The metathesis of simple olefins, partiEularly those reactions
where heterogeneous catalysts have been employed, have been studied extensi-
4 : : : - |
vely . The rate of reaction of olefins in the metathesis reaction has been

found to be controlled by steric factors5 and decreased in the series’-

R R

1 1
2CH= 7 R-CHCH=D? R - C=

CHz= 7 RCH
Substitution of vinylic hydrogens by chlorine has been shown to deactivate
the double bond towards metathesess.

The potential of the metathesis reaction for redistribution of ole-
finic bonds in systems containing functional groups is considerable, altﬁough
little exploited. Isolated examples recorded in the literature are :-

(i) the metathesis of methyl oleate yielded octadec-9-ene and the
dimethyl ester of octa-9-enedioic acid, when[?C1é] - [MeQan
was employed as a catalyst2.

(ii)the metathesis of acrylonitrile and propylene over a heterogeneous
catalyst derived from ammonium tungstate, produced ethylene and
1—cyanopr0py1ene3.

The metathesis reaction has also provided a valuable method for
characterizing polymer structures. The monomer sequence distributions in a
number of styrene - butadiene copolymers were determined by treating the
polymers with a high proportion of but-2-ene in the presence ;f a suitable
catalyst, whicb caused the polymér to degrade to low molecular weight species.
The products of the degradation were analysed bylgas chromatographys. The

method has also been used to determine the extent of double bond migration

during free-radical cross-linking of butadiene7.



Di- and Tri-Olefins

Acyclic unsaturated hydrocarbons containing more than one double
bond can undergo the metathesis reaction either inter or intra-molecularly.
Deca-1,5,9 -~ triene was formed on metathesis of hexa-1,5 diene by
(Mo (n0,) (PPR,) C1,) - (ve a1 c13\8, but octa-1,7-diene reacted intra-
molecularly on treatment with the same catalyst to give cyclohexene as a
major products. Conjugﬁted dienes do not take part in the metathesis re-
aétion.

(1)) Cyclic Olefins

The metathesis reaction is not restricted to acyclic olefins. Poly-
alkenamers of the general formula - [CH = CH(CHR);] - (n=2,3,5,6 or more,
and R = H or alkyl, aryl, etc., without restriction) may be produced by‘the
treatment of the appropriate cyclic mono-olefin with heterogeneous or homo-
geneous catalysts.cg-izj The polyalkenamers obtained by the metathetic ring
opening polymerisation of cyclic olefins range from amorphous elastomers to
crystalline materials, depending on the structure of the repeat units and the
configuration about the olefinic bondsl3; the crystallizability of these
polymers in general is associated with their stereoreqularity. Polymerisa-
tions of substituted cyclic olefins of medium size rings by metathesis has
been shown to be a simple synthetic route to perfectly alternating co-
po}ymers, provided that side-reactions do not occur during the polymerisation
process. Thg ring-opening of S-methylcyclooctene by[ﬁCIGX - [ﬁlEtgci)yielded

a polymer with the repeat unit (III).

'{CH2 =CH = CH-= CH2 - CH2 - CH2 - Qﬂ - CHZ;P
. CH
3
(IT1)
which is equivalent to the perfectly alternating copolymer of butadiene,

ethylene and prOpylenel4. A polyalkenamer containing the repeat unit (IV)

-4



{CHz—— CH = CH-—~CH2 -—CH2 - CH = gH —CHZ}
: 3

(IV)
equivalent to the alternating copolymer of butadiene and isoprene was

obtained when 1 methyl-cycloocta-15-diene (¥)

———

.'/*\
I\\_ﬂ/’
N

CH3

(v)

was treated with the olefin metathesis catalyst.

(iii)Metathesis of Cyclic Olefins with Acyclic Olefins
Cross-metathesis of c?clic and acyclic olefins is a conveniént methéd
o
for the synthesis of polyene species. The interaction of ethylene with
cyclopentene or cyclocctene over [ﬁo{COJé] - [A1203] or ccbalt molybdate on
alumina produced hepta-1,6-diene and deca-1,9-diene respectivelyis. The

acyclic triene C14H24, the tetraene C19H32 and the pentaene C H40, as well

24

as the diene C9H16’ have been isolated from the reaction of cyclopentene
with pent—2~ene16. The products of the reaction of cyclic olefins with
acyclic olefins depends on the molar ratio of cyclic to acyclic olefins.
(iv!Alkxnes
‘ The metathesis of alkynes have been observed but the reaction has

received far less attention than reactions involving alkenes. Pent-2-yne
has been converted to but-2-yne and hex-3-yne with a tungstenvoﬁide—silica
catalystiv. Terminal alkynes, for example propyne, also participated in
metathesis reactions but the selectivity was 1<:\w‘18 because these alkynes

preferentially cyclotrimerized to derivatives of benzene under the con-

ditions regquired for metathesis.

o



The industrial potential of the olefin metathesis reaction is con-
siderable and obvious. The first commercial plant to utilize the reaction
was the Phillips Triolefin process to convert propylene into polymerisation—
grade ethylene and high-purity butene and was gn operation within three
years of the first report of the catalyzed olefin metathesis reaction.
Numerous other industrial processes have been patented in which olefin meta-
thesis is an integral step, for instance, a new route to high-octane
alkylatelg, and it has also been shown that the yield of ethylene from a
naptha cracker éan be economically increased through the addition of a pro-

pylene metathesis stage.20

B



I - (3) The Ring-Opening Polymerisation of Cyclic Olefins -
A Special Case of Olefin Metathesis

The first example of the ring opening of cyclic olefins_was
reported in 1957 by Eleuter109 who polymerised eyclo-pentene using a solid
catalyst obtained from molybdenum oxide supported on alumina and reduced by
hydrogen. The reduced oxide was activated by lithium aluminium hydride but
the yields of polypentenamer obtained were low, even after long reaction
times.

Although similar catalyst systems were effective for the olefin
metathesis reaction, the relationship between the ring opening polymerisation
of cyclic olefins and olefin metathesis was not recognised at that time.

The  polymerisation reaction was thought to proceed via scission of the carbon-
carbon single bond & to the double bond.21 First to recognise ghat the ;ing
opening polymerisation of cyclic olefins was a special case of olefin meta-
thesis (at least for the tungsten-based homogeneous catalysts) was Calderon

in 196822.

Olefin Metathesis - Main Features

Four general features of the metathesis reaction have been established:—23

(i Transalkylation versus Transalkylidenation

Transalkylation

The transalkylation scheme involved the interchange of alkyl groups

(1

via scission of the carbon - carbon single bond &7 to the double bond. This

|
can be described as :

=
B

I
R1 - CH : CH ~ R2 e R1 - CH = E : >
(vI)

Py A



Transalkylidenation

The transalkylidenation involved cleavage of the double bond itself

as a means of redistributing alkylidene species. This can be deséribed as:

R, - CH == CH - R R, — CH CH - R

1 | 2 1 2
—_—
+ S ” v ”
- =t - -~ -
R1 CH t CH R2 R1 CH CH R2
(VII)

Calderonqzesigned experiments with deuterated olefins to distinguish the
relative contriﬁutions of transalkylation and transalkylidenation in olefin
metathesis. But-2-ene and perdeuterated but-2-ene were reacted together in
an initial molar ratio of 76:24 with a suitable ﬁetathesis catalyst. The
transalkylat}on scheme would anticipate the formation of but—2—éne-d2,(C4H6D2},
but-2-ene-d, (C4H5D3J, but-2~ene‘d5(C4HBD5) and but—2—ene~d6(C4H2D6), asJ
new olefins, while the transakyliden ation scheme would anticipate the
formation of only one new olefin,,but—-2~—ene——d4 {C4H4D4). In fact, only one
new product was formed in the reaction and this had a molecular weight of 60,
corresponding to C4H4D4. This result suggested the elimination of the single
transalkylation scheme contributing significantly to the olefin metathesis
reaction; the observed product was entirely consistent with a transalkyli-
denation mechanism. These results were confirmed by the metathesis of

but—2—ene—d8 (C4D8) and hex-3-ene where the only new product had an observed

moleéular weight of 74, C_.H.D,6 :-

5 64

! ki

C2H5 - CH T CH - C2Hs C2H2CH CH - C2H5
=N

+ b ey ‘\ + ”

(]
CD3 - CD T cDh - CD3 CD3 - CD CD - CD3

(VIII)

(1) Random Distribution of Alkylidene Groups

The product mixture obtained from the metathesis of pent-2-ene

-



contained but-2-ene, pent-2-ene and hex-3-ene and at equilibrium it was
observed that these were present in the molar ratio of ‘1:2:1.24 This
product ratio corresponded to a random distribution of ethylidene

(CH3 - CH = ) and propylidene (CH3 = {CH, = CH.:) moieties. The

composition of the but-2-ene mixture from the reaction of C4H8 wiﬁh_C4D8

also conformed to a random distribution of alkylidene species. To confirm
these observations Calderon et a123 carried out the metathesis of pent-2-ene
with dodec-6-ene under conditions wherein the relative amounts of each
alkylidene constituent could be varied. Good agreement between predicted
and experimental results for the product equilibrium concentrations was
obtained in accord with a random redistribution process.

(i) Thermodynamically Controlled Redistribution Process

The composition of olefinic components at equilibrium was
independent of the nature of the reactants, e.g. the metathesis reaction:of-
pent-2-ene led to equimolar amounts of but-2-ene and hex-3-ene and vice
versa.

It has also been demonstrated that the equilibrium constants
observed in olefin metathesis reactions are independent of the catalyst

concentrations.23

(1v) Cis-Trans Isomerisation by Transalkylidermation

Calderon et 3123 discovered that olefin metathesis catalysed by
[Et,Al C12/w Cls/czHSOH]affbrded mixtures ofcis and trans isomers from pure
cis or trans starting olefins and that the cis/trans composition of each
olefin in the reaction mixture at equilibrium was the thermodynamicallg
favoured composition. The equilibrium cis/trans isomer fatio‘was found to
be independent of the starting material or its configuration. From studies
of the steric course of the olefin metathesis re%ction of pure trans
cis pent-2-ene it was proposed that the formation of cis and trans isomers
was provided for by the transalkylidenation step itself and was not the

outgrowth of an independent isomerization reaction.
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w)Metathesis of Cyclicolefins

Important implications which bear directly on the nature of the ring-
opening polymerisation of cyclimlefins by tungsten based catalysts do
precipitate out of the understanding of the main features of the olefin
metathesis reaction. These implcations are detailed below: 4
(1) During the ring-opening polymerisation of cyclicoclefins every double
bond is eligible to participate in an unlimited number of interchange steps.
Hence a given alkylidene .moiety which has undergone metathesis ana has thus
become an integral part of a higher molecular weight species remains eligible
for further reaction and may participate in additional metathesis steps with
other double bonds, whether they are constituents of another cyclicolefin

monomer unit or the same macromolecule.

(2) The polymerisation possesses the basic features of an equilibridh
o

polymerisation.

(3) Macrocyclic species resulting from intermolecular ring enlargement

of two smaller rings or from intramolecular metathesis of two double bonds in
the same macromolecule, are present in the polymerisation mixture at
equilibrium:
(4) The composition of macrocyclic species depends on the frequency of
occurrence of double bonds along the polymer chain.
(5) In the absence of all side reactions the metathesis of cyclicolefins
yiéld:only macrocyclic species.
(6) An interaction between a macrocyclic species and an acyclic
compound leads to scission of the macrocyclic resulting in an-dé;n chain
polymer.

Scott and Calderon et al22 in their polymerisation studies of cycle-
octene and 1,5 cyclooctadiene initiated by the[ﬁt Al c12/w C16/EtOHjcata1yst
system showed that items 1 - 6 were inherent properties of the polymerisation

reaction and thus confirmed that the ring-opening polymerisation of cyclic

olefins was a special case of the olefin metathesis reaction.
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I - (4) The Nature of the Catalyst Components for Olefin Metathesis
and Ring-Opening Polymerisation of Cyvclic-Olefins

(1) Metals active for Olefin Metathesis and Ring Opening Reactions

Table I-(1) Transition Metals Proposed as Catalyst Components for
Olefin Metathesis and Ring Opening Polymerisation

Metathesis Reactions Transition Metals as Catalyst Components
Iv v VI VITI VIII
Olefin Metathesis i | v e | on
Zr Nb | Mo Ru Rh Pd
La Ta | W Re Cs Ir
Ring Opening Poly- Ti § ¥ Ni
merisation of low
P : z R
Ring Strain Cyclo- | bR Mo e
olefins Ta | W Re Ir
Ring Opening Poly- Ti | V Cr Ni
merisation of High
¥ G : R . d
Ring Strain Cyclo- & o 2 &h k.
olefins W Os Ir

Metathesis catalysts promote_fhe ring-opening polymerisations of cyclic
olefins and the metathesis of acyclic olefins and although it would appear
that both types of reaction are governed by the same mechanism they differ in
many chemical, kinetic and thermodynamic aspects which results in different
catalyst efficiencies, operating conditions and apglicabilities.

In general, group VI metals produce the most effective metathesis cata-
lysts with tungsten the most effective.

Table I distinguishes between cyclic olefins having low or high ring
strains. Highly strained cyclic olefins are those which contain at least one
four-membered ring or an endocyclic five-membered unsaturated_fiﬁg. In such
olefins the release of ring strain is the driving force for the ring-opening
and they are readily polymerised in the presence of nearly all metathetically
active catalysts. Cyclic olefins with low ring strain (at least five-membered
rings) are readily polymerised only by tungsten, molybdenum, tantalum and

rhenium catalysts.
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There are two main classes of metathesis catalysts, homogeneous and
heterogenecus. Homogeneous catalyst systems consist of two main components:
a transiéion metal compound and a Lewis acid cocatalyst. The transition metal
compound is usually a halide, oxyhalide, organo, salt or olefin complex of
tungsten, molybdenum, tantalum or rhenium and the cocatalyst may be an
organometallic compound of group I - IV metals or an electron deficient metal
halide. More sophisticated homogeneous catalysts may also contain an activator
and/or a molecular-weight regulator. All catalyst components are ﬁsually
soluble in the monomer-solvent system or become soluble after reaction with the
monomer or one of the other catalyst components. These homogeneous catalysts
are primarily important in the ring-opening polxmerisations of cycloolefins
because of their high activity and versatility.

Heterogeneoﬁs catalys£ systems generally consist of transition metalz

o

oxides or carbonyls, usually tungsten, molybdenum or rhenium, supported on
oxide or phosphate carriers. Preferred supports are alumina, silica and
silica-alumina. These catalysts exhibit apprecisble metathesis activity only
at relatively high temperatures, 100 - 400°C, and hence they are not very
convenient for ring-opening polymerisations and are usually applied only to
acyclic olefin metathesis.

(2) Development of Homogeneous Catalyst Systems

(a) Two-Component Tungsten and Molybdenum Catalysts

\

The homogeneous two-component tungsten or - molybdenum plus organometallic
compound catélyst systems were discovered by Natta, Dall' Asta and Mazzanti\o
in 1963 and this made possible the first practical polypentengm;; synthesis.
The catalyst systems contained a tungsten or @olybdenuh salt, usually the
highly soluble hexa- or penta-chloride and an organometallic compound,
preferably trialkyl aluminium or dialkyl aluminium chloride.

The most effective W:Al molar ratio lay between 1:0°5 and 1:8 depending

on the particular components and on the microstructure of the desired polymer.
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Cyclopentene was polymerised to polypentenamer with yields of 30 -~ 40% after
reaction times of 1 hour at room temperature with the tungsten halide and
aluminium alkyl catalyst systems.

The use of two-component catalyst systems of thé same type was successively
extended by Calderon and coworker%4 to the ring opening polymerisation of
some non-conjugated cyclopolyenes, e.g. 1,5 cyclooctadiene, 1,5,9 cyclo-
dodecatriene and-also the polymerisation of substituted eight-membered
rings, e.g. 3-methyl and 3-phenyl cyclo—octeneiq. For such rings the
catalytic activity was shown to increase with increasing chlorine content of

the cccatalyst in the series Et Al C12'> Eﬁ Al C%} Et3A1.

2
(b) Three Component Tungsten and Molybdenum  Catalysts

\"
The two component: catalyst systems developed by Natta et al were not

completely satisfactory for a commercial production of polyalkenamers. fhe
most significant disadvantage was the poor reproducibility of results, due
probably to the partial insolubility of the reaction products and the
instability of catalyst components. These factors combined to give considerable
catalyst consumption and limited polymer conversion.
These difficulties were overcome in 1965 by Dall' Asta and Carella25
upon the introduction of a three component catalyst system. These catalysts
were prepared from tungsten or molybdenum halides or oxyhalides, an oxygen-
containing activator and an organometallic gf hydride cocatalyst. The
oxygen-containing activators were: peroxides, hydroperoxides, molecular
oxygen, alcohols, phenols and water. Two important features were désclosed
with these activators:
(i) activation . was generall§ a maximum if the amounts of activator were
nearly equimolar with respect to the transition metal;
(ii) the activators had to be reacted with the transition metal prior to
the addition of the organometallic compound.

The temperature range of the activity of these catalysts was approximately

the same as for the two component catalysts.



2

Calderon and Scottz" used a similar three-component catalyst
| . 6

system for the polymerisation of 1,5 cyclo octadiene and Ofstead2
used a three-component catalyst system comprised of tungsten tetra

carbonyl, 0, and ethyl aluminium dichloride for ring opening polymeri-

2
sations. Farbenfabri ken Bayer27 used cyclopentene hydroperoxide to
activate wCIE/Al.(iBu}3 for the polymerisation of cyclopentene with
high conversion to trans polypentenamer.

The three-component tungsten and molybdenum catalysts are the
most efficient and economically viable systems described so far for
the ring-opening polymerisations of cyclic olefins. They readily
polymerise any cyclic olefin, except cyclohexene, to polyalkenamers.
They show good reproducibility of results, increased solubility of the
catalyst in the reaction medium, high polymerisation rate and con-
version, low catalyst consumption and reduced side reactions of the'

Friedel-Crafts type. A high polymerisation rate was maintained at

monomer-transition metal molar ratios of 20,000:1 and higher.
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I — (5) Reactions of the Catalyst Components used for Olefin
Metathesis Reactions and Metathetic Ring-Opening
Polymerisationiof Cyclic QOlefins

(#) Transition Metal Compound

Tungsten has been shown_to be the most active transition metal
for the catalysis of the olefin metathesis reaction and there is a
significant amount of evidence to suggest that the active oxidation
state of the tungsten component in the metéthesis éatalyst is WIV.
Wang and Menapace28 postulated that the active species contained a
tetravalent tungsten atom because a W Cls/Bu Li catalyst system ex-
hibited maximum activity for the metathesis of pent-2-ene at a Li/W
ratio of 2:1. Pampus, Lehnert and Maerteus29 showed that the W ClG/
Sn E.t4 catalyst showed a maximum activity towards the polymerisation
of cyclopentene when the molar ratio of $n:W was also 2:1.

The authors proposed that the orgaometallic components were
acting as reducing agents in these two catalyst systems but the re-

action between olefins and W Cl,. is itself a standard method for the

6

production of reduced tungsten halides30 according to the following

mechanism:
e
W Cl6 + R1 - CH = CH - R2 —_— W Cl5 - CH = H ¢l
(IX)
R T8 g e e
| 5
2 W Cls - CH -CHCl —2W Cls + CH - HC - CH = éH ol |

&
x)

S



WCl. + R, - CH=CH ~ R2 aam Cl4 - CH -~ CHCl

5 1
Rq Ry
(XT)
WCl-~ CH - — ® » -
2 Wy EH il—l cl—>2wcl, + Cl EH :}{ EH E};H c1
1 M9 Sa 1 2
(XITI)

During the polymerisation of cyclopentene by W C16/A1 (iBu)2 0iBu the
changes in oxidation state of tungsten have been determined by ceric sul-
phate titration31. The results of this determination are shown in

table I - (ii).

Table I - (“) Changes in the Mean Oxidation States of Tungsten during the
Reactions involved in the Polymerisation of Cyclopentens

Reaction Condition Mean Oxidation State
15 w016 Solution 6.0
2. WCIG + CP after 1 minute 5.1
3. wcl6 + CP after 20 minutes 4.3
4. (3)+ Al(iBu)zoi Bu 4.3
5. (4) after 2 hours 4.4

The information suggested that tungsten was present in a mixture of oxida-
tion states during the polymerisation of cyclopentene because non integral
values of the oxidation state were obtained. This oxidation state data would
also tend to suggest that the organometailic compound in the catalyst system
was not functioning as a reducing agent but rather as a Lewis acid.

Pampus and cpworkers32 showed that halides of highly valent tungsten and
molybdenum were also strong chlorinating agents for aromatic solvents under

the influence of light according to -

" hy &%
2 L..Cl6 + <§2>CH3 —_— 2 .f.Cl[S + \ ,/A—LH3 + HC1

30°- 50% ‘ i
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Hence Fhis could be another source of the reduced tunsten halide, W CIS,
in a polymerisation or metathesis system.

It was thought that tungsten IV may be the active site for the metathesis
reaction as there would be two vacant co-ordination sites at which the olefin
molecules could co-ordinate to produce one of the possible transition states

cited in the literature.

(1)Oxygen containing compound

The catalyst system containing as a component an oxygenated activator
showed quite different stability, decomposition temperatures and activitie$
compared with the simple two catalyst component systems,which suggested
significant differences in chemical structure of these three component systems

A possible interaction between the oxygen containing compound and the
tungsten compound cculd have been the known oxygen abstraction capacity of
tungsten. Tungsten hexachloride has been shown to react with.alcohol32 to

form mono and dialkoxy tunsten halides as shown in XIIT and XIV -

—~ H C1
W c:16 + HOCH2CH2C1 _ CISWOCH2CH2C1
(XIII)
~ HeY
c:15hoc1»12cr!2c1 + HOCH2CH2C1 —s  Q 4wcoc1{2cn2c1 ) 2
(x1Iv)

[}

The characteristic red colours of the catalyst solutions,where alcoholswere
involved were attributed to the presence of these alkoxy tungsten halides.
The dialkﬁxy tungsten halides were shown to be more stable than the mono
alkoxy halides and also yielded more active catalysts. Mono alkoxy tungsten
halides were shown to decompose éasily to tungsten oxytetrachloride:
C15 WOCR e wWo ¢gl, + R€] °
(xv)

According to Pampus and coworkers™  dialkoxy tungsten halides may also
be formed in the reaction of tungsten hexachloride with epoxides, such as
epichlorohydrin:

W Ll6 + 2 CH\2 —/CH - CH2C1 — W c14 - (0 - CH(C}{2C112)2

0

( xvr)
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This dialkoxy tungsten tetrachloride yielded a highly active catalyst
for the polymerisation of cyclopentene upon the further addition of aluminium
tri-isobutyl.

(Worganometallic Compound

‘The principal organometall%p compounds used in the metathetic ring
opening polymerisation of cyclic olefins have been aluminium alkyls. The
metathesis reaction does not usually occur in the absence of these .organo-
metallic compounds, although the oxidation state stﬁdies described previously
would suggest that the aluminium alkyl does not act as a simple reducing
agent. The order of addition of the catalyst components to the monomer has
been shown to be <:rit:ic:'313‘1 because olefin metathesis was observed to take
place rapidly if the aluminium alkyl was added to the tungsten compound only
after the tungsten compound had been reacted with the olefin.

If the aluminium alkyl and tungsten compound were premixed prior to
. their addition to the cyclicdefin then no polymerisation was observed. The
following series of reactions was thought to take place:

WCl, + 2 olefin == W (Olefin),
(xvI)
w¥(Olefin), + EtAl Cl, &= (Olefin), W'/Al Et Cl,
(xvII)
W Cly + Et Al Cl, — Kw Clg Et Al c121
(XVIII)
The complex formed in reaction(XVITT)was thought to be the active species
in the metathesis reaction. If the cataiyst components were premixed then
the complex formed in (XVIII)might be obtained and this complex was thought
to have a high stability constant or could react to produce an inactive species

when the olefin was added , and thus result in no metathesis reaction.
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I -(6)- - The Stereochemistry of Ring Opening Polymerisations of Cycloolefins

A number of factors affect the stereoregularity of polyalkenamers
produced by the ring-opening polymerisations of cyclic olefins.

The nature of the transition metal and the ligands which surround it
have a profound effect upon the structure of the polyalkenarner.3’l Table
I- (i) shows the changes in the structure of polypentenamer, prepared tinder
otherwise identical conditions, that occurred when the transition metal and/or
the ligands surrounding it were changed. !
Table I-(iW)

The effect of the nature of the transition metal compound on the micro-
structure of Polypentenamer

Transition Metal or Metal Microstructure of the
compound Polypentenamer
Titanium Predominantly trans
Zirconium Predominantly trans
Tungsten ; Predominantly trans
Mo ClS 100% cis
Mo (AuAc)z 100% cis
Mo C12 (OPhJ3 100% trans

The nature of the organometallic co-catalyst affects the structure
of the polyalkenamer produced by ring-opening polymerisations. Gunther32
has shown that by changing the nature of the organometallic cocatalyst,
either essentially cis or trans polypentenamer could be formedf The

wc16/5t3A1 initiated polymerisation of cyclopentene produced trans-

polypentenamer, whilst the WCIG/Na3 W(CGHS)5 system produced essentially cis-

polypentenamer.

The molar ratio of transition metal to organometallic compound has
been shown to be effective in altering the microstructure of polyalkenamer
produced by ring-opening polymerisations. Gunther32 shbwed that by changing
the W/Al molar ratio for the polymerisation of cyclopentene using the

catalyst systems 1-.‘F6/’Ef:,3 Al. €1, and wFG/Et Al Cl1_, the stereospecificity of

2 3 21

the reaction could be completely changed as shown in Fig I-(i)
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Fig.I -(1)

The Change in the Microstructure of Polypentenamer with the variation of

W/Al molar ratio for the systems WFG/Et3A12C13 and WF6/EtA1C12

Polypentenamer Microstructure as a
function of W/Al ratio

% Cis . . trans
90t -10
804 - 20

I o &
70 Alet3C13 30
604 X Al Et Cl2 -40
504 50
404 -60
30+ - 70
204 180
104 -90

" i 1 ' 4 (1 1

5 2 3 4 5 6 7

Al/W molar ratio ——
.The cis/trans ratio varied continuously from about 85:15 to 10:90 when the
W/Al ratio was varied between 0.5:1 and 7:1

The teﬁperature of the reaction is of importance in determining the
microstructure of the polymer. Dall'Asta and Motroni33 gave some indication
of this for the MoCls/Et3Al system and Minchak and 'I‘uc:ker34 obtained a con-
tinuous variation of the cis/trans ratio of polypentenamer, using a tungsten
catalyst, by varying the polymerisation temperature from — 50 to + 40°C.

A research team at Farbenfabricken Bayer35 used a W C16/R4Sn system
to polymerise cyclopentene and higher-membered cycloolefins to.trans polypen—
tenamer at room temperature,whereés the ;ame system produced cis polypen-
tenamer at -30°c.

The monomer itself affects the stereostructure of the polymer, as
Natta36et al showed that a MoClS/Et3A1 catalyst system converted cyclo-
pentene to cis polypentenamer, but converted higher-membered cycloclefins to

trans polyalkenamers.
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I — (7) Molecular Weights of Polyalkenamers produced by the Ring-Opening
. Polymerisations of Cyclic Olefins

(i) Behaviour of average molecular weights of Polyalkenamers
during the Polymerisation Reaction

Pampus and coworkergg demonstrated that high molecular weight poly-
pentenamer was formed in the initial stages of the polymerisation of cyclo-

pentene with W C1, [ocn (cn2c1);]2 and Al Et, Cl catalysts. The high

2
molecular weight polymer formed was high in cis polypentenamer and as the

polymerisatior reaction proceeded both the molecular weight and the cis

content of the polypentenamer fell as is shcwn in fig I - (&),

80 | 1

1 60
o

% conversion 40+

cis double bonds
Py
i

20— 10~

~

i
t
|
|

9

0 1 2 3 4 1 2 3 4

Time of polymerisation in hours —

Fiqure I = (2.) I

Key:
1J Conversion
2.) Cis double bonds

3.) Molecular Weight

Pampus showed that as the molecular weight fell there was a commensurate
change in the microstructure as the cis double bond isomerised to the
transform during the polymerisation. He showed also that the distribution
of molecular weights was not significantly broadened as the molecular

weight of the polymer fellkbut rather that the high molecular weight-fraction

present in the initial stages of the reaction disappeared as the reaction

B P e [P, | -~y A



(ii)Factors influencing the molecular weights of Polyalkenamers

(&) Effect of the Catalyst

Pampuéﬁﬁemonstrated that the nature of the tungsten compound had a
significant effect upon the M.W. of the polymer. Using hlEtZCl as catalys
in each case, a series of W compounds were reacted with polybutadiene that had
an initial intrinsic viscosity of 2.2, measured in toluene at 25°C. Table 1~ (iv)
shows the dependence of the final intrinsic viscosity of the polymer on the

nature of the W compound used.

Table I—‘ i 3,-)

Influence of the Tungsten Catalyst on the Molecular Weight of cis 1,4-
Polybutadiene.

Tungsten Compound Intrinsic Viscosity
WF 20 0.5
Ji
'u'..Cl6 0.4
weg [och,crycl] 0.3
3
we1, Jock, (cH,Cc1), ], 0.

(b )Al/W Molar Ratio

Gunther et al32 showed that the intrinsic viscosity of polypentenamer was

also affected by the Al/W catalyst molar ratio, as shown in fig.I{3)

Fig I - (3)

3.5+
t
Cq] 3.0+
2.54

204

3.0 3.5 4.0

Al/W melar ratio —s

WC14 [OCH? (CHECI)ENas used with AlEt _Cl as a catalyst and the intrinsic

2

- b . ; - =0
viscosities of the polypentenzmer samples were measured in toluene at 25 C.
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(¢) The Catalyst Concentration

+ Using the same system as above it has been shown that the catalyst
concentration affected the molecular weight of polypentenamer formed, as

shown in fig.I-( &)

[rrﬂ 3.5-

2.04 MH&Q“xm\xMo

! | ]
0.4 0.5 0.6 0.7

m.moles W/100g Monomer —
Fig.I-( &)
The reaction temperature was.SOC and the polymerisations were carried out

in a 20% cyclopentene in toluene solution.

(d) Addition of Acyclic Olefins

The molecular weights of polyalkenamers could be controlled by the

-addition of small quantities of acyclic olefins. The regulating effect of

the acyclic olefins depended upon their structure and Pampu539 investigated

the effect of several olefins on the molecular weight of pelypentenamer by

adding small amounts of the acyclic olefins to the polymerisation reaction.
Fig.I-(5) shows the effect of a number of acyclic olefins on the re-

ciprocal of the molecular weight of the polymer:

8- cH”” 2\CH - cH
3 2
6 CH., CH 3 y
\ 3 / 3 Flg. I- (5‘)
/C=C}
H 1
% CHQC H
P "\C
2.] H Hy
CH, ¢ \r:g
‘/\C=CH—CH3 = Cy
CH s/
3 CN.}
0 5 10 15 20

¢———m.mole of olefin/m.mole of tungsten
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The effect of the unsubstituted olefin, but-1-ene was the greatest
and as substitution of H on carbon atoms at the double bond was increased
the effect of the olefin on the molecular weights of the polypentenamers
was reduced. These results could be clearly linked to the ability of the

substituted olefins to take part in the olefin metathesis reaction.

(€) Addition of Conjugated Dienes

Pampus showed that the addition of conjugated dienes to a polymeri-
sation reaction greatly lowered the molecular weight of any polymer pro-
duced and also reduced the rate of reaction. He found that very small
amounts of conjugated dienes completely prevented the polymerisation of
cyclic olefins.

(iii)The Molecular Weight Distribution of Polyalkenamers

Hocker66 showed that polyoctenamers and polydodecenamers pre-
pared by metathetic ring-opening polymerisations posseseda bimodal
.molecular weight distribution. The low molecular weight fraction was found
to contain cyclic oligomers up to the dodecamer and the high molecular
weight fraction was assumed to be linear polymer. The distribution of the
cyclic oligomers, together with the polymeric material, indicated a ring-

chain equilibrium. )
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I -~ (8) Thermodynamic and Kinetic Features of the Ring-Opening
Polymerisation of Cyclic Olefins

(1) Polymerisability of Rings

Ring-opening polymerisations exhibit somewhat different thermo-
dynamic features to conventional addition polymerisations. Addition
polymerisations are normally sttongly favoured by enthalpy changes but
weakly opposed by entropy changes during the course of the polymerisation.
Ring-opening polymerisations are favoured by enthalpy changes and, in
many cases, also by entopy changes. The enthalpy of reactioﬁ for a ring-
opening polymerisation is mainly derived from the accompanyiné release
during the reaction of ring-strain energy, which is high for four and five
membered rings but small in higher numbered rings. Cyclohexene is a strain-
free ring and it is for this reason that cyclohexene is the only unsubsti-
tuted cyclic olefin that does not polymerise by a ring-opening mechanism.
The enfopy changes involved during cyclic olefin polymerisations are
apparently negative for small rings, i.e. cyclobutene and cyclopentene,
close to zero for cycloheptene and positive for higher membered alicyclic
olefins. This behavour can be explained by assuming that the negative
translational entopy change that occurs during the ring-opening polymerisa-
tion is very large for small rings but becomes less negative for lgrger ones.
Conversely, the torsional and vibrational entopy changes, which are always
positive in ring-opening polymerisations, decrease to a much smaller extent
in the series from small to large rings. Thus, the negative translational
entropy change prevails over the other two types in small rings up to cyclo-
hexene, but the positive torsional and vibrational entopy changes prevail
over the translational in larger cycles. Hence, the polymerisation of cyclo-
pentene involves'a negative entopy change and a positive enthalpy change,
whereas that of cyclooctene involves positive enthalpy and entopy changes.

Natta and Dall'Asta36 interpreted the polymerisébility of cyclic
olefins in terms of ring strain enerqgy and their results are showﬁ in
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Table I -{?)

Dependence of Monomer Polymerisibility on Ring Size

Moenomer Equilibrium conversion of
monomer to polymer (%)

Cyclopentene 70
Cyclohexene ; 0
Cycloheptene 18
Cyclooctene 60

Cis/trans cyclo-

dodecene 34

The polymerisation conditions were constant for all the cyclo-
olefins and it can be seen that}with the exception of cyclohexene, which
has a completely staggered conformation of carbon atoms and is as stable
as the corresponding acyclic hexenthhe conversions of monomers to poly-
mers were generally decreased for increasing ring size and corresponding
decrease in ring strain.

Another factor which governs the ring strain enerqy and hence the
polymerisability of rings is the nature of the ring. Bi-cyclopentadiene

contains two types of unsaturated five membered rings A and B as shown in

LA *

(XIX)

(XIX).

Monomers which have a highly strained bridged ring (A) polymerise readily,
whereas monomers which have a fused ring (B) are more difficult to

37 ; : ; <
polymerise. Oshiku and Tnbuchig pelymerised bicyclopentadiene with MoClS

to give a trans—ﬁinylene polymer by opening the bridged ring:



Thé degree, position and nature of substitution of the ring affects
the polymerisability of the cyclic olefin. In general, only cyclic
olefins with unsubstituted double bonds are polymerisable. Small alkyl
substituents on other positions of the ring do not normally render the
monomer inactive towards polymerisation, unless the free energy of poly-
merisation is already small, which is the case for monomers such as 2-
methyl tetrahydrofuran, whereas 3-methyl cyclopentene was found to be
easily polymerisable14.

Gunther et a133 demonstrated that the position of the substituent on
the ring was important. He showed that 1- and 4-methyl cyclopentene were
unpolymerisable, but that 3-methyl cyclopentene was readily polymerisable.

He also demonstrated that the nature of the substituant was importang by

showing that 3-isopropyl cyclopentene was unpolymerisable.

() Ecuilibrium Polymerisation

The attainment of a statistical equilibrium is essentially entropy
controlled during the metathesis of an acyclic olefin23 since the reaction
is thermoneutral if the cis/trans isomerisation of the double bond is
neglected.) The ease with which equilibrium is reached is one of the
characteristics of the metathesis reaction. :

The ring-opening polymerisations of weakly strained cyclic olefins
also presents the features of an ecuilibrium reaction, involving monomer-—
oligomer, oligomer-polymer and ring-chain equilibria. The energy resulting
from the release of ring strain shifts these equilibria away from the
statistical composition, and the equilibrium composition is then dependent
upon temperature,

Ofstead and éalderon38 investigated the temperature dependence of the
monomer-polymer equilibrium for trans-polypentencmers in the temperature
range from 0° to 30°C which is shown in fig.I-(¢ ). Li&iting conversions

were obtained that varied between 50-80% polypentengmer.
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Fig.I - (&) Dependance of Conversion of Cyclopentene to Polypentenamer
on Temperature of Polymerisation.
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The polymerisations were carried out using a WCIG/EtOH/EtAICI2
catalyst system with the initial monomer concentration of 2.2 moles
1itre-1 and a tungsten hexachloride concentration of 9.9 x 10;3 moles
.1itre—1. Gas chromatographic examination of the low molecular weight
fraction of the polymerisate revealed the expected presence of substantial
amounts of all (C5H8Jn terms from monomer to involatile polymer. The
enthalpy (ﬂHp) and entropy (asp) of polymerisation were determined from the
dependence of the equilibkium monomer concentration on temperature and
found to be -4.4 K cal.mole_l, and -14.9 cal.mo;e_% K respectivély. The
ceiling temperature was predicted to be approximately 1500C, The reversi-
bility of the monomer -~ polymer equilibria was shown in two ways -
(@) A temperature change (up or down) during polymerisatiﬁn resulted
in a rapid shift of the éonversion curve to that corresponding
to the new temperature.
(b.) Depolymerisation of purified low molecular weight polypentenamner
in the presence of the same metathesis catalyst led to a monomer-
polymer equilibrium close to that found during'polymerisation.

(i) Cis/trans control in Polvalkenamers

Thermodynamic control of the cis/trans ecquilibrium in olefin meta-
thesis reactions was proposed by Calderon et a123, (section I-(3,4), who
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conclu&ed that the formations of trans and cis isomers were provided for
by the transalkylidenation step itself and were not due to an independent
isomerisation reaction. These results were in contrast with those
numerous ring-opening polymerisations of cyclic olefins which were found
to be stereospecific. It has been shown that it is possible to obtain
100% cis-polypentenemer or predominantly trans-polypentenamer by using
the appropriate stereospecific catalyst. Cis polypentenamer can be con-
verted to trans-polypentenamer by contacting it with a normally trans—
specific catalysth, whereas trans-polypentenamer can not be modified
under similar conditions. The cis/trans ratio of transposed polybuta-
dienes depended strongly on the catalyst composition, catalyst concentration
and the temperature of reaction40 and hence it would appear that the cis/
trans ratio in ring-opening polymerisations was kinetically rather than
thermodynamically controlled.

Cis and trans isomerisations were not the only features of the olefin
metathesis and ring-opening polymerisation reactions that appeared to be
kinetically rather than thermodynamically controlled. Calderon41 con-
cluded, after an observation of the early stages of the cis-?-pentene
metathesis, that the disproportionated olefins‘f\ildea::tthe co-ordination com-
plex in pairs. He suggested that one of the pentene units remained co-
ordinated and then reacted further with an incoming olefin and that the
leaving pairs, in fact, would have restricted product variability.

Dall'Astémkeacted purified polypentenamer with cyclopctene, which had
been labelled with C14, in the presence of a three component metathesis cata-
lyst. He examined the poly-(pentenamer-octengmer) copolymer for the
degree of randomﬁess by a partial ozonolysis technicue. The results of

this examination led him to suggest that the copolymer was made up of

blocks of pentenamer and octengmer units and was not a random copolymer.
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If the'reactjon had been thermodynamically controlled a random co-
polymer would have formed. Dall'Asta suggested that the site of
insertions of cyclooctene into the polypentenamer remained with the
polymer chain for a sufficient length of time for a block of octenamer
units to be formed. He did not'consider that the block nature of the co-
polymer produced could have arisen from the metathesis of polypentenamer
chains with polyoctenomer chains, which would have been formed by the
ring-opening polymerisation of cyclooctene by the metathesis catalyst.
However, whether the block copolymer was formed by the metathésis of
polypentenamer and polyoctename5 or by the insertion of cyclooctene into
polypentenamer, (or both), the suggestion of kinetic control of the meta-
thetic ring opening polymerisation reaction was increased.

Further evidence for kinetic control of the ring opening polymerisa-
tion reaction came from Pampus and coworker529 who stated that during the
'polymerisation of cyclopentene, using a tungsten based catélyst system,
one of the two double bonds associated with the active species always

remained co-ordinated to the tungsten atom.
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I - (9) The Mechanism of the Ring-Opening Polymerisations of
Cyclic Olefins

(i) The Reaction Pathway

5! g i : -
Calderon2 proposed that the ring-opening polymerisations of cyclic
olefins was a special case of the olefin metathesis reaction and it was
suggested that a reaction scheme could be formulated whereby polymerisa-

tion took place by scission of the carbon-carbon double bond:

0
je
o

(CH )n —— (CH )n (CH,)

Calderon suggested that chain growth proceeded via the formation of
macrocyclic rings that increaséd in size. Further evidence for this type
of double bond scission was provided by Dall'Asta and Mctroni33 who studied
the copolymerisation reaction between cyclopentene and cyclooctene.

Excess cyclooctene was copolymerised with cyclopentene which had the carbon
atoms at the double bond labelled with C14. The random copolymers formed
were subjected ta destructive ozonolysis and subsequently reduced to the
diols.

The following labelled diols should have resulted, depending on the

site at which cleavage of the ring occurred:

(4) Cleavage at the double bond

The copolymer produced by cleavage at the double bond is shown in

+. XXIT

] %*

= CH - (CH2)6 - CH = CH - (CH2)3 - CH = CH - (CH2)6 = CH =

I [ I

Degradation points of the copolymer after ozonolysis
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The diols that would be produced from XXII after ozonolysis are

shown below:

HO—CH2 - (CH2)6. - CHEOH
* L

HOCH2 - (CH2)3 - CH20H

HOCH2 - (CH2)6 - CH20H

(b) Cleavage at the single bond & to the double bond

The copolymer produced by cleavage of the single bond /X to the

double bond is shown in XXIII

- L

<~CH = CHi=- (CH2)6 -~ CH = CH - (CH2)3 - CH = CH - (CH2)6~

I ]

Degradation points of the copolymer after ozonolysis

XATIIT

The diols that would be produced from XXIII after ozonolysis are

shown below:

HOCH2 - (CH2}6 - CH20H
*

HO—CH2 - (CH2)3 - CH2OH

HO——CH2 - (CH2)6 - CH2?H

If ring opening had occurred by scission of the double bond}all the
radioactivity would have been expected to be isolated in 1,5 pentane diol,
which was found Ey radio - G.L.C. analysis, confirming that ring opening
occurred by scission of the double bond.

The formation of macrocycles during the growth of t%e polymer chain
was confirmed by Calderon22 when he showed that macrocyclic rings formed
from every possible combination of cyclic olefin monomer units were

present in the polymerisates. The existence of the large macrocyclic

AT



species that should be present in the polymerisates wos very difficult
to prove experimentally, and in any case side reactions which could trans—
form macrocyclic rings into open chain macromolecules could easily have
occurred. It was postulated that traces of acyclic olefins likely to be
present in any monomer could have reacted with the macrocyclic rings to

produce the open chain polymer as shown:

/’ ‘\ FE i >
' CHR / e CHR,
—
' [ o= L _
\\ ; ’- CHR, l\ /’..== CHR,
XXIV

For the larger macrocyclic rings the probability of them reacting
with any acyclic olefin that was present in the polymerisate would be
greater, and hence the high molecular weight polyalkenamer would be
present as open chain polymer. |

A reaction pathway for the ring opening polymerisation of cyclo-

pentene by a tungsten based catalyst system was postulated and is

shown in fig.I - (7):
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Reaction XXV involved the co-ordination of the active catalytic species

(W*) with the double bond in the cyclopentene. Reaction XXVI involved



the reéction of the co-ordinated cyclopentene with a further monomer unit,
to give two cyclopentene molecules co-ordinated to the active catalyst.
Reaction XXVII involved the simultanecus breaking and making of double
bonds and reaction XXVIII shows that the tungsten complex remained co-
ordinated to one of the double bonds. Reaction XXIX shows that the
sequence of reactions from XXVI to XXVIII repeated for N units of cyclo-
pentene would lead to the production of macrocyclic rings.

(ii) The Transition State

Four transition states}or intermediateg)have been proposed in
plausible mechanisms to describe the ring-opening polymerisations of
cyclic olefins and the olefin metathesis reaction.

(a) The "Cuasi-Cyclobutane" Intermediate

Bradshaw and coworker§3 proposed that a "CQuasi-Cyclobutane"
intermediate was formed during the olefin metathesis reaction, although
.they admitted a lack of detailed knowledge to support such an intermediate.
Calderen and coworken§3 adopted this!type of intermediate for the ring-
opening polymerisation of cyclic olefins. It was proposed that the olefin
metathesis and the ring-opening polymerisation reactions involved the
following processes:

WCIG + C2H50H + AlEtCl2 + 2RCH ===.CHR1 —_—

HR‘l

Reaction XXX involved the initial formation of a complex wherein the
tungsten atom acquired two olefin ligands in a cis configuration. The
tungsten atom W* was in a reduced oxidation state as a result of prior

reaction, in the presence of the olefins, with the AlEtCl_ compound.

2



!

L
CHR
i Y
1 :
CHR HR

V
1

W

4

CHR

RHC CHR1 XXXI

7

CHR

Reaction XXXI was proposed as the transalkylidenation process in which
the bis olefin complex was electronically excited toa fur-membered ring
which did not convert to a ground state cyclobutane but transformed back

to a bis-olefin metal complex.

We We
Vi Vi
CHR / cHRY + RCH = cHR! == &R / cir?  + RlcH = cur?
CHR Y CHR
XXXIT

This reaction was then followed by an olefin exchange reaction
(Reaction XXXII) and Calderon suggested that the olefin exchange step

was very rapid and alternated with the transalkylidenation step. This
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provision was necessary to account for the high rates of reactions that
were obtained with very low catalyst concentrations.

Mango and Schachtschneider44 discussed the formation of a "quasi
cyclobutane" intermediate within the scope of the Woodward-Hoffman rules,
governing 1,2 cycloaddition rea;tions.

Cycloaddition reactions are transformations involving the fusion of
open-chain substrates to cyclic products. Woodward and Hoffmanss
divided all concerted cycloaddition reactions into allowed and forbidden
categories defined by a complete set of selection rules. Mango and
Schachtschneidér applied the Woodward Hoffman rules to the reaction

depicted in XXXIII, which is an uncatalyzed 1,2 cycloaddition reaction

of 2 ethylene molecules to form a cyclobutane molecule.

CH CH. HCe—— < CH

2 2 2 2
—
+ o——
CH2 CH2 H2C CH2
KXXIIT )

The fusion of two olefin T bonds to form cyclobutane O~ bonds was
described by applying the simple molecular orbital theory to the molecular
orbitals representing the bonds undergoing character change during
reaction XXXIII. Fig.I -(2) shows that the two M  bonds of the

olefins could be combined to give bonding and antibonding combinaticns:
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Fig.I - (ix) shows that the two olefin antibonding orbitals (Tr*)
could also be combined to give bonding and antibonding combinations?
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Fig.I - (9)
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The ¢ bonds in cyclobutane corresponding to the transforming
olefin bonds could then be described as shown in Fig.I - (10). There
were two bonding molecular orbitals representing the two O  bonds
and two antibonding combjnhtion; representing the corresponding a

bonds.

O

@ 6
@ @
O 480
O PG

P 2 & .

Bonding ©~ Molecular
Crbitals

g

&
Antibonding €O
Molecular Orbitals

Fig.I - (0)



The two sets of molecular orbitals were then assigned symmetries
relative to the common elements of symmetry maintained across the
reaction co-ordinates. For cyclobutanation, the elements of symmetry

were two planes, P1 and P2 as shown in fig. I-(.ll )

Fig.I - (1)

L



A correlation diagram was then constructed with the molecular
orbitals ordered by relative energies and assigned symmetries relative

to P1 and P2 (8, symmetric, A, antisymmetric). This is shown in

fig.I - (1Z.) where the assignment SA means symmetric about P1 and

antisymmetric about P Molecular orbital symmetry consérvation

2-
required that the molecular orbitals maintained their symmetry about
the common elements across the reaction co-ordinates, which gave rise

to the orbital correlations outlined in fig.I - (.).
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From fig.I - (IZ.) it can be seen that the olefin AS T
combination - would transform into the cyclobutane AS ¢ * orbital and
that the olefin SA T * combination would become a cyclobutane SA ¢
bond. The necessity for orbitals to cross was characteristic of a
forbidden reaction. The forbidden nature of the reaction became more
apparent when the bonding electron pairs were placed in the appropriate
molecular orbitals. In two fusing olefins the electron pairs. would
reside in T orbitals SS and AS in fig.I - (9.). During cyclobutana-
tioq’the electron pair in the SS T combination would flow into the
cyclobutane S5 © bond and the electron pair ih the AS TI combination
would move into the AS¢°* cyclobutane bond. The net bonding between
the approaching olefins would therefore be essentially zero across the
reaction co-ordinate. It was thergfore shown that the uncatalysed 1,2
cycloaddition reactién between twplolefins vas symmetry forbidden by the
Woodward-Hoffman rules;

Maﬁgo and Schachtschneider had therefore shown that the construction
of a cyclobutane }ing from two olefins required the electronic popula-
tion 'of the SA.andISS'orﬁifals and the electronic vacancy of the AS and
AA orbitals. Two of the préréquisites, population of the SS orbital
and ;acancy of the AA orbital, were assured since these orbitals were
correlated with the appropriate orbitals in the olefin combinations.

The fulfilment of the remaining two reguirements could be effected by a
catalyst whose function would be the rem&val of an electron pair from
the olefin AS 57 combination and the insertion of an electron pair into
the olefin SAT * combination. A catalyst that could carry out this
operation would have a pair of orbitals of SA and AS symmetry and an
electron pair. A transition metal complex could carry out the operation
required to switch olefin cyclobutanation from a gymmetry-forbidden to a
symmetry-allowed transformation by the use of the transition metal dyz
and dzx orbitals. Fig. I - (lﬁ) shows the spatial arrangement of the

olefins and catalyst. — 42—



Fig.I - (13)

\

P, would be the zy plane and P

g the zx plane. The positioning of

2
the olefin ligands shown in fig.I - (xiii) would provide a ligand field
which would split the energies of the dyz and dzx orbitals. A metal
electron pair would occupy the lower energy dyz orbital forming the
metal-olefin "back bond" through interaction with the olefin SA IT *
combination. The empty metal dzx orbital would accept an electron pair
~ from the olefin AS T combination. This would be the electronic
ordering essential to a concerted, ‘ground state fusion of the olefin
ligandg and if a relatively free flow of electron density was allowe@
then a concerted reaction path would exist. The critical transfer of
electrén pairs is illustrated in fig.I - (14 ), the shaded orbitals
showing the position of the electrons before and after the exchange.
Hence Mango and Schachtschneider showed that a cyclobutane inter-
mediate for the metathesis reaction could be possible according to

molecular orbital theory.
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(b) The Tetramethylene Intermediate

This type of intermediate was proposed by Lewandos and Pettit45 as
an alternative to the "quasi-cyclobutane" intermediate. They felt that
an alternative orbital symmetry.pathway was required that was able to take
into account the part played by the ¢” bonds of the ethylene molecules
participating in the metathesis reaction. Their scheme involved the
rupturing of the carbon-carbon ¢~ bonds c@ncurrently with the carbon-
carbon TT bonds so that a cyclobutane molecule was never formed. It was
proposed that two ethylene molecules reacted with the transition metal

to form a bis ethylene 7] complex XXXIV.

KAXIV
The complex XXXIV then rearranged into a multi-centred organo-
metallic system XXXV in which the bonding was described as resulting from
the interaction of a basic set of metal atomic orbitals and four

methylenic units.




The reiraction of the compléx XXXV along the x axis would then lead
to the starting materials and the separation of XXXV along the y axis
would lead to the reaction products.

The scheme was proposed after a study of a metathesis reaction of
4-nonene with a tetracarbonyl tungsten (w°) catalyst. A feature of this
mechanism was that in proceeding from the bis olefiniT complex XXXIV to
the tetramethylene complex XXXV the number of donor electrons provided by
the olefinic ligands increased from four to eight. It was widely
recognized that the most thermodynamically stable complexes of metals in
zero or low oxidation states were those in which the inert gas rule was
obeyed. In the 4-nonene metathesis reaction it was‘shoﬁn that alkylidene
exchange resulted only under conditions which favoured the replacement of
one CO ligand on the tungsten atom. If a carbonyl had-not been removed
from the transition metal complex during the transition state then there
would have been excess electron donation by the olefin ligands and the
inert gas rule would not have been obeyed.

(c) The Metallocycle Intermediate

; Grubbs and Brunck46 proposed a metallocyclic intermediate for the

o ;
metathesis reaction involving a metal to carbonibonded species. They

4-7
cited the case of a metal carbon ¢~ bonded intermediate discovered by Katz
for the rhodium catalysed rearrangement of strained carbocyclic ring
systems as evidence that metal-carbon ¢~ bonded species were known to be

formed under similar conditions to those of the metathesis reactions.

The proposed olefin metathesis mechanism is shown:
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Grubbs stated that step (a) involved the rearrangement of Ehe bis
olefin complex into the metallocycle and that the metallocycle then
underwent a rearrangement to yield the metallocycle (B). Step (C)
was a direct reversal of step (a). He suggested that the rearrangement
of A into B may have involved an unspecified symmetrical intermediate.
To establish the feasibility of this mechanism Grubbs and Brunck
investigated the reaction of WCl6 with 1,4 dilithiobutane in benzene.
They showed that ethylene was evolved quantitatively, and they suggested

“that it was formed by the breakdown of the complex shown below:

CH2 CH2

| |

CH2 CH2
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Experiments were carried out with deuterated dilithiobutane which
showed definitely that rearranggments or metathesis occurred. The
most difficult step of the proposed mechanism to interpret, was the re-
arrangement of (A) into (B). Three possible paths were considered44

and they are shown below:

J
I

* denotes the
identity of
& ¥
cC—cC the carbon
l atom
C

XAXVII
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(a) This pathway involved the reversible insertion of the metal into
a cyclobutane ring. The cyclobutane-metal bond would have had to be
maintained at all times, since there was no cyclobutane evolved during
the reaction. Cyclobutane would not be capable of forming a strong
bond with a metal atom and hencé pathway (a) was not considered very
likely.
(b) This pathway suggested metal-carbon interactions across the rinq
which would not be strong if the ring was planac .
(c) Pathway C suffered from symmetry restrictions which a d2 metal
would not be able to overcome, because it would have to become d® in
the metallocycle.

Therefore, it was very difficult to show how the rearrangement from
(A) to (B) could have occurred and hence the metallocycle intermediate
“lost a lot of credibility.

(d) The Chain Mechanism

The most recently proposed mechanism for the olefin metathesis
reaction and the ring-opening polymerisations of cyclic olefins was
proposed by Katz and McGihn1547 who suggested a chain mechanism, which
involved a four-membered metal-containing ring and a metal carbene as

intermediates. Their reaction scheme is shown below:

b
p s ;«
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They stated that since metal—carbenes48 and four-membered rings
containing metals49 were known, and that additions of metal carbenes
to olefins were common, their proposals required no unusual theoretical
explanation and accounted for many of the known facts concerning the
olefin metathesis reaction.

Each of the four proposed mechanisms have their merits and their
drawbacks. They all provide low energy pathways f&r metathesis reactions,
and they all account fora range of features of such reactions.' Mechanism
(a), the “quasi-cyclobutane" transition state, has some obvious drawbacks.
Cyclobutane rings are unreactive with metathesis catalysts and are also
virtually absent from the reaction products, althouch their formation
would be conceivable according to the molecular orbital considerations by
Mango and Schachtschneider44. Cyclobutane rings would imply severe steric
restrictions and non-bonding interactions, especially in the case of the
ring opening of small rings. The evidence for the tetramethyl inter-
mediate in mechanism (b) is convincing but the system studied by Lewandos
and Pettit may not have been typical. Reaction temperatures were high
(approx.lOOOC), whereas homogeneous metathesis catalysis usually occurs
around‘25°c, and the reaction was inhibited by excess olefin. (CGenerally,
very high olefin: transition metal ratios are usual, 500:1, but in the
tetramethylene system the proportions of olefin to transition metal were
approx 1:1).

The hietallocycle mechanism of (c) haé several emissions and dis-
crepancies. There appears to be no reason why the rearrangement A -» B
should occur, or why it should be rapid. Metallocycles of type A are not
normally formed by ethylene, although there is some evidence that ethylene
can form a metallocycle in a titanium COmplexSO. It is'not yet proven

that metal-hydrogen bond formation is not involved in the transformation
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A = B, whereas experiments in other systems have excluded this route.

The deuterated ethylenes formed from the reaction of WCl,. with 1,4

6
dilithiobutane were not formed in the equilibrium proportions typical

of the metathesis reaction. The chain mechanism of (d) seems to be a

more satisfactory approach, but metal carbenes are usually only derived

from electron-rich olefins. This mechanism also explains more easily

how the ratios of products in metathesis of cycloolefins with unsymmetrically
substituted acyclic olefins are obtained47. |

Hence, it can be seen that none of the mechanisms so far proposed for
the metathetic ring opening polymerisation of cyclic olefins are entirely
convincing, and it may be that the actual mechanism is a combination of
several proposals. Also, no mechanism so far proposed offered any role to
the metal alkyl (or comparable reagent) other than that of a reducing
agentjor of a modifier of the base behaviour of the transition metal.

A polynuclear metal catalysed system has not been considered, although
the formation of compounds with halogen or hydrogen bridges between tungsten
and aluminium would be quite possible.

The aim of this project was to try and explore the kinetics of the ring-
opening polymerisation of cyclooctene and cyclopentene and to use any
kinetic results obtained to try and elucidate the mechanism of the polymeri-
sation. Very few, if any, kinetic studies had been previously carried out
on the metathetic polymerisation reaction, mainly due to the difficulties
in establishing a stable system for study, and the very rapid rates of
polymerisation of cyclic olefins that were obtained,where the systems being
studied were free from impurities. Hence, the first priority for a kinetié
study of the ring-opening polymerisations of cyclic olefins was to establish

a stable and impurity free system to study.



CHAPTER II

EXPERIMENTAL

IT - (1) High Vacuum Line

The high vacuum line is shown diagramatically in fig.II-(1).

The high vacuum line was evacuated using an Edwards rotary vacuum
pump assisted by a mercury diffusion pump. Two cold traps were used to
prevent solvent etc. from condensing in the oil in the rotary vacuum pump
and to prevent mercury vapour from escaping into the laboratory. Liquid
nitrogen was used as coolant for the cold traps. The pressure achieved
in the high vacuum line was measured by the vacustat and was approximately
ecual to 10" Hg.

({)Operations on the vacuum line

(a) Degassing of monomers, solvents, etc.

The flask containing the monomer or éolvent to be degassed was
attached to the vacuum line at the ground glass joints at any of the (4)
positions; tap 3 was closed and the appropriate tap 4 opened. A Dewar
vacuum flask of liquid nitrogen was placed around the monomer/solvent
flask and the liquid in the flask began to freeze. When the liquid was
frozen tap 3 was opened and the manifold was evacuated until the pressure
was approximately 10-3mm of Hge Tap 3 was then clesed and the Dewar of
liguid nitrogen was removed. The flask of licuid was -gently warmed to
room temperature and then refrozen. When frozen, tap 3 was re-opened and
the evacuation proceaure repeated. These freezing, warming and evacuating
procedures werelrepeated until no gas bubbles escaped from the monomer/
solvent on warming to room temperature.

(b) Trap to trap Distillation

i}

A flask containing monomer or solvent was attached to the vacuum
line at one of the positions (4) and the liquid was degassed as in (a).
The contents of the flask could be transferred to a second flask athtached
to any of the other manifold taps by cooling the second flask in licuid

nitrogen.
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Fig.II-(2)

Flask Y wa% attached to the vacuum line and evacuated, flame dried
and then allowed to cool. Tap 3 was then closed and a Dewar vessel
containing liquid nitrogen was placed around flask Y. Thé relevant
taps (4) were opened and the monomer or solvent contained in flask X
dispil;ed from flask X into flask Y. The rate of distillation could be
in;reased by warming flask X with a warm air bloweg or a bath of warm

water.

(c) Storage of monomers and solvent

.1t was necessary to design storage vessels for monomers and solvents
whereby the monomers and solvents could be stored over sodium metal and

under vacuum.,

500 ml flasks were used which had B necks, flat bottoms and a side

43

arm with a "Rota-flo" greaseless tap and B g socket. See fig.II-(3)

I e
g“_ 819 Socket
q@}__/gj Rota-Flo Tap
e

No.327 "Suba Seal"

-

\ Monomer/Solvent
= Sodium Metal




This vessel design was effective in several ways. It allowed the
storage vessel to be easily removed from the vacuum line under vacuum
when the "Rota-flo" tap was closed. The vacuuﬁ was maintained far more
efficiently than with a greased tap and the absence of grease also
minimized impurities.

Monomer or solvent was distilled into these flasks, which had already
been flamed and the flasks were removed from the vacuum line under
nitrogen. The '"Suba Seal" was removed and a nitrogen bleed placed into
the monomer/solvent. Sodium metal was sliced very thinly directly into
the liquid under a stream of nitrogen. The "Suba-Seal" was replaced and

the flask was returned to the vacuum line.




II-(2) Purification and Drying of Monomers and Solvent

(i) Cyclopentene

Cyclopentene was obtained from Koch Light laboratories. The purity
of the cyclopentene was determined by gas chromatographiﬁ analysis which
revealed that the cyclopentene contained traces of cyclopentadiene. The
presence of cyc%opentadiene wa; confirmed by adding small amounts of
cyclopentadiene to cyclopentene and then examining the mixture by gas
chromatography. One of the small peaks that had been observed in the
gas chromatograph of the cyclopentene prior to the addition of cyclopentas
diene was observed to have increased after the addition of cyclopentadiene.
Two methods were employed for drying cyclopentene:
(a) 100g of cyclopentene were shaken in a 250 ml round bottomed, single-
necked flask with aluminﬁfthat had been activated by placing it in an oven
at 350°C for four hours. The flask was then connected to the vacuum line
and the cyclopentene/alumina mixture was dégassed. The degassed cyclo-
pentene was then distilled into a second flask which had previously been
evacuated and flame dried. The second flask was a two-necked flask
fitted with a "Suba Seal". 1 ml of aluminium tri-isobutyl was then added
by injection from a syringe through the "Suba Seal" into the cyclopentene,
Aluminium tri-isobutyl is a powerful drying agent and it reacts with water
to yield aluminium hydroxide and isobutane. The cyclopentene was stored as

an aluminium tri-isobutyl solution and was used as required.

This method was efficient for drying cyclopentene but unfortunately the® =

cyclopentene, when distilled from this solution and analysed by gas chroma-
tography, showed several new, although very minor, peaks. These new peaks
were thought to be breakdown products of the aluminium tri-isobutyl.

(b) 1009 of cyclopentene were placed in a 250 ml round bottomed, single

necked flask and thin slivers of sodium metal were added. The flask was

then attached to the vacuum line and the cyclopentene was degassed. The



sodium‘metal was used to perform two functions:
(i) to remove water;
(ii) to react with cyclopentadiene present in cyclopentene.
Cyclopentadiene reacted with sodium to produce green cyclopentadienyl
sodium. The cyclopentene was then distilled from the sodium metal into a
second round botiomed flask}which contained more sodium and this distil-
lation process was repeated until the cyclopentene sodium mixture remained
colourless)when left for twelve hours. Gas chromatographic aqalysis of the
cyclopentene at this point revealed the total disappearance of one of the
small peaks, due presumably to cyclopentadiene.
Accordingly, method (b) was used for drying cyclopentene because of the
ability of the sodium to remove any cyclopentadiene and cyc10penteﬁe was

storeq,under vacuum over sodium metal.




(ii) Cyclooctene

Cyclooctene was obtained from Koch-Light laboratories in 1 litre
bottles and was found on G.L.C. analysis to be 99.3 % pure. The
cyclooctene was supplied with about 2% tertiary butyl catachol (not
detected by G.LtC.) present as ; stabilizer against oxidation. The
tertiary butyl catachol was removed by shaking the cyclooctene with a
10% weight/volume solution of sodium hydroxide in a separating funnel
and then washing the cyclooctene with distilled water. The cyclooctene
was dried first with activated alumina and then under vacuum with sodium
slivers. The cyclooctene was degassed in the same manner as cyclopentene.
G.L.C. analysis of cyclooctene at this point showed that the amount of
1,3 cyclooctadiene present in the cyclooctene varied from batch to batch.

Attempts were made to remove this impurity because it was important
to control the presence in the monomer of Ehe amount of 1,3 cycle-
octadiene, as conjugated dienes were known to react preferentially with
the catalyst componenh?i, and thus affect the rate of polymerisation.

The amount of 1,3 cyclooctadiene in the cyclooétene batches was
approximately 0.2% and several attempts, described below, were made to
remove the impurity. J

(a) Tungsten Hexachloride (WC16)

It was thought that the reason that 1,3 cyclo-octadiene had such a
marked effect on the rate of polymerisation of cyclooctene may have been

due to the preferential reaction of 1,3 cyclooctadiene with WC1 It was

6.
thought that the 1,3 cyclooctadiene may have been able to form a complex

<« with the WCI6 and thus a method of removing the 1,3 cyclooctadiene from

" cyclooctene might have been available. Therefore, solid WCl, was placed

6

in a single necked flask and attached to the vacuum line. Cyclcoctene

was distilled from sodium metal on to it. The cyclooctene/ﬂClG solution



was stirred for four hours with a magnetic stirrer and after this time
the cyclooﬁtene was distilled from the flask and a sample analysed by
G.L.C. The chromatograph revealed, however, that there was no reduction
in the concentration of 1,3 cyclooctadiene. .

(b) Prepolymerisation

(i) Solid tungsten hexachloride was placed in a two necked flask
and the flask attached to the vacuum line. 40 ml of cyclooctene were
then distilled from sodium metal on to the WCl.. The amount of Wwel,

used was calculated so that the molar ratio of 1,3 cyclooctadiene: WCl6
was 1:1 (i.e. approximately 1.54 x 10_2 moles litre™1 1,3 cyclooctadiene
for 7.7 moles litre~1 cyclooctene).

The cyclooctene(wCI6 solution was ﬁhen stirred for five minutes:and
0.25 ml of a 0.07M solution of aluminium tri-isobutyl were injected by
syringe through a"Suba Seal. The cyclooctene polymerised very rapidly
and it was not possible to distil from the polymerisate any unconverted
monomer .

(ii) The same procedure was followed as in (i) except that much less
Wel, (1.8 x 19-3 moles litre™ 1) corresponding to a molar ratio of 1,3
cyclboctadiene X T:.‘CI6 of 8.5:1 was used. The conversion of monomer to
polymer was generally low and the unreacted cyclooctene_was distilied into
another flask and analysed by G.L.C. The chromatograph revealed a reduc-
‘tion in the amount of 1,3 cyclooctadiene present but it was not removed -
totally. The above procedure was repeated threé times but on each
occasion, although more 1,3 cyclooctadiene was removed, the rate and
amount of polymerisation increased and very little pure monomer was left

after these successive polymerisations.

(c) Reduction of 1,3 Cyclooctadiene to Cyclooctene:

Ziegler and T.---.’ilms51 stated that 1,3 cyclooctadiene could be reduced

to cyclooctene)by reaction with lithium and N-methvl aniline.



40 ml 'of cyclooctene were reacted with 0.244qg of N-methyl aniline
and 0.015g lithium, under vacuum, with di-ethyl ether as solvent and the
reaction mixture was stirred for twelve hours. Analysis.of the cyclooctene
after this time showed that there had been no reduction in the amount of
1,3 - cycloocta@iene present.

(d) Copper I Complex with 1,3 - Cyclooctadiene.

Cuprammonium acetate was known to react with 1,3 cyclooctadiene to
form a stable complex52. Cuprammonium acetate was prepared from CuI
acetate and 8M ammonium hydroxide solution. The CuI acetate was prepared
by the reaction of CuII acetate with anhydrous acetonitrile and'copper
powde§3. Equal volumes of cuprammonium acetate and cyclooctene were
shaken together in a'separating funnel and the cyclooctene was then
washed with distilled water. Analysis of the cyclooctene showed that
there was no reduction in the concentration of 1,3 cyclooctadiene present.

- Hence it can be seen that it proved impossible to remove all the 9.3
cyclooctadiene from cyclooctene and so the cyclooctene was used as
obtained, dried and stored over sodium metal.

(iiijToluene

Toluene was used as solvent during the polymerisation reactions and
was supplied by B.D.H. G.L.C. analysis showed it to be rather impure.

' The toluene was refluxed with sodium metal for six hours and then
fractionated on a five foot column packed with glass rings. 50ml
fractions were taken and these fractions were analysed by G.L.C. The
final purity of the toluene was about 99.6%. The ;ure”toluene was dried
with sodium metal under vacuum, degassed and stored on the vacuum line

over sodium metal.
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II — (3) Preparation of Catalyst Solutions

(i) Tungsten Hexachloride

Tungsten hexachloride was supplied by Pfaltz and Bauer Inc.U.S.A.
as a 99% puré solid contained in sealed glass ampoules. The glass

ampoule was opened under a stream of dry nitrogen)and the WC1l_ was

6
divided into ten other ampoules and each was sealed under nitrogen.

One of the smaller ampoules was then opened in a stream of nitrogen and
approximately 0.5g of WCIG was weighed out into a singlé—necked 100 ml
flask that had been dried in an oven and purged with dry nitragen. The

ampoule was immediately resealed. The flask containing WCl_ was

6
attached to the vacuum line and dry toluene was distilled into the flask.
When a known volume of toluene had been distilled the flask containing
the blue solution of WC16 in toluene was removed from the vacuum line,
under nitrogen, and a "Suba Seal" was fitted to the neck of the flack.

' The WCl6 solution was stored in a refrigerator, in the dark, because it was
reported by Gunther32 et al that WC].6 could react with toluene at room
temperature in the presence of sunlighg to form reduced tungsten halides.
The strength of the WCI6 solution could be calculated from the weight of
WCI6 used and the volume of toluene added.

A more accurate check on the concentration was carried out b; atomic
absorption spectroscopy. There was found to be a close agreement between
the two methods for the strength of the solution. The.amount of chloride
present in the WCI6 solution was determined by the standard method of
addition of excess silver nitrate solution. The excess of Ag MJB was

determined by back titration with standard potassium thiocyanate solution.

(ii) Aluminium Tri-isobutyl

Aluminium tri-isobutyl was supplied as a pure ligquid contained in a
special steel vessel by Schuchardt of Munich. To make a solution of
Al{iBu)3 in toluene, toluene was distilled under vacuum into a previously
weighed and dried flask and this flask was removed from the vacuum line

under nitrogen and fitted with a weighed "Suha Seal's The flask wae
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reweighed and hence the amount of toluene in the flask was knowﬁ. A
calculated amount of Al (iBu)3 was withdrawn from the special container
in an oven dried 1 ml syringe and injected through the "Suba Seal" into
the toluene, thus preparing a 0.07 molar solution of Al(iBu), in toluene.
Aluminium tri—isobutyl and tungsten hexachloride are both extremely
sensitive to air and moisture and it was necessary to prepare fresh

solutions of each at regular intervals.

'II—(4) The Determination of the Rate of Polymerisation of
Cyclopentene and Cvclooctene by Dilatometry

Three dilatometer designs were employed for following the rates
of polymerisation of cyclopentene and cyclooctene.

(a) Electrical Dilatometer

See figure II-(4)
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The electrical dilatometer is shown diagramatically in fig.II-(4).
The resistance wire that is shown inside the capillary tube had a uniform
resistance of 0.0283 (N cm_‘1 « This compared to the resistance of the
mercury of 0.227 x 10_4,IL,Cm _?. The total length of the resistance wire

was 20 cm. The full scale deflection of the chart recorder was 5 mv and a

power source of 1.5 volts was used.

Left hand arm (L.H.A.) Right Hand Arm (R.H.A.)
I
‘L.
I Resistance wire in
capillary tube
HE
[‘_“‘“— |
L S i e 819 Socket -
' "Rota-Flo" Tap
Chart | < Mercury Reservoir
Recorder :
(S No.17 "Suba Seal"

I
\_:Jx ¢——  Licuid Nitrogen

Fig.II - (4)
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Function of Dilatometer (a)

The dilatometer was dried in an oven and whilst it was still warm
the "Rota-flo" fap and the "Suba-Seal" were inserted and the mercury
reservoir was filled. The tap A was used to connect the mercury
reservoir with the capillary tube but the R.H.A. was isolated at this
stage. The dilatometer was then attached to the vacuum line by the
B19 joint and evacuated. The "Rota-flo" tap was then closed and
mercury admitted to the R.H.A. by manipulating tap A. Mercury was
allowed in as far as point B. Alvessel containing liquid nit;ogen was
then placed aréund the lower part of the R.H.A., freezing the mercury
and preventing its flow.

The "Rota-flo" tap was then opened and meonomer and solvent were
distilled into the R.H.A. up to point C. The "Rota-flo'" tap was then
closed and the liquid nitrogen bath removed, allowing the dilatometer
to regain room temperature. Mercury from the reservoir was then
allowed into the R.H.A. via tap A until the R.H.A. was completely full
of mercury and monomer. The level of mercury in the L.H.A. of the
dilatometer was then adjusted to point D and the two arms of the
dilatometer were connected via tap A, thus isclating the reservoir.

The calculated amount of catalyst, WC1l_ followed by Al(iBu)3, solutions

6
~ were then injected through the "Suba Seal". This injection of extra
volume effected a change in mercury level in the L.H.A., from point D to
peint E. :

The course of the polymerisation could then be followed on the chart
recorder., As the monomer polymerised there was an accompanying decrease
in volume which produced a drop in height of the mercury in the L.M.A.

A greater length of resistance wire was exposed anﬂ an increase in the

voltage drop across the power source which was reflected on the chart

recorder.
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(b) Dilatometer II

L.H.A. R.H.A. A,B,C = Rota-Flo Taps
A ]
TH D = Blﬂ Socket and
! "Suba-Seal"
.::J{ : F = Bulb Volume 3.5ml
=, 50Ck
:E . G = B19 Socket
H =: Capillary Tube,
& Diameter = 1.5 mn
| \
— H P

_/

Fig.II-(5)

Operation of Dilatometer II
The dilatometer was set up as shown in fig.II-(5) with the three
"Rota~flo" taps and the "Suba Seal" in place. The dilatometer was

connected to the vacuum line by the B socket, taps A closed, B and C

19
-Open. The evacuated dilatometer was then flamed out to ensure complete .
dryness. A Dewar flask containing liquid nitrogen was then placed around
the lower portion of the R.H.A. and monomer was distilled into the dilato-
meter from a graduated tube. Solvent was then distilled in from another
graduated tube. ,Tap C was closed and the dilatometer was removed from
the vacuum line and placed in a water bath at 25°C for approximately
twenty minutes. The dilatometer was removed from the water bath and the

catalyst solutions were injected through the "Suba Seal" and mixed with

the meonomer/solvent solution by vigorously shaking the dilatometer. The



dilatometer was tilted to allow the left hand arm to be filled completely.
The dilatometer was then held vertically to allow the liquid level to
reach point E and then tap B was closed. The dilatometer was returned to
the water bath and the course of the reaction was followea by observing
the decrease in height of the l%quid meniscus in the capillary by means

of a cathetometer.

(c) Dilatometer III

A L.H.A. R.H.A. : A,B,C = Rota-Flo
HEI s Taps
G D = No.17
\,——-—-——-\‘1 ! " "Suba Seal"
E = Bulb

Volume
TS Ml

1 ‘= Capillary
" Tube,
Diameter
1.5 mm

- c -
A } G = Biggocket
(m)

)

Fig.II - (6)

Operation of Dilatometer III i

The operation of dilatometer ITII was very similar to that of
dilatometer II. .It was evacuated and flamed in fhe same way, except that
tap A was open as well as taps B and C. Tap C was then closed and the
dilatometer removed from the vacuum line ‘and weighed. The dilatometer was
returned to the vacuum line and monomer was distilled into the R.H.A. up
to graduation mark (i). The dilatometer was removed from the line and re-
weighed.

On returning the di]étometer to the line, the monomer was distilled from
the R.H.,A. into the L.H.A. and taps A and B were closed. Solvent was then
distilled into the R.H.A. up to graduation mark (ii). The dilatometer was

then weighed again and solvent was either distilled out of_ or into the

SG6L.



dilatometer until the exact amount of solvent required for the individual
experiment was present. Taps A and B were then opened and monomer and
solvent were efficiently mixed. The rest of the procedufe followed for

dilatometer III was identical with that followed for dilatometer II.
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II - (5) Analytical Techniques

(i) Gas Chromatography

Gas chromatography was used to determine the purity of monomers
and solvent. The gas chromatogram used was the Perkin Elmer F.30.

(a) Preparation and packing of the gas chromatogram column

The column material was tritolyl phosphate supported on
chromosorb P. Tritolyl phosphate was dissolved inmethanol and the
solution was mixed with the chromosorb support. The meéhanol was then
removed using a rotary evaporator so that the column material Qas easily
coated on to the support. The column was 12 feet of stainless steel with
an outside diameter of $". The column material was packed into the column
under vacuum. The column was then.conditioned by placing it in the column
oven and the temperature programmer was used to raise the oven temperature
from 20°C to 110°C over a period of four hours. The column was then left
at 1iO°C for twelve hours. The maximum operating temperature of the
coium was 115°C.

(b) Operating Conditions of the Gas Chromatogram

The gas chromatogram operating conditions for the monomers and
solvent were essentially similar, except that the column oven temperature
was lower for the analysis of cyclopentene than toluene and cyclooctene.
The carrier gas was nitrogen at a flow rate of 3() cm3min_1 and the
detector was a flame ionisation detector using a hydroéen pressure of
20 p.s.i. and air pressure of 15 ﬁ.s.i. The de%ector was used at a
sensitivity of 100. 1 ml samples of monomers and solvent were injected on

to the column, the temperature of which was set at 60°C for cyclopentene

and 110°%C for cycdlooctene and toluene.



(ii) Atomic Absorption Spectrophotometry

The concentration of tungsten atoms in wCl6 solutions was

determined by atomic absorption spectrophotometry.

(a) Principles of Atomic Absorption Spectrophotometry

A solution containing the element to be determined is aspirated
into a flame of.sufficiently high temperature to promote the disso-
ciation of the molecules containing the metal atom to bg determined.
The atoms of the element will normally be in the ground stateland will
not emit radiation.but they will be capable of absorbing radiation and
so being promoted to higher electronic level. The frequency of radia-
tion required to promote the sample atoms can be produced by a hollow-
cathode discharge lamp, the ;éthode of which consists of the elemént to
be determined. Radiation from the hollow cathode lamp is focussed on
to the flame and from there on to the entrance slit of a monochromater.
IWhen pure solvent or blank solution is aspirated the deflection of the
recording galvanometer is adjusted to read 100% transmittance. A solu-
tion containing the element to be determined is then aspirated and the
metai atoms in the flame absorb radiation, the transmitted intensity of
which decreases. ,

(b) Conditions for the determination of tungsten in ‘.rJCl6 Solution

The tungsten analysis was carried out by comparison of the
unknown WCI6 solution with a standard calibration graph,produced from a
sodium tungstate standard solution. A standard solution containing
10,000/4 o S - o ﬁungsten per millilitre was made by dissolving 17.95g of
sodium tungstate in 200 ml of deionised water, to which was added 100 ml
of 10% (w/v) sodium hydroxide. This solution was diluted to 1 litre with
deionised water.

The maximum concentration of a tungsten solution that could be
determined by atomic absorption was 1500 pg/ml, hence the strength of the

"unknown" WC16 had to be known approximately. This approximate strength
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was known gravimetrically;Tb preduce a solution of tungsten for atomic
absorption analysis which had a concentration below 1500 ug/ml, a known

volume of WCl_. in toluene, blue solution, was withdrawn from the storage

6
flask and syringed into an excess of hydroxide solution. The blue
mixture was shaken until clear. The aqueous solution was separated

from the toluené and made up to 25 ml with deionised water. The
calculated strength of this solution was then approximétely 1000/ug/ml.
For the determination of tungsten an acetylene - nitrous o?ide flame

was used.

The percentage absorption of this unknown tungsten solution was con-
verted to absorbance using tables and this absorbance read off on the
calibration graph -to give the quantity of tungsten present in parts per
million. The accuracy of an atomic absorption determination is about 2%

4

(standard deviation expressed as a percentage of the element determined)S .

(iii)The determination of Chlorine in a WC‘.l6 Solution

The estimation of chlorine in a ‘LfJCl6 solution was carried out by a

titrimetric method. 5 ml of a WCI6 solution in toluene were added to

N

10 ml of NaCH. The reaction:

"

8 NaOH + WC16 -— 65 Na €l + Na2W04 + 4 H20

XXXX
occurred. The tungstate was then removed by addition of dilute HNO3 so

that tungstic acid was precipitated according to:

2 HNO + Na,Wwo, — ¢H2HO « EH O + NaNO

3 2 4 4 2 3

) 9.0
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The solution was then filtered and 5 ml of 6M HMO3 and 14 ml of standard
AgN03 solution were added to the filtrate.

NaCl + Ag NO3 —_— JAGCl + NaNO3

XXXXIT
The solution was then filtered again to remove the precipitated silver
chloride and washed with 1% HNOB. 2 ml of ferric alum indicator were
added and the excess silver nitrate was determined by titration with
standard potassium thiocyanate.

It was essential to remove the tungstate because of the reaction of

silver nitrate with sodium tungstate:

2 AgNO3 + Na WO ————— -Ag2U04 + 2 NaNO

2 4 3

AAXXIIT

(iv) Electron Spin Resonance Spectroscopy

électrons have a spin quantum number of %,and an ynpaired electron
subjected to a strong magnetic field will have two possible magnetic
orientations in this field corresponding, to two different energies.
Transitions between these energy levels are allowed and the frequency of
resonance is given by:

= e H where H is the applied field strength
RY g,.‘L_ pp g

Electrons in most atoms and molecules are paired and hence their
total resultant spins are zero, but in the cases of certain transition
element compounds and free radicals, unpaired électrons are involved and
the environment of these electrons can be studied by electron spin
resonance spectrometry

EeSeHa anaiyses of wc16 solution and WCIG + cycloolefin weee
carried out so that any e.s.r. absorbances could bé examined. From work
on the oxidation states of tungsten during the reaction of T;.-'Cl6 with
cyclopentene.z%1 a reduction of T.'.'ClG to W(V) and W(IV) was thought to take

place. These oxidation states are normally associated with unpaired

electrons that occupy the metal d-orbitals.
i



Apparatus designed for the e.s.r. analysis is shown in fig.II-(7)

A,B = Rota-Flo Taps

D g ke
19 Socket

E = Graded Seal

i = "Spectrasil" Cuartz
Tube

G = No.17 "Suba Seal"

Fig.II-(7)

The apparatus was attached to the vacuum line by the 819 socket and

evacpaped with taps A and B open. Tap B was then closed and monomer was
distilled into the bulb (C). Tap A was then closed and the apparatus
removed from the vacuum line. The "spectrasil" quartz tube was inserted
into the cavity of the e.s.r. spectrometer and the cavity was tuned. A

quantity of WCl_ solution was then injected through the suba seal into

6

the quartz tube. The solution of I-'JCl6 alone was then examined for any

possible e.s.r. absorptions.

Tap (B) was then opened and the monomer and VWCl_, solutions were

6
mixed and this mixture was returned to quartz tube so the WC16/mon0mer

solution was examined for unpaired electrons as soon as the monomer and
wCI6 had been mixed and also five minutes, thirty minutes, one hour and

twelve hours after mixing.
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(v) Infra-Red Analysis of Polymers obtained from Cvclopentene and
Cyclooctene

Infra-red spectra of the polymers were used to indicate that they
were polyalkenamers by observing absorbances at 10.3%/4m-(trans double
bond) and 13.8 to 13.?/an(cis.double bonds). Absorbances at 8.0 and
8.5 Um indicated the presence of cyclic structures. The polymer samples
were dissolved ,in chloroform and cast into thin f£ilmsby allowing the
" chloroforn to evaporate.

(vi) The determination of the densities of Polypentenamer and
Polvoctenamer

The density of polypentenamer was determined by using a density
gradient column and the density of polyoctenqmer was calculated from the
weight of the polymer in air and the weight of the pelymer in pure
methanol. Samples of both polymers wefe prepared in the same way by
dissolying the polymer in chloroform and then precipitating in methanol,
threé times. The polymers were dried in a vacuum oven at 25%.

The density gradient column was constructed by adding 10 solutions
of carbon tetrachloride and xylene of varying concentrations,

(109% CQy —-— Io0% xylene), to a 250 ml measuring cylinder. The :
density gradient up the column was measured by using floats of known
density and the density of these floats plotted against their position in
Ithe column. A sample of polypentenamer, about 1 mm d;gmeter, was then
dropped into the column and its position noted. The density corresponding
to this position was read from tge calibration graph.

(vii) Determination of molecular weights of Polypentenamer samples by
viscosity

The viscosity average molecular weight of a polymer is given by the
equation, Pq] = KMVa

Where K and a are constants for a given polymer/solvent system, at any
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particular temperature, Mv is the viscosity average molecular weight and
Pﬁ] is the intrinsic viscosity. Vv approaches the weight average

molecular weight, Mw, as (a) increases towards its maximum value of 084
fr]] , the intrinsic viscosity of the polymer solution is related to the

specific viscosity by the expression -

il =

e
lim c 30

Where C is the concentration of the polymer solution,

and ,qsp = 7]__7]0 where q] = viscosity of the solution

% 4

Apparatus for measuring the viscosity of the polymer solutions is

viscosity of the solvent.

shown in fig. II-(8) i

L ()

Fig.II-(8)

Procedure

A solution of polypentenamer of known concentration was prepared in
toluene. The solvent and the solution were filtered separately through
sintered glass filters into clean dry flasks. Solvent was placed in
bulb A and the viScometer was immersed in a water bath at 30°C. The
solvent was drawn up through the capillary to beyond graduation mark (i).
The time (fb) for the solvent meniscusto flow between marks (i) and (ii)

through the capillary tube was noted. The procedure was repeated to check
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that the flow times were reproducible. This solvent flow time was
proportional to the viscosity of the solvent. The viscometer was then
emptied of solvent and washed and dried. The filtered pdlymer solution
was placed in bulb A and the flow time ({) of the polymer solution was
determined in the same way as fgr the solvent. The polymer solution in
bulb A was then diluted by the addition by pipette of more solvent and
the solution was mixed by blowing air, saturated with solvent vapour,
down the central viscometer tube. The average flow time of this con-
centration of polymer solution was observed. Successively dilute
solutions were obtained by the addition of filtered solvent and the flow
times of each were determined.
A graph of [dFﬂQ;] against C was obtained by plotting
YC(E:‘C;p)aai ¢ Cand (] btained by extrapolating this plot
Eo gains nd | was obtained by extrapolating s plo
to infinite dilution. ‘

(viii) Determination of the degree of unsaturation of a copolymer of
cyclopentene and cyclooctene

Copolymers of cyclopentene and cyclooctene were prepared with
different concentrations of cyclopentene and cyclooctene present at the
start of the reaction. The composition of the copolymer was obtained by
analysing the polymers for unsaturation by using iodine monochloride.
The results obtained were checked (in one case only) by N.M.R.
spectroscopy.

The routine procedure for the determination of unsaturation by
icdine monochloride is to add an %ccurately known excess of I Cl to a
solution of the polymer in a chlorinated solvent and to determine the

excess I Cl after a suitable period by thiosulphate titration. The

reaction of iodine monochloride with olefins is addition to the double

S
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Interfering side reactions can be of three types:
(a) Substitutioé reactions
(b) Splitting-out reactions yielding hydricdic acid
(c) Further addition of iodine monochloride to the product Bbtained from
splitting out.
Lee, Kolt hoff and Johnson56 have shown that the following sequence of
reactions occurs:

very fast
—_—P

(1) CpH, + ICl € H I Cl (normal addition)

2n : N 2n
fast .
(2) Cnﬁzn FCt —_— CnHzn-Fl + HI (splitting out)
{3) HI + T C1 very fast I, + HiCl
(4) chH2n-1 Cl +IC1 il CﬂH2n—1 T3 Cl2 (secgnd addition)

In developing the procedure for the analysis the problem is to
define conditions so that substitution is negligible (short time of
reaction) while reaction (1) proceeds rapidly to completion and '
reaction (4) is suppressed. Reactions (2) and (3) occurring together
will not alter the total iodometric titration, which Qill be the same
as if only reaction (1) occurred.

The procedure adopted was that which Lee, Kolt hoff and Mairs 21
used for polybutadiene. A 0.11M iodine monochloride solution was pre-
' pared by adding *17.8g of I Cl to 1 litre of dry chloroform and the
solution sbored in the dark. A 0.1M solution of sodium thiosulphate

was prepared and standardised against potassium iodate. 80 mg of poly-

pentenamer /octenamer copolymer was weighed into a conical flask and
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dissolved gn 80 ml of chloroforme 20 ml of the iodine monochloride
eolution were added and the reaction mixture allowed to stand at room
temperature for one hour.

50 ml of distilled water containing 0.5g of potassium iodide were
added to the flask and the reaction mixture was stirred with a
magnetic stirrer and titrated with thiosulphate solution. Starch was

added near the end point. A blank, containing no polymér, was prepared

and titrated in the same way.
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CHAPTER III DILATOMETRY

IIT-(1) Dilatometric Principals and Desian

Dilatometeré are instruments that were used originally for measuing
the thermal expansion or contraction of liquids or solids. A contrac-
tion in volume is normally associated with the pelymerisation of un-
saturated compoﬁnds and these instruments were adapted to study these
reactions. Dilatometry was first employed by Starkweatber and Taylor58
to measure the rate of polymerisation of vinyl acetate. The Qilatometric
method produces more meaningful results for systems in which the polymer
is soluble in its own monomer or the solvents used during polymerisation.
Both polypentenamer and polyoctenamer are soluble in their own monomers
as well as the solvent toluene.

A dilatometer for studying rates of polymerisation consisted of:

(a) A reaction vessel;

(b) a volume-sensing device;

(c) filling, stirring and temperature control apparatus.

The design of the dilatometer depends upon the nature of the reactions
studied and the type of data required. The size and design of the rehl
action vessel is governed by the accuracy desired, the expected volume
change, the rate of heat evolution and the stirring requirements. The
_change in liquid level in a capillary attached to the reattor furnishes
a sensitive method of measuring the volume change associated with the
polymerisation.Capillaries with internal diameters as small as 0.04 cm
have been used,59 but normally the capillary tube has a diameter of
0.1 Eo0i02 cite

When the dilatometer is immersed in a constant temperature bath the
contents will change volume until thermal equilibrium with the bath is
reached. It is necessary that the temperature of the bath be controlled

as closely as possible to prevent fluctuations in the meniscus height

caused by thermal expansion or contraction. Control of the bath

o



temperature with an accuracy of + 0.01% is necessary for accurate
determinations of rates of polymerisation at low conversions, whereas
less accurate temperature control, (i 0.1°C), suffices under conditions
of greater total volume change. |

The measurement of the volqpe change occurring during the polymeri-
sation reaction.can be made either by direct observation of the liquid

meniscus in a graduated capillary,or by the use of a cathetometer.
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III-(2) Treatment of Dilatometric Data

The major problem in interpretation of dilatometric data is the
establishment of the precise relationship between the density of the
monomer-polymer solution and the polymer concentration. '

Additivity of menomer and p?lymer volumes, as experienced in an
ideal thermodynamic solution process, would permit the use of the

equation:

V ps = [(wt )V p + (wt % mVm ]/mo,

L1

to calculate the specific volume of a polymer solution as a function of
its concentration. In terms of the densities of the monomer, polymer

and solution:

/Ops = 10%[{\»:1:% p//ap) +  (wt% m//’m)]
where /‘9

]

density,

V = specific volume,
£5 = polymer solution,
p = polymer,

™M <«  mOonomer.
This relationship was confirmed, within experimental error, by Stq;k—
weather and Taylorss.

In the above treatment an estimation of the density of the polymer
must be made and this in fact may vary with its number average degree of
polymerisation. However, East, Margerison and é;lat64 showed that an
expression for the change of volume (AV), associated with the production

of a linear polymer, could be expressed in terms of the density of high

molecular weight polymer alone:

1 1
Av = Cgep = fom VAN
wherellﬁm represents the mass of moncmer converted to polymer in the

reaction mixture. This expression involved only the use of the density of

high molecular weight polymer, even though low molecular weight material

<B0=



ould be the only product of the reaction, because the volume change

originated solely from conversion of monomer molecules to monomer units

in the polymer chains. The weight fraction of end groups remaine
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III-(3) Dilatometer designs employed for observing the rates of
polymerisation of cyclopentene and cyclooctene

i An automatically recording dilatometer

Dilatometer I is shown in figure II-(5) and its methéd of operation
has been described in section II-(3)-(iv). This dilatometer was
designed so that very fast initial rates of polymerisation could be
followed. The first few minutes of the polymerisation could also be
recorded because, as soon as the catalyst cdmponenfs were injected throuch
the "Suba-seal'", they were effectively mixed with the monomer/solvent by
the force of the injections, and the drop in height of the mercury thread
was immediate and sensitive. Hence initial rates of polymerisation could
be recorded from time zero.

In a typical polymerisation 1ml of cyclopentene and 4ml of toluene
were distilled into the apparatus as described in section II-(2)-(iv).
When the mercury thread had been correctly.adjusted 0.15 ml of a 0.075
molar solution of WCl,. followed by 0.30 ml of a 0.075 molar solution of

6

Al(iBu)3 were added. These concentrations of catalyst -

( WCl, = 2.0 x 107> moles litre T, AL(,Bu), =4,0x10" >moles litre 1)

6
produced a high rate of polymerisation which would have been impossible to
follow without some automatic recording device. The recorder traée
obtained from this polymerisation is shown in fig.III-(1).

The advantage of using a high catalyst concentration was that a
higher level of impurity of monomer or sglvent could be tolerated.

The disadvantages of dilatomeier design I centred around the state of
dryness and purity of the mercury used in the dilatometer. Trebly dis-
tilled mercury was used which was dried by refluxing under vacuum in a
flask attached to the vacuum line. The mercury was then transferred to
the dilatometer reservoir and during this time could have absorbed water.
The mercury was not redistilled and hence could well have contained
impurities. Freshly dried mercury was used for each reaction. The mercury

4

also adhered to the resistance wire and caused the recorded trace te be

(o o)
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stepped. ‘This situation was improved when the resistance wire was
cleaned with a fine emery paper.

The results obtained from this dilatometer were totally unrepro-
ducible mainly due to the concgptration of water in the mercury. In

many reactions the WCl

c Vas hydrolysed before the Al(iBu)3 had been

added and as there was no apparent way of keeping the mercury separate
from the reactants or of maintaining a consistent level of dryness or
purity in the mercury, this method was not considered suitable for
accurate, reproducible measurement of the rate of polymerisation.

The results obtained by the use of dilatometer I came only from a
study of the initial rates of polymerisétions of cyclopentene as é
function of the concéntration of Al(iBu}B. The concentrations of cyclo-
pentene and ‘z.'Cl6 were kept constant and th;ee reactions were carried out,

the various concentratiors of Al(iBu)3 of which are shown in table ITI-(1).

Table III-(i) The dependance of the initial rates of polymerisation of
cyclopentene on the [kl(iBuJéjusing dilatometer I

concentration of Al(J.Bu}3 " 103 Initial rate of polymerlsatlof]xio
moles litre - ' millivolts minute -
[cyclopentene] = 2.14 moles litre -

2.1 x 10‘3 oles, Titre

Eﬁ' ) 6]

Although no reliance can be placed upon these results, the great

n

increase in the initial rate of po1ymeriéation observed at a Al:W molar

ratio of 2 was in agreement with the literaturesz.
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II Desidn of a conventional dilatometer

A dilatomeper of a more traditional design shown in fig.II-(6)
was used to study the rate of polymerisation of cyclopentene. The
operation of dilatometer II has already been described in section
II-(3). In a typical polymeri;ation 3.5 ml of cyclopentene were
distilled into the right hand arm (RHA) and the dilatometer was placed
in the constant temperature bath for approximately 20 minutes. The
temperature control of the bath was + 0.01°C at 25°C. The dilatometer
was then removed from the bath and 0.02 ml of a 0.036 molar solution of
WC16 vew added, followed by 0.02 ml of a 0.07 molar solution of Al(iBu)3.
The monomer and catalyst components were effectively mixed by shaking
the dilatometer. The contents of the dilatometer were then poured into
the reaction bulb in the left hand arm (LHA) and the appropriate "Rota-
flo" tap closed and the dilatometer was refurned to the water bath. The
rate of polymerisation of cyclopentene was determined, by following the
decrease in the meniscus height using a cathetometer, as a function of
time. The result is shown in fiqure III-(2).

The maiﬁ disadvantages of this dilatometer were the small size of
the reaction bulb and the difficulties encountered while filling the LHA
of the dilatometer with an unbroken thread of liquid. The small size of
© the reaction bulb meant that very small quantities of .catalysts were re-
quired to produce rates of polymerisation that were not too fast to
follow and also the maximum decrease in meniscus height that could occur
was small. It was very difficult to fill the capillary of the dilato-
meter with an unbroken thread of liquid and, as can be see from fig.III-(2)

the initial observation of the meniscus height took place after nine

minutes of the reaction was over. Previous gravimetric studies of the
polymerisation of cyclopentene cited in the literature,suggested that a
substantial amount of polymerisation takes place in the first ten minutes
of the reaction and hence it was important to observe as much of the ini-

tial stages of the reaction as possible.
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IITI Modifications to design of dilatometer IT

The principal disadvantages of the previously described dilatometer
were the difficulty experienced in filling the device and the small
size of the reaction bulb. A medification of the design of dilatometer
II is shown in figure II-(7) as dilatometer III, and incorporated a
pressure levelling tube and an increased bulb capacity of 7.5 ml as com—
pared to the 3.5 ml of dilatometer II. The pressure levelling tube
allowed the bulb to be filled much more easily with an unbrok?n liquid
thread in the capiilary tube. This meant that the height of the
meniscus in the capillary could be read sooner than in dilatometer II
and much less of the initial stage of the reaction was unrecorded. The
increase in size of the reaction bulb meant that a greater variation in
monemer concentration could be used and the instrument was sufficiently
sensitive at low concentrations of monomer. A typical polymerisation of
| cyclopentene involved the distillation of 1 ml of cyclopentene into the
RHA followed by 6.5 ml of toluene. The dilatometer was then placed in
the constant temperature bath for approximately 20 minutes. The bath
température was 25°C + 0.01%.

The dilatometer was then removed from the constant temperature bath
and 0.38 ml of a 0.026 molar solution of WCI6 were injected through the
"Suba Seal" followed by 0.44 ml of a 0.07 molar'solution of Al(iBu)B.
The dilatometer was shaken to mix the contents and then tilted so that
the reaction bulb and capillary ﬁube_were filled with the reaction mixture.
The appropriate taps (see Section II-(3)) were then closed and the dila-

tometer was returned to the constant temperature bath. The rate of poly-

merisation was again determined by following the decrease in meniscus
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height Es a function of time, by use of a cathetometer. The results
for this reaction are shown in figure III-(3).

The improvements in design of dilatometer III over dilatometer IT
were the ease of filling the reaction bulb and capillary tube, which
enabled the initial stages of the reaction to be followed from
approximately three minutes after the addition of the Al(iBu)3, as can
be seen in fig.IIT-(3), and the increased size of the reaction bulb which
allowed a greater variation in monomer and catalyst conéentractions
without detriment fo Epe sensitivity of the dilatometer. The %ixing
characteristics that were good in dilatometer II were maintained in
dilatometer III.

The design of dilatometer III was such that it was felt that the
reproducibility of conditions of temperature, concentrations of monomer,
catalysts and solvent, dryness of apparatus and manipulation of the dila-
tometer itself ,were adequate for a study of thé kinetics of the polymeri-

sations of cyclooctene and cyclopentene to be undertaken.
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ITI-(4) Calculation of the initial rates of polymerisation of
cyclooctene and cyclopentene from dilatometric data

East, Margerison and Pulat64 showed that the volume change
involved in the production of linear polymers could be related to the
density of the monomer and the density of high molecular weight
polymer alone. Hence the chang; in volume, (AV) produced when monomer

is completely converted into polymer would be :

v = M In - Ap)
£

where M is the weight of monomer at the start of the reaction and/om
an%/ﬁp are the densities of monomer an& polymer respectively.

This change in volume can be related to a theoretical change in
the height of the meniscus in the capillary tube of the dilatometer at

100% conversion of monomer to polymer by the expression:

where [° is the radius of the capillary. The initial rate of polymeri-
sation, (Ah), expressed as a rate of change of meniscus height may be
obtained from the tangent drawn to the curve of ZLA as a function of
time, (cm sri) at time zero.

The initial rate of polymerisation, (percentage conversion per

second), is written as

Rp = —Bh 0
L hes
or
- Rp = ——-—&'—-bl-—--)r/oo ¥ X moles 1itre"1.s-1
. & heps

: s s = ek
where X is the initial concentration of monomer expressed in moles litre

=50~
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III-(4) Calculation of the initial rates of polymerisation of

-

cyclooctene and cyclopentene from dilatometric data

East, Margerison and Pulat64 showed that the volume change
involved in the production of linear polymers could be related to the
density of the monomer and the density of high molecular weight

polymer alone. Hence the change in volume, (AV) produced when monomer

is completely converted into polymer would be :

Av = B .
| e

where M is the weight of monomer at the start of the reaction an@/Dm
and/Op are the densities of monomer ana poelymer respectively.

This change in volume can be related to a theoretical chaﬁge in
the height of the meniscus in the capillary tube of the dilatometer at

100% conversion of monomer to polymer by the expression:

where [~ is the radius of the capillary. The initial rate of polymeri-
satidh, (Ah), expressed as a rate of change of meniscus height may be
obtained from the tangent drawn to the curve of Z&A as a function of
time, (cm £y ot eine zero.

The initial rate of polymerisation, (percentage conversion per

second), is written as

Rp = —Bh__ o
BN
or
Rp, = “‘““b‘—HL——"‘XfOO X X rmoles 1itrr:zm“l..'s,_1
Shs

where X is the initial concentration of monomer expressed in moles litre
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CHAPTER IV

THE POLYMERISATIONS OF CYCLOOCTENE

IV-(1) Reproducibility of Experimental Conditions

The initial studies of the polymerisation of cyclooctene (CO)
were designed to test the reproducibility of experiments and to ascertain
over what range 'of catalyst concentrations the rates of polymerisations
could be determined. The polymerisations were carried out in bulk
monomer using a cyclooctene : T.-JC16 . Al(iBuiB molar ratio of 1000122,

Experiment 1A

6.0 ml of cyclooctene were distilled into the RHA of the dilatometer
shown in fig.II-(7) and the dilatometer placed in the constant temperature
bath at 25°C for twenty minutes. The dilatometer was withdrawn from the
Qater bath and 1.1 ml of WCI6 (5.5 ‘.l(.‘l-'3 noles litreni} were injected

ai

through the "Suba Seal", followed by 1.3 ml (1.1 x 30~2 moles litre ) of

Al-(iBﬁ)3. The dilatometer was tilted as described in section II-(3) to
£i11 the LHA and the dilatometer was clamped in the constant temperature
bath. The height of the liquid meniscus in the capillary was observed
using a cathetometer. A graph of (ho —]1t) against time was plotted and
is éhown in figure IV-(1).

(ho) was the height of the meniscus at time, t = 0 and (ht) w;s the

meniscus height at time = t. The slope of the curve shown in figure IV-(1)

was typical for all polymerisations of cyclooctene.

LY b



(hdfht)
(¢m)

Polymerisation of Cyclooctene

fo

o

Time (Minutes) =7

Fig.IV-(1)

-92-

to

.

G



Thé maximum possible drop in meniscus height, akbu, i.e. the
decrease in height at 100% conversion cof monomer to polymer and the
initial rate of polymerisation were calculated as described in section
IIT-(4). A}%o was calculated to be 8.22 cm and the initial rate of
polymerisation was found to be 1.15 x 107" moles Jitre™* 7L,

The experimént 1A was repeated in further experiments (1B, 2A, 2B,
2C and 2D), using exactly the same concentrations Qf cyclooctene,
tungsten . hexachloride and aluminium triisobutyl and identica} reaction
conditions in ordeg to ascertain the reproducibility of the procedure.
The initial rates of polymerisations for these experiments were calcula-

ted as for experiment 1A and are shown in table IV-(i).

Table IV(i) Initial Rates of Polymerisation in Experiments 1A - 2D

Experiment | Oh rlnitial rates of polymerisation] 2
Number V cm.s-1 L moles litre-1 s-1 7 a0
1A 0.00171 11.4
1B 0.000733 4,9
J2A 0.00080 Ded
2B - Reaction too fast to follow
2c 0.000733 4.9 '
2D 0.00042 2.8

The results shown in table IV-(i) show that there was a great
variation in the initial ratesof polymerisations under seemingly identical
reaction conditions. In one case (experiment 2B) the rate of polymerisa-
tion was so fast' that it was impossible to £ill the LHA of the dilato-
meter because in a matter of seconds the reaction mixture became
extremely viscous. The results obtained were inconsistent and it was
obvious that there was another variable that was not being controlled.
This variable was thought to be the length of time that elapsed between

the addition of the tungsten hexachloride solution to the cyclooctene and

0N



the subsequent addition of the aluminium tri-isobutyl solution. Hence

expertmeats 3A - 3C were set up wherein the concentrations of cyclo-

octene, ‘v.'Cl6 and'Al(iBu)3 were kept constant at 5.5 moles Hhé:‘i.l X 10-3

nwles]ﬁrégnd 2.2 X 10_3 molesﬁuéqrespectively and the time between

additions of hC%G and Al (ii&1J3.was maintained at two minutes. This

time was called the premixing time of monomer and tungsten hexachloride.
The initial rates of polymerisations for experiments 3A - 3C are

shown in table IV-(ii).

Table IV-(ii) Initial rates of polymerisation of cyclooctene

Experiment (Ehlfcmféi) [Initial rates of_polymerisationi] i

Number 5 103 (moles 1itre_1 E_i
3A 1e22 8.16
3c 1.16 7.75

Accordingly, it is obvious that the consistency of these results

would suggest that the premixing time of the cyclooctene and WCl_ was an

6
important variable in the reaction system. The standard deviation of the
rates of polymerisation shown in table IV-(ii) was 4.5%.

This variation was considered to be within acceptable experimental

limits,
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IV -(2) A Study of the Effect of the Premixing Time of Cyclooctene and
wc1( on the Initial Rates of Polymerisation of Cyclcoctene

'}

The premixing time of cyciooctene and ‘.-'-ICl6 was seen to be an
important variable for the rate of polymerisation of cyciooctene from
Section IV-(1), and so experimqpts were designed to observe the effect
of this variable on the initial rate of polymerisation.

Experiments 3D to 3L were set up wherein the concentrations of

: - -1
cyclooctene, WCl,. and Al(iBu)3 were constant at 7.05 moles litre "1,41

6
moles litre - and 2,82 moles litre ™ respectively. The premix time of
cyclooctene and T.w'Cl6 was varied between 0 minutes and 18% hours. The
initial rates of polymerisations were calculated as in experiment 71A.
BDh,, was calculated to be 18.27 cm. The dependence of the rate of
polymerisation on the premix time is shown in table IV-(iii) and
figure IV-(2).

- Table IV-(iii) Effect of Premixing Time on the Rate of Polymerisation
of Cyclooctene

Experiment | Ah Premixing timel| |Initial rate of polymerisation 2
1 3 x10
Number -—w.%io . ey
CMmes™ minutes (moles litre s
3E 1.58 0 6.1
3D 1.50 1 L
3H 5.23 2 20.1
3G 3.40 3 13.1
3L 0.92 5 | 3.5
3K 1.95 7 TS
3F 2.18" 10 8.4
3J 1s23 1130 4.7

The results show that for a premixing time of two minutes there was a

- . -1 -1
maximum rate of polymerisation of 20.1 x 10 % moles litre s
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IV-(2) Effect of impurities on the rate of polymerisation of
cyclooctene

The results described in sections IV-(1) and IV-(2) were obtained
using a single batch of cyclooctene. The purity of each-batch of cyclo-
octene was estimated before use by gas chromatography and the chromato-
gram of the first batch of cyclooctene is shown in fig.IV-(3)-(a). The
chromatogram shows a major peaki(cyclooctene)‘and three other minor peaks.
Despite the reproducible results obtained in sections IV-(1) and IV-(2),
these experiments were not reproducible when a new supply of cyclooctene
was obtained and purified by conventional technicues. Examples of this
irreproducibility were manifest in experiments 4A and 4B. The conditions

of experiments 4A and 4B were identical with those of experiments 3H, i.e.

the concentrations of cyclooctene, WC1
1

and Al(iBu)3 were 7.05 moles
i

6

litre °, 1.41 moles 1itre"1_ and 2.82 moles litre

respectively and the premixing.time of cyclooctene and WC16 was two

minutes. The results of experiments 4A, 4B and 3H can be seen in table

\

Table IV-(iv) The irreproducibilitv of experiments with different
batches of cvclooctene

Experiment Batch No. of Initial rate of polymerisation 2
x210
Number cyclooctene . -1 -1
moles litre s
3H 1 20.17
4A 2 2.88
4B 2 2.94

(1) Assignment of Chromatogram Peaks

The chromatogram of batch (2) of cyclooctene can be seen as a
scaled reproduction in fig.IV-(3)-(b) and can be compared with the

chromatogram of batch (1) of cyclooctene that is shown in fig.IV-(3)-(a).

-
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The two impurity peaks, B and C, were larger for batch (2) than for
batch (1). It was thcought that these impurity:peaks were due to 1,3
cyclooctadiene and 1,5 cycleoctadiene. To determine which, if either,
of the peaks was 1,3 cyclooctadiene, a small cuantity of 1,3 cyclo-
octadiene was added to batch (2) of cyclooctene and the mixture was
analysed by gas.chromatography. The same procedure was adopted for
1,5 cyclooctadiene and the results of these determinations can be seen
in Fig.Iv-(4).

It can be seen from the chromatograms in fig.IV-(4) that the addition
of 1,3 cyclooctadiene to cyclooctene caused an increase in the size of the
peak labelled (B) and hence peak (B) in the cyclooctene batch (2) was due
to 1,3 cyclooctadiene. Similarly, peak (C) in batch (2) was assigned to
20D cyclooctadiené.

(ii) To determine the effects of 1,3 and 1,5 cyclooctadiene on the
rate of polymerisation of cvclooctene.

(a) 1,3 Cvclooctadiene

The effect of 1,3 cyclooctadiene on the rate of polymerisation of
cyclooctene was studied by injecting small amounts of 1,3 cyclooctadiene
to cyclooctene/toluene solutions contained in the dilatometer, throuch the
"Suba Seal". The concentration of 1,3 cyclocctadiene in the polymerisate
was varied between 2.44 x 107> moles litre » and 26.88 x 10~° moles litre i
wC16 was then injected into the dilatometer followed two minute; later by
the Al(iBu)3 solution. The concentrations of cyclooctene, VWCl, and

6
Al(iBu)3 were 1.1 moles litre_i, T8 x 1O~3 moles litreuiand 2o x

3

-1
moles litre respectively. The concentration of 1,3 cyclooctadiene
indigenously present in the cyclooctene batch was calculated by calibrating
- the G.L.C. column with cyclooctene samples containing known amounts of

1,3 cyclooctadiene and plotting a graphof area under the 1,3 cyclooctadiene

peak, compared with the area under the cyclooctene peak, against the
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concentration of 1,3 cyclooctadiene. The indigenous concentration of
1,3 cyclooctadiene was obtained by extrapolation of the graph. The
initial rates of polymerisations of cyclooctene were found for different
concentrations of 1,3 cyclooctadiene and the results are shown in

table IV-(V), and graphically in Fig.IV-(5)

Table IV-(V) Initial rates of polymerisation of cyclooctene for
different concentrations of 1,3- cyclooctadiene

Experiment Eoncentration of 1,3 C05]105 Molar % of Initial rate
Number - -1 1,3 Ca0aD of polymeri-

L moles litre Gf cyclo- sation .102
octene -1 -1

moles 1 " s

ac 2. 44{indiigencus) 0.28 11.4
4ap 6.68 0.77 6.8
4E 10.59 122 8.3
4F 18.74 217 5.7
4G 26.88 3.11 0.8

(b) 1,5 Cyclooctadiene '

The effect of the presence of 1,5 cyclooctadiene was observed by
adding a small amount of 1,5 cyclooctadiene to cyclococtene contained in
the dilatometer. The concentration of 1,5 cyclooctadiene in the polymeri-
sation was 20.22 x 10;5 moles 1itre_1. This was a substantial concentra-
tion of 1,5 cyclooctadiene but it was not expected to interfere with the
rate of polymerisation, other than to polymerise, as Calderon stated that
155 cyclooctadieée was easily polymerisable41. The concentrations of

1

cyclooctene, wc16 and f\l(i}?.u}3 were again 1.1 moles litre °,

1.8 % 17 moles Yitve ¥ ang 9.4 % 1073 wotes Yibre - respectively
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The WCl6 and cyclooctene/ 1,5 cyclooctadiene premix time was two
minutes. The experiment was then repeated in the absence of 1,5 cyclo-
octadiene. The initial rate of polymerisation for the cyclooctene devoid
of 1,5-cyclooctadiene was 10.6 x 1072 moles litre” © &1 and the dnitia

rate of polymerisation for the cyclooctene and 2.02 x 10_4 moles 1itre"1

of 1,5-cyclooctadiene was 10.2 x 1072 moles litre™* &1, These two

experiments were labelled 4H and 4I respectively.

It can therefore be seen that the impurity which re£arded the rate of
polymerisation of éyclooctene in the batches of cyclooctene u;ed was 1,3 -
cyclooctadiene, a result which was consistent with the results obtained
by Calderonéi.

Each batch of cyclooctene used for the polymerisation reactioﬁs was
examined by gas chromatography and the area under the 1,3 C.0.D. peak was
noted. The impurity (1,3 C.0.D.) level in each batch was noted against
the experiment in which it was used and the results are shown in table
IV-(vi).

Table IV-(vi) Level of 1,3 cyclooctadiene present in each batch of
) cyclooctene used for polymerisations

Batch No. Experiments Conducted Area of 1,3 C.C.D.peak in
of cyclo- chromatograph
octene cm?é

1 1A - 3J 5.8

2 . 4A - 41 15.3

3 5A -~ SE 13.3

4 6A - 6S 0.0
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IV -(4) Dependence of the Rate of Polymerisation on the
Concentration of Aluminium Tri-isobutyl

Polymerisations of cyclooctene were carried out in which the
concentrations of cyclooctene apd wc16 were constant at 7.05 moles ].itr."e_‘l
and 1.41 x 10h3.moles litre_1 respectively. The premix time of WC16
and cyclooctene was constant at two minutes. The concentration of
Al (iBu)3 was varied between 0.7 x 10h3 and 5.6 x 10"3 moles litre_l.
Ahsy was calculated to beh18.27'cm. The effect of the concentration of

F\l(iBu)3 on the initial rate of polymerisation is shown in table

IV (vii) and in fiqure IV-(7).

Table IV-(vii) Effect of Al(iBu). concentration on the rates
of polymerisation of cyclooctene,

. {Eoncentration Initial rates of
Experiment Al(iBu), 3 Al:w polymerisation - 102
Number _T.' ratio T
[moles litre~ moles litre “s”

5A ; 0.71 0.5 0.4

5B 1.41 1 2.8

5C 2.82 2 10.6

5D 4,23 3 ; 0.6

5E 5.64 4 Tl

The graph shown in figeIV-(7) 9gave a maximum rate of polymerisation

for an aluminium/tungsten ratio of =,
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IV-(5) Variation of the Premixing Time of Cyclooctene and wC16

for Differenk Concentrations of Cyclooctene

A batch of cyclooctene was obtained (4) which after pre-
polymerisation proved to be free of 1,3 cyclooctadiene impurity and
this cyclooctene was used to investigate the dependence of the rate

of polymerisation on the premixing time of WCl_. and cyclooctene, for

6
different concentrations of cyclooctene at constant catalystconcentration.
The premixing time was varied for each concentration of monomer and

graphs of initial rate of polymerisation versus premix time were

plotted for the given concentration of cyclooctene. The values of the
peak initial rate and the premix time at which the peak initial rate
occurred were ncted.- These polymerisations were solution polymerisa-
tions as cyclooctene, devoid of any 1,3 cyc}ooctadiene polymerised at

too fast a rate to follow in bulk. The wcl6 and Al(iBu)3 concentrations
were maintained at 7 x ‘10-4 moles 1itre”1 and 1.4 x 10_3 moles litre-1
raspectively. The results of the initial rates of polymerisation at
differeﬁt premix times for the various monomer concentrations are shown

in table IV-(viii) and figqure IV-(8).
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Table IV-(viii) Initial

Rates of Polymerisaticon of Cyclooctene for

different premix

b,

various cyclooctene concentrations

imes of monomer and WCl,. at
J

Experiment Eyglooctcne (?rcmix timeJ rlnitial rates of po]ymer:]Y
Number concentrations minutes I.mol(-zs iEoa e e d g
moles 1itre -

6 A Bet3 1 1.6
B - 0.73 2 9.4
c 0.73 3 6.2
D 0. 73 4 1.8
E 1.10 2 2.8
F 110 4 5.5
G s 2, 6 &5
H L10 8 4.7
T 1.40 Al before W 0.8
J 1.40 0 1.9
K 1.40 2 4.9
L 1.40 5 1853
M 1.40 10 T
N - 1.40 745] 2.8
0 1.46 4 5.1
P 1.46 S 5.9
G 1.46 6 ' 115
R 1.46 Ge5 10.4
D 1.46 i 11.0
T 1.46 8 2.2

u 1.83 2 2.5 :
v 1.83 4 13.0
W 1.83 6 ?8.2
X B3 7 12.8
Y 153 8 11.2
183 10 gl
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Table IV-(viii) shows that for a cyclooctene cencentration of 1.46
moles litre_‘l the peak initial rate of polymerisation was

11.5 x 10”2 moles litreqisqi,which was rather lower than anticipated

when compared with the peak initial rates of 11.5 x 10_2 for a cyclo-
octene concentration of 1.098 moles]ﬂm?lénd 2 AR S 10_2 moles
1itre_1s_1 for a cyclooctene concentration of 1.40 moles litre-i.
Unfortunately, the experiments using a cyclooctene concéntration B
1.46 moles litre T could not be repeated as the batch of cycléoctene
used for the series of experiments shown in table IV-(viii) had been
consumed.

For the experiments shown in table IV-(viii) the colour changes that
occurred during the various stages of the reactions were noted. The
tungsten hexachloride solution in toluene was a deep blue colour and
when' it was added to cyclooctene in toluene the colour changed to a
liéht pink colour instantaneously, and remained that colour no matter how
long the premixing time, or what the concentration of cyclooctene.

When the aluminium tri-isobutyl solution was added to the dilatometer

the colour of the reaction mixture changed instantaneously from light

pink to brown/red for the concentrations of cyclcoctene of 0.73, 1.10,
1.40 and 1.46 moles 1itre_1, and to green/blue for the cyclooctene con-

centration of 1.83 moles litrerl. The colour produced:after the

aluminium alkyl addition remained throughout the reaction, even if the

reaction was left for twelve hours or more.
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IV-(6) The Effect on the Rate of Polymerisation of Cyclooctene
of the Order of Catalyst Compeonent Addition to Cyclooctene

The effect on the rate of polymerisation of cyclooctene of
premixing th§ HCls and Al(j_Bu}3 catalyst components and of adding the
Al(iBu}3 component to the cyclooctene before the WCIG component was
studied using the dilatometer. A cyclooctene concentration of 7.05
moles lit;e_l, a 1, concentration of 1.41 x 102 noles litre * ‘and
an Al(iBu}3 concentration of 2.82 x 10_3 moles Iitre_‘1 were used. The
premix times of the cyclooctene and WC16, cyclooctene and Al(iBu)3

and WC16 and Al(iBu)3 were constant at 2 minutes. The results of the

3 polymerisations are shown in table IV-(ix).

Table IV-(ix) Order of Catalyst Component Additions

Initial Rate of Polymerisation

_moles 1itrehi o x 1

Premix Composition

WC16 + Cyclocctene 10.7
Al(iBu)3 + Cyclooctene : 0.3
i'.Cl6 + Al(iBu)3 0.0

As can be seen from Table IV-(ix) the order of addition of the
catalyst components had a profound effect on the initial rate of poly-
merisation of cyclooctene. When the catalyst components were premixed
prior to their addition to cyclooctene there was no polymerisation re-
action. This effect was checked by repeating the reaction in which the
WC16 and Al(iBu]3 were premixed. The result was the same, no polymeri-

sation reaction occurred.
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CHAPTER ¥

The Polvmerisations of Cvclopentene

V-(1) Reproducibility of Cyclopentene Polvmerisations

(1) Purity'éf the Monomer

The difficulties encountered in establishing standard polymerisa-
tion conditions for the polymerisation reactions of cyclooctene centred
around the purity of the cyclocctene itself and,in particular, the
presence of the conjugated diene, 1,3-cyclooctadiene as an impurity
present in the cyclooctene. However, as mentioned in Section II-(Z),

a convenient method of removing any conjugated diene from cyclopentene '

was the reactiocn of cyclopentadiene with sodium to yield cyclopentadienyl
sodium. Hence the cyclopentene used for the polymerisation reactions was
free from conjugated dienes and according to gas chromatographic analysis

was approximately 100% pure.

(ii) The Shapes of the Curves of (hy -he) against time.for the Dilato-

nRetric Studies of the Rates of Polymerisation of Cyclopentene.

The rates cf polymerisations ;f cyclopentene were determined dilato-
metrically using the apparatus shown in fig.II-(6 ).

| In a typical polymerisation 1.13 ml of cyclopentene were vacuum

distilled into the dilatomeéer,:followed by 7.24 ml of toluene. The con-
centration of cyclopentene was therefore 1.49 moles 1itré"1.0.056 ml of
an 0.046 M solution of UCl6 were added to the cyclopentene solution.
0.074 ml of an 0.07M solution of Al(iBu)3 were added to the mixture of
WCI6 and cyclopentene after a time interval of two minutes. The bulb of
the dilatometer was then filled and the rate of polymerisation was

determined. The curve of (hy - hy) against time obtained for the above

polymerisation conditions is shown in fig.V-(1).
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The shape of the curve shown in fig.V-(1) was similar to that
obtained for the polymerisations of cyclooctene and for many polymerisa-
tions of cyclopentene. However, for certain polymerisations of cyclo-
pentene the curves of tho—ﬂht) against time showed marked differences
from the "normal". These curves are shown.in fig.V-(2) and the polymeri-

sation conditions which produced these curves are listed in table V-(i).

u
Table V—(i)'hbnormal Polymerisations of Cyclopentene

Curve &oncentration of Cyclopentené] Initial rate of polymeri-
s =3
Number Y e | sation x10
moles litre S
moles litre ~ s

1 1.15 1.4 .

2 157 4.7

3 g ey e 6.0

4 1.82 7.6

The curves shown in figﬁre V-(2) showed an increase in the rate of polymeri-
sation after periods of time ranging frem 15 minutes to 35 minutes. The
early stages of curves 1 - 4 were "normal" and these parts of the curves
were used to determine the initial rates of polymerisatioq.

Explanation of the "Abnormal Curve Shapes

(a) One possible explanation of the increase in the rates of polymerisa-
tions after different time intervals could be that there was a peculiarity
in the kinetics of the system, but this. seems unlikely as there appeared

to be no consistency of trends during the four polymerisations.



(b) An alternative explanation of the "abnormal" curves could be the
presence of a non-reproducible variable in the polymerisation system.
Such a non-reproducible variable would have been the presence of oxygen
and/or water'in the dilatometer during the polymerisation. The Dx;gen
or water could possibly have diffused into the dilatometer passed the
"rota-flo" tap during the polymerisation. Oxygen has been cited in the
litefature as a co-catalyst for metathetic ring opening polymerisations
and hence experiments were designed to examine whether oxygen and/or
water were capable of increasing the yield of pelypentenamer from cyclo-
pentene and WCl, and Al(iBu)3.

The yield of polypentename; from a dilatometric experiment was
measured by allowing methanol into the dilatometer on completion of a
polymerisation reaction before any air was allowed into the dilatometer
and the precipitated polypentenamer was then_ex#racted by redissolving in
toluene. This yield of anaerobic polypentenamer was then compared to the
vield of polypentenamer obtained by allowing oxygen (air) into the dila-
tometer on completion of a polymerisation rezction (which showed a "normal"
polyﬁerisation curve), before the reaction was killed with methanol, The
yields from the two experiments are shown,}n table V-(ii), The gravi-
metric yields from the two polymerisationé{@ere compared with the calcu-~
1ated_yie1d from volume measurements. :

Table V-(ii) Effect of Oxygen on the Yield of Polypentenamer from the
polymerisation of cyclopentene with ¥WCl_ and Al(iBu)3

6
Polymerisation | [ Gravimetric Percentage Calculated Yield]x4q2
Yield 15 conversion J P
g g
Aerobic 1150 1257 1:8
Anaerobic 1.4 1.6 1.6
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As can be seen from table V—(ii)\the yield of polypentenamer from
a polymerisation reaction that was exposed to oxygen was considerably
greater than the polypentenamer yield from a corresponding polymerisa-
tion where oxygen was excluded. Henée it can be seen that a possible
cause for the increase in the rates of polymerisations in certain
polymerisation reactions could have been the presence of oxygen in the
reaction ;essel. To prevent oxygen or water being able to diffuse into
the dilatometer the "Rota-flow" taps wefe replaced with new taps on a
regular basis, and in fact no further "abnormal" curves were obtained
after this procedure had been adopted.

Polymerisations of cyclopentene in the dilatometer described in
Figure II-(6 ) gave results reproducible to within 4% when all reaction
conditions were identical and this figure was considered to be within

acceptable experimental limits.
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V-(2) Premixing time of Cyclopentene and Tungsten Hexachloride

Dilatometric studies were conducted on cyclopentene to ascertain
whether the premixing time of cyclopentene and EC16 had a similar effect
on the initial rate of polymerisation of cyclopentene,as the premixing
time of cyclaoctene and T.-.‘Cl6 had on the initial rate of polymerisation
of cyclooctene.

1.f$ ml of cyclopentene were distilled into the dilatometer,
followed by 7.24 ml of toluene. WCl_ solution was injected through the

6

"Suba Seal" to give a WCI6 concentration of 2 x 10“4 moles litrenl.
Al(iBﬁ)3 solution was then added to the mixture in the dilatometer to
give a concentration of Al(iBu)3 of 4 x 10_4 moles litrenl. The rate of
polymerisation was then determined in the usual manner. A series of
experiments were cérried out in which the time interval between the
addition of the WC1, solution and the Al(iBu)3 solution was varied. The

effect of premixing time on the initial rate of. polymerisation is shown

in table V-(iii).

Table V-(iii) Effect of Premixing Time of Cyclopentene and wc16 on the

Initial Rete of Polymerisation

Premixing Time ﬁnitial Rate of Polymerisation 3.
Minutes ? 1 4 X 0
y % L moles litre ~ s~
0.5 ' 6.7
1.0 | 7.8
2.0 8.7
2.5 7.3
3.0 3s7

(@]
Temperature = 25°C
Concentration of cyclopentene = 1.49 moles litre

The results shown in table V-(iii) are depicted graphically in

fig.V-(3), from which it can be seen that the initial rate of polymeri-
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V-(3) Study of the effect of the concentration of catalysts on
the Initial Rates of Polyvmerisations of Cyclopentens

In a series of polymerisations designed to establish the order
of reaction with respect to the catalyst concentration,a ratio of
tungsten to aluminium concentrations of 1 : 2 was chosen. This r;tio
was chosen because of the results of the experiments with cyclooctene
which established a maximum polymerisation rate with a 1 : 2 w:ﬁl ratio
and also the reports in the literature which suggested that this
ratio of catalyst components yielded the most active catalyst system.

Hence the rate of polymerisation of cyclopentene as a function
of ‘Lr.’Cl6 concentration ,at a constant W:Al ratio was determined dilato-
metrically by maintaining the concentration of cyclopentene and the pre-
mixing time of cyclopentene and WC15 constant during a series of polymeri-
sations. The concentration of wc16 was varied between 1 x"lO';4 and
18 % 10"4 moles‘litre_i. The results of these polymerisations are shown
in table V-(iv).

Table V-(iv) Dependance of the Initial Rate of Polymerisation of Cyclo—
pentene on the concentration of Catalysts

( [ﬁCIA] )xlDQ ( (ﬁlItBu)31 ] 4 Initial ?a?e of Polymerii 3
moles litre™? ) (i pRiion G
moles litre moles litre—1 s-1 [

A ] 2.4

2i 827

4 10,0

5 10 23.0

8 16 233

10 20 30.5

14 22 > 32.0

12 24 31.5

15 30 39.8

Cyclopentene concentration = 1.49 moles litre_"1

Temperature = 25°¢

Premixing Time S 2 minutes

W : Al ratio = T8 2
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The concentration of cyclopentene was maintained constant in the
series of reactions and hence a general equation for the rate of

polymerisation (Rp) may be written as -

Rp = k [cat]®
where the rate constant k includes a term in the concentration of cyclo-
penténe. The order of the reaction with respect to the catalyst con-
centration may be determined as the slope of a conventional log rate
against log concentration plot. The results shown in table V-(iv) have
been used to construct the log(rate of polymerisation)against 1ogﬁﬁCl;}
plot shown in figure V-(4).

The order of reaction was cglculated to be 0.97 from a standard
least squares determination of the slope of the line shown in fig.V-(4).
Therefore the rgte of polymerisation of cyclopentene was shown to be
first order inAcatalyst concentration and thislwas confirmed by a plot of

Initial rate of Polymerisation against WCl,_ concentration shown in

6
figure V-(5).
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V-(4) The Effect on the Initial Rate of Polvmerisation of
Cyclopentene of the concentration of Cyclopentene and
the Premixing Time

To study the effect on the rate of polymerisation of premix,
time at différent monemer concentrations, the rates of polymerisation
of cyclopentene were determined dilatometrically at constant con-
centratioas of catalyst components, for various premix times of
WCI6 and cyclopentene. These experiments were then repeated for three
other concentrations of cyclopentene. The concentration of WC16 was
constant at 3 x 10“4 moles 1itre"1 and the concentration of Al(iBu)3
was 6 16" moles 15tee s The, conceniretions of cyclopentene were
not exactly the same within each coneentration series, as the amount of
solvent distilled into the dilatomater varied slightly with each

reaction. The results of these experiments are shown in table V-(v),

and graphically in figure V-(6).

-125~



Table V-(v) Dependence of Initial Rate of Polymerisation of Cvelopen-
tene on Premix Time and Cyclopentene Concentraticn

Concentration of ! Premix Time Initial Rates of

Cvclmpenteneﬂ Polymerisation 7 133'

moles litre = minutes moles litre s
1.46 4 2.0
1.&8 & 4.0
1.47 6 ' 2.4
1275 1 2260
1.74 2 4.1
1. 75 3 ) 4.1
1+75 4 4.9
1.74 | 5 4.1
1.74 8 2.4
179 2 2.9
1.80 3 5.5
1.80 4 3.2
286 1 355
1.96 2 5.7
1.97 , 3 5.0
1.96 4 3.7
1.97 5 3.6
1.96 6 ) I

1

= ' -
'.-.'Cl6 concentraticm ¥ & 10 moles litre

]

6 x 10_4 moles litre_1
0

295 C

A1{tBu); concentration

[}

. Temperature

- -
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The peak initial rate of polymerisation and the premix times at
which these peaks occurred were withdrawn from table V-(v) and are
shown in table V-(vi).

Table V(vi) Peak Initial Rates of Polymerisation and Premix Times
rat which they occur

Concentration of Peak Initial Rate a Premix Tinme
Cyclopentene of Polymerisation |y 415
moles litre™ ® moles litremls"i,/ Minutes
1.48 4.00 , 5
1.74 4.92 4
1.%0 5.50 3
1.96 5.75 y 2

The premix time at which the maximum initial rate of polyﬁerisation
occurred was called t max. A graph of t max against the reciprocal of
the concentration of cyclopentene was plotted using the results shown in
table V-(vi) and is shown in figure V-(7). The significance of this

graph is discussed in Chapter VI.
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V-(5) Molecular Yeight of Polypentenamer Samples determined from

solution viscosity measurements
The viscosity average molecular weights of polypentenamer
samples were determined using the method described in Section II-(5)-(vii).

The samples éf polypentenamer used in these determinations were obtained
from the series of polymerisations described in Section V-(3), where the
concentraéion of cyclopentene was constant and the concentrations of UClﬁ
and Al(iBu)3 were varied. The polymerisations were terminated by the
addition of methanol to the dilatometer at the end of the polymerisation
reaction. The polymer precipitated immediately and the reaction of
catalyst species with impurities was minimised. Solutions of polypen-
tenamer samples were prepared and purified. The intrinsic
viscosities of these samples were determined in toluene and the viécosity
average molecular weights were calculated using the Mark-Hominke parameters

determined by Gianotti, Bonizelli and Borghiss,

and are shown in table V-(vii):

Table V=(vii)

Concentration 4 Concentration 4
of "-*':'C].G ‘10 t‘\l ( iBU) 9 » 10 EV
: -1) e
moles litre moles litre
4 8 _ 265,000
5 10 151,000
8 16 183,000
10 20 28,000
15 30 & 176,000
Solvent = Toluene
Temperature= 30°%¢

The results shown in table V-(vii) appear to be inconclusive. This may
have been due to either oxygen or water reacting with the active catalysts
before the polymer was precipitated and the catalyst destroyed. The failure

to incorporate some small amount of anti-oxidant in the precipitated polymer
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during the purification process may have enabled the polypentenamer

to cross-link in the presence of oxygen and the viscosity
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V — (6) Electron Spin Resonance Studies

(1) Examination of a solution of ‘u.’Cl6 in toluene by electron Epin
resonance spectroscopy.

A solution of UCIS in toluene was prepared and placed in the
apparatus described in section II-(5)-(iv) and shown in fig.II-(7).
The quartz tube was filled and the filled tube placed in the cavity
of the e.é;r. spectrometer. As expected no e.s.r. signal was observed
as tungsten would be in the VI oxidation state in HC16 and would not have
any unpaired G’ electrons.

(2) Changes in the E.S.R. spectrum associated with the reactions
of wCl6 with olefins.

Solutions of clefins and WCIG were prepared for e.s.r. examination
as described in section V—(S)-(iﬁ). The solution of WCl, and cyclopen-
tene did not produce a signal in the e.s.r. 5pectrometér and éhis would
tend to suggest that no free o{ -electrons were present in the system,
contrary to expéctations,since tungsten found to be in lower oxidation
states is normélly associated with an octahedral complex with the
presence of ocne or more unpaired 04 -electrons.

The solution of I--.'Cl6 and cyclooctene also failed to produce any

signal in the e.s.r. spectrum.
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V-(7) Copolymerisation of Cvclooctene and Cvclopentene

Three copolymerisation reactions were carried cut with three
different monomer molar ratios. The molar ratios of cyclooctene to
cyclopentene'were:

Gl s 1.8
(ii) 1: 1
CLai) ol 0.6

The average molecular weights of the repeat units in the co-
polymérs, from the molar ratio of the comonomers in the copolymers,
could be calculated by the iodine monochloride method described in
Section II-(5)-(viii). The copolymer compositions determined at

various comonomer ratios are shown in table V-(viii).

Table V-(viii) Cyclooctene-Cyclopentene Copolymer Composition

Copolymerisation | Average Molecular Weight | Percentage of Cyclo-
number of Copolymer Repeat Unit pentene units
(1) 73 90
(ii) 92 44
(111) 98 ' 29
[gc1 ] = Tl % 10-5 moles 1itre~1
6
[Al{iBu)B] = 1.54 x 1077 moles litre !
Total [Monomer 1 = 9.06 moles 11'_tro:«2“‘l
Temperature = 25%

The copolymer composition (i) was ‘also determined by analysis of
the N.M.R. spectrum of the copolymer in deuterated chloroform. This
analysis showed that the molar percentage of cyclopentene in the co-
polymer feom (i) was 96% as compared with the I Cl value of 90%.
Unfortunately it was not possible to analyse the copolymers from (ii)
and (iii) because these were found to be insufficiently soluble in

deuterated chloroform.
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The reactivity ratios of the two monomers could be calculated

from the copolymer composition equation:

24
]‘-31 . m, 1’.‘,l M, + 1
i o ;?
2

M, = fraction of monomer (1) in the copolymer
M2 = fraction of monomer (2) in the copolymer
5, ol mole fraction of monomer (1) in the polymerisation reaction”
ey o= mole fraction of monomer (2) in the polymerisation reaction
r1 = reactivity constant gf monomer (1) |
Yo, = reactivity constant of monomer  (2)

Monomer (1) was cyclopentene and monomer (2) was cyclooctene.
From the three copolymer compositions, three values of the reactivity
constants could be cbtained and these are shown in table V-(ix).

Table V-(ix) Reactivitv Constants from the Copolymer Composition Eguation

T4 La
2.05 2.36
3,09 4.30
3.70 2.99

The average values of T, and r, were calculated to be 2.94 and 3.22
respectively.

From these results it can be seen that ry and r2 are both greater
than 1 and this situation would lead to a copolymer composition of long
blocks of polypentenamer and long blocks of polyoctenamer, when the

monomer concentratiore in the feed were identical.

-134-



CHAPTER VI

Discussion of Results

VI-(1) The Effect of Premixing Time of Monomer and wc16

(1) The initial inconsistency obtained in the measurement of the
rate of polymerisation was shown to be due to a variation of the pre-
mixing time of the monomer and h‘Cl6 and a dependence of the initial rate
of polymerisation of either cyclooctene or cyclopentene on this pre-
mixing tiﬁe has been shown to occur at 25°C.
Because the premixing time was a rate controlling factor, some
reaction or reactions involving WC16 and monomer must have occurred -
_before the addition of Al(iBu)3, which then reacted with one of the pro-

ducts of these reactions to form an active species, W The concentra-

..
1
tion of this active catalyst depended upon the cencentrations of WClGJ
Al (iBu)3 and monomer, as well as the premixing time of the monomer and

wc16. A sinTle reaction scheme can be postulated to occur and is shown

below.

Mo+ WCl, — W,

o T -
w1 + Al(:LBu)3 —_— Ji

XL

x \
Cyclopentene and WC16 have been shown3 to react to produce reduced

oxidation states of tungsten, so that it is possible to postulate that
wi contained tungsten atoms in some lower oxidation states.

Premixing the WCl,_, and Al(iBu)3 prior to the addition of moneomer

6

did not produce a polymerisation reaction and hence any HCIG that had not
reacted with the monomer during the premix time could have reacted with
the Al (iBu)3 upon its addition to form a complex that was not active

towards the polymerisation reaction.
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The plot of rate of polymerisation against premixing time
(fig.V-(3)) showed that the rate of polymefisation was a maximum after
a premixing time of two minutes, but fig.V-(6) showed that the time
after which £he maximum rate of polymerisation occurred depended upon
the monomer concentration.

If Wy was the active species and this was formed from w1 then the
concentration of W and hence the concentration of W1 must also have
been a maximum at this premixing time. It therefore follows that not

only was w1 produced by some reaction involving WCl_ and monomer but it

6

was also itself consumed in some reaction, probably involving monomer or

WC16. The reaction scheme, (XL), has to be extended to account for this

phenomenon, as shown below —

wl + M ._; 1-.'2 .= (a)
or 'wi + S Vi - (b)
XLl
The reaction of wi with monomer could be a further reduction of the

tungsten to a lower oxidation state.

(1ii)The Kinetics of the Formation of w1

Consider the reactions

ki
5 .
1\.(116 + M ——— 11
k
2
: UJ‘
Vi + M — 5
then the rate of formation of V1 can be written as
7 s g 1 b
¢ ] = ok fwer. ] m] -k, [1.1131]

dt
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The concentration of HCIG varies during the reaction and can be

written as:

[1ic2 6'] =

injection into the monomer solution.

J
. dh& 4 k. WM

dt

6

k

[wc 1 6] . e

where [ﬂclé]o is the concentration of WC1l

1

MW e
o

-k, (M) t

at the time of its

- k1M t

where wi, M and wo represent the concentrations of wi,monomer and

(WC16}0

then, multiplying both sides of the ecuation by e‘/%ZMdt
’

k2Mt k2 Mt
e . dw1 . k2 Me wi
dt
k2 Mt
.t‘ d (a‘Ji e )
dt

and hence:

At time zero it can be assumed that
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1

!

WMe
o

WM e
o

(k

(k

2

n
—
—
=3
(o]
< T
m
—~
~
(4% ]

- kl) Mt

- kl) Mt

- ki) Mt

- ki) Mt

dt

+ constant



o = 1 ”0 3 constant

hence constant = -k, W

Accordingly the [?Hf] may be expressed as a function of time

. 1 = h "‘k Mt --k Mt
whereby: [V.J_ o Mg (e 1 s G )__ 1)

k2~-—k1 X

A maximum concentration of w1 occurred during the reactions at the

time, (t ), when d¥ = 0
max 1
o
--k,1 Mt -k2 Mt
. if A -k
19 d.'1 % k1U0 ( 1 Me - k2 Me » 0
dt kzwk'
Hkl thax —k2 thax
.« kalo e e k2- e
(k1 - kE)thax
& = k
1
Ky
From this t can be evaluated as
max
1 1 ( k1
g0t [1] (k, - k) " 1n K, -2

According to equation (2)‘tmax should be a function of mcnomer concentra-

tion such that a graph of tmax against the reciprocal of the monomer

concentration should produce a straight line with a slepe of

( 1 n (k,l)
i = K ; —
17 % &3



The results shown in table V-(vi) can be used to provide the premix times

that produced the maximum iniﬁial rates of pelymerisation, (t max)’

at the corresponding cyclopentene concentrations and a plot of it s

against the reciprocal of the cyclopentene concentration was shown in
fig.V-(7). As can be seen from this figure thelplot vielded a straight
line and hence this was in agreement with the reaction described
earlier. It can be assumed therefore that w1 was consumed in a re-
action involving monomer and not WClG.

(iii) The Order of the Reaction with respect to the Monomer
Concentration

If the rate of polymerisation, Rp’ is represented as

Roi= Kk ["”1-.1 ¥ ]

then to determine x, the order of reaction in monomer, '[141]

must be constant and a graph of log (rate of polymerisation) acainst log
(monomer concentration) will vield a straight line with a slope ecual to
Xe. According to eguation (2),

k
1 )
thax [M] = (k1 - kz} %, = constant

Al
I

and from ecuation (1),

[ ( -k, [M]tmax -k, [] tmax)
‘b'h' ] = 1-': k e - e
5 L o Y

ks

the exponential term'involved tm1x [M] which is a constant, and hence:
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Tharefore the concentration of W, would be a constant at tmax for a

1
given initial concentration of_wcl6 [N;].‘ Hence plots of log
(maximum initial rate of polymerisation at tmax) against log (mongmer
concentration)at constant catalyst concentrations, can be drawn for cyclo-
pentene and cyclooctene using the results shown in sections V-(6) and
IV—(S).. These graphs aré shown in fiqures VI-(1) and (2). Thé slopes
of these graphs were calculated at 0.70 for cyclooctene and 1.22 for
cyclopentene. These values showed that x, the order pf pelymerisation
in monomer was approximately first order for both monomers.

Equation (1) shows that the concentration of the active species W

ol
is dependent upon the initial concentration of WCl,.. This fact was

6
shown experimentally in section V-(3) where the graph of log (initial
rate of polymerisation)versus log (concentration of wCIG}, at constant
. monomer concentration and constant premix time, was a straight line with

a slope approximately equal to unity.

(iv) Analysis of a tvpical polymerisation curve

A typical polymerisation curve is shown in fig.VI-(8) and the rate
of polymerisation can be seen to be falling with time, tailing off to a
constant rate of polymerisation. The constant rate of polymerisation
obtained after approximately 35 minutes of reaction suggested that the
proposed w2 compound, formed from the reaction of wi with monomer,
(reaction XLl—(a}lwas capable of forming an active catalyst with Al(iBu}B,

wz‘. This second active catalyst would have a lesser activity than Ki‘
but its contribution to the rate of pdlymerisation would increase as the

catalyst site formed from W, was used up. Hence the different stages of

1k
the pelymerisation curve shown in fig. VI-(3) would be:
(1) The polymerisation initiated by wj- and possibly some UQ',
depending upon the premix time.
(2) The polymerisation initiated by ¥, and ”2"

(3) The polymerisation initiated by H2' alone.
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The decay in the rate of polymerisation was investigated by plotting

h:p - Oh

" ~) against time of polymerisation, where
L=

a graph of log (
i

bhey was the total possible change in meniscus height in the dila-

tometer for a theoretical conversion of monomer to polymer of 100%

andfkht was the change in meniscus height in the dilatometer at time t.

-~ ADh
Hence the function AJ‘MZL :E &)is prcportional to the monomer con-

centration via the equation:

[E!] ; _(Qth:n.fhé)

where [Ml is the initial concentration of moncmer.

Lhoyp~ Lhy i . !
The graph of log -_‘YKK:; against time is shown in fig.VI-(4).

If the decay in the rate of polymerisation was due to the consumption of

Bhaey
been a straight line. Hence the decrease in the rate of polymerisation

monomer, then the plot of log ( ) against time would have

was due to the consumption of catalyst. To show that the consumption of

s 2HE)

log (time) was plotted and this graph is shown in fig.VI-(5), and was the

catalyst was first order a graph of log (loc( Bho, against

expected straight line.
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VI-(2) The Mechanism of the Polymerisations

In proposing a mechanism for the ring opening polymerisations of

cyclic olefins and the olefin metathesis reaction there are several

L}
factors to be explained from the results seen in chapter IV, V and

VI as well as from the work that has already been published on the

subjects

1.

3.

4.

The natures of the w1 and w2 compounds and their subsequent

reactions with Al (iBu)3 to form the active catalyst sites, wi-

¥
and wz.

Polymerisation of cyclic olefins did not take place in the absence "
of Al (iBu)3.

The lack of any absorbance in the e.s.r. spectra of WCl_ and its

6

reaction products with cyclic olefins, despite the fact that tungsten
had been shown to be in a reduced oxidation state31 after the re-

action of WCI6 with cyclopentene.

There was a maximum initial rate of polymerisation when the ratio of

Al (iBu}3 to WCl. was 2%|.

6

There was no polymerisation when the catalyst components, WCIG and

Al (iBu)3,were premixed prior to their addition to the cyclic olefin.

Kinetic chain mechanism

A kinetic chain mechanism involving metal carbenes would seem to fit

: LA " 1D
these requirements similar to the mechanism first suggested by ChaUV1n1 .

His mechanism involved as a first step the formation of a metal carbene

(XL11) between the tungsten atom and the cyclic olefin. It was not

explained how this metal carbene could have been formed but the

subsequent stages of the proposed mechanism are shown overleaf:
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We===CH (CH.) R +
2'n
(xn)
W
I =
—
CH
(cnz)n
CH
B,
CH
CCP2>n
R

The transition complex XL1ll was a metallocyclobutane.

(CH2)n

CH == CH

Weeer CH(CH_.) R
2'n

" I‘ —
CH---CH

\it

(CH2)n

F :::.fH(CH2)nR

CH == CH t
(CH2)n

W —— CH(CH.) R

| l 2y

CH = CH fom)

X
(CHz)n

Further
67

evidence for this mechanism was provided by Casey and Burkhardt .

They synthesized a reactive metal-carbene complex, (diphenyl carbene)

penta carbonyl tungsten (0), and used this reactive carbene in re-

actions with alkenes. The carbene complex was reacted with isobutylene

at 1OOOC for 2.5 hours and 1,1 diphenylethylene, tungsten hexacarbonyl

and 1,1 - di-methyl - 2,2 diphenyl cyclopropane were obtained, as is

shown in XLIV.

CH

// 65

(CO)S W=C +

2

ALIV
A ATy

H
CH e oH
C—C
ARSI\
H

& CH

3 63
: + 4-hﬂtol
CH

2
Il
C
el
C He CeHs



To determine the source of the methylene fragments in the 1,1-
diphenyl ethylene, Casey studied the reac?ion of trans-2-butene with
the metal carbene. The reaction produced 1,2 dimethyl-3,3-diphenyl-
cyclopropane in trace quantities and 1,1 diphenyl-1-propene. These
experiments demonstrated that scission of the carbon-carbon double bond
of the alkene and the combination of a methylene fragment with the
diphenyl carbene group of the metal carbene occurred. The possibility
that the second fragment from the alkene scission could have been in-
corporated as the carbene ligand in a new metal carbene complex was in-
vestigated by reacting the diphenyl carbene penta-carbonyl tungsten with
1-methoxy - 1 - phenylethylené'because the expécted new carbene complex,
(CO)S WC (OCH3J CGHS’ was known to be stable under the reaction con-
ditions. A 26% vield of the expeéted new carbene complex was obtained.

Hence the cYclopropanation.and alkene scission reactions could be

. . A e q ¢
explained in terms of Chauvins original mechanism:

CH, Ph Ph
I /
c\ + (co)W =cC — (Co) . W = ¢
Ny D ‘ el | \
R R h ScE==mcy Ph
F 2
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Ph Ph

n Ph N
{CO)SI; c\ e (CO}Sw Sl s (co)sltlf CH2
S C = CH, Ph
b R - C—CH c
R ' 2 \
~ ' ' / e
R R K ‘
?
(xLv)
Ph /Ph Ph Ph
\c (co)5 W + \C/
o N 1l Il N
R—C” —— CH C CH
/ 2 i 2
R R
Rf

The metalocyclobutane transition state XLV formed by the rearrange-
ment of a metal complex containing both a carbene and alkene ligand was
the key intermediate in the reaction. XLV could then undergo a reductive
elimination to produce a cyclopropéne or cleavage fo produce a metal com-
plex containing both a co-ordinated 1,1 diphenylethylene and a new car-
bene ligand. fhe latter procedure would be a metathesis reaction and
hence strong evidence was provided for Chauvin's original mechanism.

An adaption of Chauvin's mechanism can be used to explain the kinetic
features of the ring-opening polymerisation of cyclooctene and cyclo-
pentene discussed earlier in this chapter.

(1) The formation of W, from the action of WCl, with cyclic olefin can be

1 6
described by Chauvin's mechanism as the formation of the metal carbene

complex wherein perhaps:

:CIE + (> —_— W == CH



The complex XLVI would be formed from the insertion of the tungsten
atom into the double bond of the olefin. This complex would be the wl
complex. . . !

(2) The next step in the kinetic scheme involved the reaction of Ei with
Al(iBu}3 to form the active catalyst complex wl*. This step can be
rationalised in Chauvin's mechanism by recalling that the maximum rate
of polymerisation of cyclooctene occurréd when the molar ratio of

Al (iBu)3 to wc16 was 2 : 1 and hence it could be visualised that two

moles of Al (iBu)3 were required for every mole of tungsten to

initiate the polymerisation. It may be that the activation of w1 may
take place as follows :-—
iBu
CH ; l—— 1iBu
“ : iBu
W == + 2 Al(iB’d)3 —_— ‘L'f:.—..CH\/\/CH -
i & iBu
() a
1 \ ™~ iBu
(wi‘) iBu
XLVIT
This reaction could possibly occur as the wi complex would be
relatively unstable. The ¥,* complex formed would then have a vacant

1

co-ordination site for possible co-ordination of a reacting monomer
molecule.
(3) This step involves the co-ordination of the second monomer molecule

with the Wl' catalyst as shown in XLVIII.
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Al <::::> Al
!

W ===;CH”’\\//“~CH e W e CH’/A\‘/ﬁ\NC}
N : et
+ ' A 1

®

The intermediate(XLVIII)formed in the reaction would then rearrange

XLVIIT

into the metallocyclobutane transition state envisaged by Chauvin:

(::? Al Al

%;:::; Cva’\\',f“-c§:,
; N ' Al

XLIX

4. The metallocyclobutane transition state could now undergo cleavage
to give either. the original metal complex of{XLVIII)or to yield the new

metal complex, (L)

Al

(L)
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The reactions XLVIII to L would constitute a propagation mechanism
and these reactions would be repeated for a polymérisation reaction.
The presence of macrocyclic species in the polymerisate of a cyclo-

pentene polymerisation that were confirmed by C&}lderon5

, can be explained

by this mechanism by considering their formation to be due to a "back-

biting" process. This is shown in reaction LI.

' L] — -

’ ' L - \\
r i 4 \
( ; / |
. / \ j

‘I , 1 l \ )‘,

i Al % . .

w | w2 We= ~ - ---+CH + =

1
N s OB —_— ‘\M1
N
Al
67 1

To explain how conjugated dienes could slow or even prevent the
polymerisation reaction, consider the interaction of the cyclic diene

with the WCls,similar to that of reaction XLV1.
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/_

WC16 + \ —_— W —— CH

The carbene complex L1l formed between the diene and the T:JCl6
could be a more stable complex than the carbene formed in reaction

XLV1 because of possible elect;on delocalisation around the 6-sided
ring. This "stable" complex would then react much more slowly with
the Al(iBu)3 than would the complex XLVl. Hence, if sufficient con-

jugated dienes were present in the monomer, the polymerisation

reaction would be prevented.
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VI - {3) Molecular Orbital Considerations

It is possible to describe the propagation mechanism proposed
by Chauvin in terms of the molecular orbiéal theory of bonding.
Lask It is first worth considering the structure of the tungsten
carbene complex itself, which is the propagating centre in the mechanism.
According to the mechanism there exists a double bond between the tung-
sten atom and a carbon atom of the last alkylidene unit of the polymer
chain. Both the carbon and tungsten atoms must have orbitals of
similér symmetry that can overlap to form this double bond. The tung-
sten atom has the orbitals dzz, dxz, dyz, d@z—yiwhich would have the
correct symmetry to form ¢ cf T bonds with the olefin molecule. The
carbon atom of the.olefin passes a px orbital of the correct symmetry,
in addition to the olefin TT bonding and T * (antibonding) orbitals.

A o~ bond between tungsfen and carbon could be formed by overlap
of the t:'.mgs_ter'{délc2 - yz) orbital and the px orbital of the carbon as

shown in fig. VI-(6).

Fig.VI-(6)



It is possible to consider the formation of the T bond of the
tungsten -~ carbon double bond to be the result of the interaction of
the dxz orbital of the tungsten and the pz orbital of the carbon as

shown in fig.VI-(7).

dxz Pz

Fig.VI-(7)
The electrons for this orbital woﬁld be supplied one each by the
tungsten and the carbon atoms.. It can be readily seen that the tungsten
atom must contribute the dxz electron for the formation of the double
bond, in which case it would need to be present in a reduced oxidation
state, i.e. W(III), (IV) or (V), and the carbon atom the pz electron.
The molecular orbital diagram for the formation of this double bond is

shown in fig.VI-(8).

Trﬂ

ng f|‘ Z

—tt

Fig.VI-(8)



This molecular corbital diagram would suggest that the unpaired
dxz electron, that would normally be present in the reduced oxidation
state, would have been paired with the electron from the carbon atom
and consequeﬁtly would not be expected to display an electron spin
resonance absorption signal, in agreement with the experimcntal.evidence.
(ii). Interaction of the Hi' complex with a cyclopentene molecule.

The interaction between the Nl‘ complex and the cyclopentene double
bond would involve the d22 orbital of the tungsten and the carbon-carbon
1f ﬁond of the olefin,as shown in fig.VI-(9). This bonding would be a

O~ - type bond.

C©C. .
oy
9

e PR
L]

Fig.VI-(9)

Further interaction between the Yl‘ complex and the incoming cyclic

olefin could occur‘by overlap of the [T * orbital of the olefin and the

dxz orbital of the tungsten atomyas shown in fig.VI-(10).

58
%

- Fig.VI-(10)
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(iv) Déscription of the bonding in the "metallocyclobutane'.
* The bonding in the transition state “metallopyclobutane" would
.
involve essentially 3 & - type bonds and a molecular orbital
surrounding three atoms. The bonding in the transition state would
involve the combination of the orbitals shown inlfigures VI-(6) to
VI-(10) to form a molecular orbital encompassing all four atoms and

the combination is shown in fig.VI-(11). The electrons for the bonding

would be supplied by the olefins (6) and two electrons from the tungsten.

Fig VI-(11)

The three ¢~ bonds are shown as single unbroken lines and the
other bonds are shown by broken lines.
The bonding in the transition state would then undergo a subtle

" o i W
change. A O bond would be formed between the orange and red carbon



atoms due to overlap of 2pz orbitals. A ﬂf bond would also form

i 9 i i

between the orange and red carbon atoms due to the overlap of 2 px:

orbitals. An interaction between the new /! orbital formed and the

tungsten dx2 - y2 orbital would lead to a ¢ type bond between
“ L " W

tungsten and the orange and red carbon atoms. AT bond would be

formed between the tungsken d22 orbital and the pz orbital of the

a {11

green carbon atom, and a T bond formed from the px orbital and the

*
dxz W orbital. A new three centre bond between the 1 bonding
[ u w (1% . -
orbital of the red and orange carbons, the dxz tungsten orbital and
“ [ 2
the px orbital of the green carbon atom would also be formed. This

new structure is shown in fig.VI-(12)

Fig Vi-{12)
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To complete the reaction pathway the newly formed carbon-carbon I
bond may be displaced by another molecule because the de—co_ordinaﬁing
process ‘is accompanied by a release of ring strain energy of the
cyclic olefin.

The overall mechanism of the olefin metathesis reaction may thus

be described as:

R,CH = CHR, HR ,C =-;({.HR2 c‘wz :
Y R,
PRISE. =5 o, e et
+ o i W= CHR, ”“‘-“_“
CHR,
W = CHR, \“‘
¥ = CHR, 3 R,CH = CHR,
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CHAPTER VII

Conclusions and Suggestions for Further Work

t

The conclusions that can be drawn from the results obtained during
this project can be divided into 3 sections.
1. The Order of Addition of the Catalyst Compénents.

It was shown in Chapter IV that the order in which the WC16 and
Al(iBu)3 were added to cyclooctene was aun important factor in determining
the rate and extent of the polymerisation reaction. The WC16 was added

to the monomer before the Al (iBu)3 for the greatest catalyst efficieﬁcy.

If the Al(iBu)3 was added to the monomer prior to the WCl_,the efficiency

5!
5 of the catalyst system was reduced by a factor of 35, for a given-set of
poelymerisation reaction conditions. If the catalyst components were pre-
mixed prior to their addition to the monomer, then there was no polymeri-
sation. These results can be interpreted according to the proposed

kinetic scheme by suggesting that the reduced rate of polymerisation pro-
duced when the Al(iBu)

was added to the monomer prior to the WCl, was

3
due to the fact that cyclopentene had to compete with Al{iBu)3 for re-

6

action with wCl6 to form wl, e, =

6 1

WCl6 - Al(iBu}3 — W/Al - Inactive.

When Al(iBu)3 and WC1,. were premixed before their addition to the

6

monomer, no catalyst was formed, possibly due to the formation of a stable

complex between WC1l_ and Al{iBu)3, aé described above. Hence, under

6

normal polymerisation conditions, when the WCl_. and monomer were premixed,

6

it is possible that the amount of w1 present in the system at the time

when the Al(iBu)3 was added represented the fraction of WC16 that led to
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active catalyst sites. Any WCl_ left unreacted at this stage would

6

immediately form a stable ﬁmmplex with the Al(iBu}3 and take no
further part in the reaction.
2. The importance of the presence of Conjugatéd Dienes in the Monomers.

It was shown in Chapter IV that the presenﬁe of a conjugaéed diene,
1,3 cyclooctadiene, had a marked effect on the rate of polymerisation of
cyclooctene. The removal of conjugated dienes from the monomers used in
the ring opening polymerisations was vitally important if any meaningful
kinetic results were to be obtained. Fortunately, cyclopentadiéne could
be removed easily from cyclopentene using sodium metal as described in
~ Chapter II, but 1,3 cyclooctadiene could not be removed from cyclooctene
by any of the methods described in Chapter II. A further pdssible
method for the removal of 1,3 cyclooctadiene from cyclooctene was
suggested in a paper by McCleverty and Wilkinson68 who stated that 1,3
cyclooctadiene may be converted to 1,4 cyclooctadiene by the reaction of
1,3 cyclooctadiene with dichloro-tetra car%onyl dirhodium, and hence it
may be possible in any further work on the ring opening polymerisation
oflcyclooctene to prepare conjugated diene-free cyclooctene using this
technique.

3. Kinetics of Cyclic Olefin Polymerisation.

The experimental determination of the rate of polymerisatioﬁ of
cyclopentene produced meaningful results when it was observed that the
rate of polymerisation depended to a great extent upon the mode of 'pre-
paration of the catalyst. The normal procedure of synthesis of the
catalyst was to add a solution of wCI6 in toluene to a solution of

cyclopentene, followed by the addition of a solution of Al(iBu)3 in

toluene. The time delay between the additions of these components
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significantly zffected the initial rate of polymerisation; so that a
maximum initiel rate of polymerisation was observed after a delay time
that depended upon the cohcentratimn of the monomer. This suggested

that some species,that could react with Al(iBu)3 to produce an ;ctive

catalyst, was formed and also destroyed during this period. A simple

kinetic scheme was devised to test this hypothesis which was:

Al(iBu)3
L]
WCle + CP — s W, e W
Al(lBu)3 )
W,l + CP —_— W2 ——, w2

It was shown that, if it is assumed that the initial rate of polymeri-
sation was a measure of the concentration of w1 at the time of the
addition of AliiBu}B. the rate of polymerisation at constant monomer

and catalyst concentrations would be a maximum at a time (t max) given

by:
1 1 1n k
= [ 1
t max = [pﬁ]o k, =k, Ky

The straight line obtained for the plot of t max against [Céj-i would
indicate agreement with this type of mechanism.

According to the above scheme the concentration of W, was given by:

1

= : —x, [cp] ¢ -kzlép]ot
[wi_; kWl fe s

k2_k1

where t is the time between the addition of WCl, and Al(iBu)z.

According to this equation the fraction of WCl, acting as an active

6
species in the polymerisation, at constant concentration of monomer and

pre-mixing time, is independent of the initial concentration of WC16.
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The first order plot obtained from a dependence of initial rate of

polymerisation against concentration of WCl_ after 2 minutes pre-

6
mixing time would appear, therefore, to be a true first order .
dependence of the rate on the concentration of wc16.
It is also apparent from the 2 equations gquoted above that at a
given concentration of cyclopentene the maximum rate of polymerisation
should occur at a constant premixing time for all initial concentra-

tions of WC1 This aspect of the kinetics of the polymerisation has

6°
not been studied and it is suggested that this should be an important
area of future work. t |

The first order dependenée of the rate of polymerisation on the
initial concentration of WCl6 would suggest that a simple chain

mechanism is operative during the course of the polymerisation and

that a generai propagation step such as:

P <-> S Pn + 1
can be postulated. The nature of this propagation step has been
described earlier but it would appear from the shape of the conversion-
time curves that.the concentration of active catalyst (Pn‘} decayed
during the course of the polymerisation. The decay in catalyst
activity would appear to be a first order pfocess which may well be
similar in nature to the conversion of W, to W, during the reaction of

1 2
WC1l_ with cyclopentene. 1In order to postulate the nature of this

6
termination reaction the structuresof the products of the reactiontof
WCIG with cyclopentene should be determined if possible.

The decay in the rate of polymerisation during the course of the
polymerisation, not to zero, but to a constant rate, would suggest

that, if wi‘ was consumed, it formed either a species of considerably

lower activity (Ha} which was stable during the polymerisation, or that
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the catalytic activity during the initial stages should not be
ascribed to one species but 2, (wl and wz), and only one of these,(‘.-l,i),

was unstable, leaving the second, (w?), to continue the polymerisation,

CP
1.6, \vClG e LY wi + W2
CcpP :
‘.'J_l —_— w3 (Inactive)
CP
W —_— Stable

2
The presence of 2 species can be invoked to account for the bimodal
molecular weight distribution of‘ the polymer produced but more detailed
studies will be needed to distinguish between possible reaction mechanisms.
This in fact may well be obtained from an analysis of the molecular weight
distribution curves as a function of premixing time and conversion.
It is also possible to write an equation for the rate of production of

w2 according to the mechanism described on page 136:

d%\ - kz[wi'J [é:p] :

substituting.for Zw‘ll in this equation:

dfw,] = x, k, [we1] -k, [cP] t ~k, [cp]
dt K,k 5 =

LA

[wcl(;]o k, (exp.-k, [cp]o t=1)=k

kzuk& 5 (exp.-k_l[CP]O t o+ ‘1}11

J

This is an expression for [wz] at the time of addition of }-'&l(iEE»u)3 which

J ow
converts ‘.*!2 to w2 .
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It can be seen that at the time of addition of Al(iBu)B,

[wil ks {exp -k, [cﬂo t - exp - k, [cz{]o t ) t

[w_z] ky (exp - k, [2P]_ t+1) - Kk, (exp-k, [Cp]o £+ 1)

Oof importance in the consideration of this ratioc is the fact that if
the initial concentration of cyclopentene is constant and the pre-
mixing time is also constant the ratio [Eﬁj is constant, and

[w2] - ]
independent of the initial concentration of WClG. Thus, if w1 and
W2‘ give rise to the different.peaks in the molecular weight distri-
bution the ratio of areas under these peaks should be independent of
the initial concentration of WCIG, if the initial concentrationnof
cyclopentene and the pre-mix time are kept constant. This again
represents a useful area for further study.

The elucidation of the exact natures of the prOpégating species
in the polymerisation has not been possible in this work. ‘;‘he effect
of the structure of the aluminium compound on the rate of polymeri-
sation and the dependcnce of the rate of polymerisation on pre-
mixing time may lead to a better understanding of the polymerisation

process. Attempts should alsoc be made, if possible, to separate and

characterise all the intermediates present in the polymerisation.
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