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" trans and high cis, 'highly tactic bolj(bis(triﬂuc;rbmethyl)norbornadiene s_‘amﬁlc's"'using
ngl-deﬁned initiatihg ‘systems‘. a'rg-dé-scribed.' It is shown that by varying the
'monb‘mer:.initiatdf fatio_, smn‘bles"-\’:vi‘th a wide'range of molecular weights can be
achieved and th_vése are reported.

vChabte“r,S-:: de'_scribés‘ .experi'ments conCeming. the ROMP -o-f‘ fluorinated
monorﬁers cc')n-ta‘jnir'lg six membered rings. In particular ROMP studies of the
m_onomefrs,; ‘ é?éﬁbis(qiﬂuotomémyl)bicy‘clo[z'.'z.zjocta-z‘,s-diene ~and  2,3-
(te,tmﬂﬁoi'qbénzo)t:>.icyclo[2.2;2]c;ctatx_'iene ‘are described.. |

' Fmally, Cﬂabfér 6 pr'ovidés a summary of the work reported and outlines some

ideas for future studies. .
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Chapter 1

General Introduction and Background




1.1 General introduction

This thesis describes studies directed towards the synthesis of novel
fluoropolymers of interest as potential piezoelectric, pyroelectric or electro-
luminescent materials. Ring Opening Metathesis Polyme;risation (ROMP) has been
the reaction used in pursuit of these aims. |

Fluoropolymers are well established. Although they are expensive, th¢
benefits r-esulting from their high thermal stability and chemical resistance are well
documented and result in their widespread apblication as speciality materials.
Stereoregulation in the polymer backbone is well establishéd as an important
determinant of polymer properties. It seems reasonaBle to expect that the combination
of stereoregul'atioh and the benefits conferred by fluorine-substitution may give rise to
novel materials with interesting properties. These factors generate the interest in this
area of research.

In chapter 1 of this thesis, the main features of olefin metathesis and ROMP
are reviewed, the use of well-defined initiators in ‘living’ ROMP reactions is
introduced and réceiveé further attention in chapter 3. Also in chapter 1, estab’lished.
fluoropolymers are réviewed, and the basis of the piezo- and pyro-electric response is
discussed with particular reference to poly(vinylidene fluoride) (PVDF), the polymer
which is often regarded as the archetypal piezoelectric polymer. The ﬁﬁal section of
this chapter is devoted to the relatively new and exciting area of the application of
electroluminescent conjugated polymers in Light Emitting Diodes (LEDs).

Chapter 2 discusses in detail the ROMP of 2,3-bis(trifluoromethyl)-

norbornadiene. The structure and properties of this polymer are discussed, in




particulap tacticity and its relation' to the possibility of producing a poled and highly
- polar rriateﬁal of potential interest as a component of piezo- or pyro-electric devices.
The détails bf the mechanism of this polymerisation are discussed in the latter part of
this chapter.

In chapterv3 the key developments in attempts to improve the tacticity of
poly(2,3-bis(trifluoromethyl)norbornadiene) by varying the ligands at the metal centre
in "Schrock-type" well-defined initiators are described and discussed.

Chapter 4 describes the syntheses of a wide range of high cis (>98%) and high
trans (>98%) poly(2,3-bis(triﬂuoromethyl)norbomadiene)s. These polymers were
made and characterised as standards for detailed studies, using physical measurements
such as light scattering, of the solution behaviour of the materials and the correlation of
observed properties with predictioné based on molecular modelling.

Chaptér 5 discusses the ROMP of fluorinated monomers containing 6-
membered rings. Aftempts to prepare a conjugated polymer of potential interest as the
electroluminescent component of an LED is described. Finally, chapter 6 suggests
fun"ther studies, which could reasonably be undertaken to extend the work described in

this thesis.




1.2 = Olefin Metathesis and Ring Opening Metathesis Polymerisation (ROMP).
'1.2.1 Introduction.

Metathesis chemistry, now mdre than thirty years old,1 was, at the time of its
discovery, a surprising reaction of olefins which has Been used for the synthesis both
of small molecules and a wide range of polymers. A lot of information has been
established about all aspects of the process and there is a vast literature concerning
metathesis, ' covering the initiators, mechanistic features and applications of this
reaction in organic and polymer synthesis.

The word "metathesis" is. derived from the ‘Greek “"meta™ (change) and
"tithemi " (place), and grammaticélly it refers to a transposition of sounds or letters in
a word. In chemistry it refers to the interchange of atqms or groups of atéms between
two molecules.

Olefin metathesis is the reaction in which molecules of these hydrocarbons are
fragmented at their double _boncis and new olefin molecules:.result- by the

recombination of fragments originating from the different molecules (Figure:1.1 .);7

A -

C=C A_ B D. E
+ _— Il + T

B:c el A" B D" E

Figure 1.1. Schematic diagram for the metathesis of an acyclic alkene.




This is a bond reorganisation reaction in which the total number and type of
chemical bonds remain unchanged during the transformation of the initial alkenes into
equimolar amounts of the two new alkenes.

The ring opening metathiesis polymerisation (ROMP) of cyclo-olefins is a
reaction which is closely related to the metathesis of acyclic alkenes. It is the process
by which such molecules are cleaved at the double bond producing unsaturated linear

polymers of the polyalkenylene type (Figure 1.2.).

(CH,)n |
m < > ——>  —(CH,)-CH=CH-
CH=CH

Figure 1.2. Schematic diagram for the ROMP of a cycloalkene.

1.2.2 Brief history.

The expression "Olefin metathesis” was first used by Calderon in 1967.
Until then the consideration of the Achemistry of exchange reactions, such as the
process indicated in equation 1.1a, and of polymerisation reactions as described by
equations 1.1b and 1.1c had developed independently.

Both. types of reaction were surprisingly late to appear on the modern
chemistry scene. The first open publications were those of Truett (1960) 8 reporting

~ reaction 1.1c and Banks (1964) ? reporting the reaction 1.1a.



CH3C H=C H2

CH.CH CH
+ — 3]] + 0 2 11a
CH,CH CH
CH,CH=CH 2
2 .
Q - > =tCHCH,CH,CH,CH3= 1.1b

~ :(=CH\©/CH=)= 11c

However, both these publications were foreshadowed by a patent filed by
Eleuterio (1957) 10 concerning the reactions of norbornene, cyclopentene and other
cycloalkenes (equations 1.1b and 1.1c). The connection between the two types of
reaction was not immediately obvious, mainly due to the fact that different catalysts
and conditions were generally employed. The disproportionation of acyclic olefins
was usually carried out on supported oxide catalysts such as MoOs/Al,O; at elevated
temperatures (16OOC), whereas the ring opening polymerisation of cycloalkenes was
usually initiated by mixtures of reagents which resembled Ziegler.-Natta initiators,
such as MoCls/Et;Al, and the process occurreci at room temperature. It should be
noted, however, that Asupported oxide catalysts were in fact used by Eleuterio (1957),
but the yieid of polymer obtained was relatively low.

The mechanism of these ring opening polymerisations remained unexplained

for several years, but a significant advance was made in 1967 when Calderon showed



that the disproportionation of acyélic olefins such as pent-2-ene and the ring opening
polymerisation of cycloalkenes such as cyclooctene and cycloocta-1,5-diene could be
brought about very rapidly at room temperature by the same catalyst, namely,
WCI6/E¥AIC12/EtOH, which is now referred to as the Calderon catalyst-. This
discovery helpe_d to encourage the view that the reactions of acyclic and cyclic olefins
probably proceeded via a common mechanism.'™*

Further evidence came from deuterium-labelling experiments (equation 1.2)
which showed that the double bond itself was cleaved during the reaction of acyclic

olefins, leading to the exchange of alkylidene moieties."**

| —cnen | B
CH,CH=CHCH, WCIG/EtAICIEIOH ~ GH CH CHCH
+ = = [ o

CD,CD=CDCD, CD,CD . CDCD,

Equation 1.2. Cross metathesis of perhydro and perdeuterobut-2-enes. .

ance this discovery, the ;reaction has become known as Olefin Metathesis or -
"transalkylidenation" . Evidence; in the case of cycloalkenes, that the double bond
was completely broken during ring obening necessitated a different approach to a
mechanistic rationalization of metathesis and the work of Dall’Asta'” added to the

evidence which forced the revisions described in the next section.




1.2.3. The mechanism of olefin metathesis and ROMP.

Early mechanistic rationalizations of olefin metathesis favoured a four-centred
process. '® In these schemes a cycloaddition reaction of two alkenes was promoted by

coordination to a transition metal, (Figure 1.3).

M
R /R RN /R R \ R
1\ 1 1 1 AN 7/
CH 4M CH CH CH CH ch !
” (N;H C'H—C‘ZH ' =
CH CH==CH
S/ AN / AN / AN
Rz R2 R2 : R2 . Rz Rz

Figure 1.3. The pairwise mechanism of acyclic olefin metathesis.'*

This mechanism involves the coming together of a pair of double bonds from
two alkenes in the proximity of a transition metal centre. It was proposed that the d
orbitals of the transition metal overlapped with the 7 Qrbitals, associated with the .
double .bonds, in spch a way as to allow exchange to occur via a weakly bqnded
cyclobutane complex. This was termed the pairwise mechanism.’

Subsequently, theoretical arguments were developed to support the idea that a
normally fofbidden [2+2] cycloaddition could be trémsforméd into an allowed process
in the prescence of a transition metal-in an appropiate oxidation state. However, the
acceptance of this scheme was short-lived, and pairwise mechanisms gave way to a
mechanism involvi_ng the alternation of a metal carbene and a metallocyclobutane as

. . . ' . .17
the chain carrying species, the so-called non-pairwise mechanism.




N

Hér‘isson and Chauvin, in 1970, observed that some products from metathesis
reactions could not be adequately accounted for by the pairwise mechanism, for
example high molecular weight polymer is obtained in the presence of monomer
which is a characteristic of chain growth rather than step growth polymerisation.
They offered an alternative mechanistic rationalization involving the transformation of
a metal carbene to a metallacyclobutane which cleaved £o regenerate the metal
carbene, (Figure 1.4), and this is now the generally accepted mechanism.'®
The carbon-carbon double bond of the alkene initially coordinates to the

transition metal to form a metal m complex. An electronic reorganisation takes place

to give a métallacyclobutane, which cleaves to give the new metallo-olefin.

" . A R |
SCcHom | \Z‘CH—M R\20H=M
ﬂ)H * lH | | c + cH
H CH—CH H—

Figure 1.4. The non—pairWisé (carbene) mechanism.

Each step in the process is reversible. The metallacyclobutane can revert to
the starting metallo-carbene or transform into a new metallo-carbene with equal ease.
The ring opening of cyclic olefins follows a similar non-pairwise mechanism,

as summarised in figure 1.5,




Figure 1.5. Schematic diagram for the ring opening of cyclic olefins.

where the repetition’ of this cycle results in the formation of unsaturated linear

polymer.
1.2.4 Initiating systems.

'1.2.4.1 Classifications.

-~ ~The most widely used initiating systems in olefin-metathesis and ROMP are
based on compounds of the transition elements, Ti,:-V, Cr, Nb, Ta, Ru, Os, Rh, Ir.
Generally the most effective initiétors are those involving Mo, W, Re compounds.l’4

The range of initiators suitable for a particular metathesis reaction depends to
some extent, on the reaction conditions and the monomer involved. Thus, the
polymerisations of monomers with- relatively high ring strain, for example

norbornenes, are readily initiated by a wide range of transition metal systems,

10




whereas monomers such as cyclopentene, with less ring strain, require more specific
and highly ‘active initiators in order for ring opening to occur.

There are various classifications which have been used for initiating systems.
The initiator can be of a heterogeneous or homogeneous» nature.’ Heterogeneous
initiators normally consist of a transitidﬁ metal oxide or barbonyl adsorbed onto a
support such as alumina or silica. Theée systems are very rarely used for the ring
opening of cycloalkenes and bicycloalkenes. Initiators of a homogeneous nature can
consist of one or several corﬁponents and are the most important class of initiators for
ring opening polymerisation of cyclic and bicyclic alkenes. Another classification
that has been made is that between the so'-called "classical" initiators and the recently
develéped range of well-defined initiators. Both types have found widespread use in

metathesis reactions.
1.2.4.2 Survey of initiator systems.

1.2.4.2a. Transition metal carbene complexes.
The first examples of compounds of this type which were used to initiate ring

opening polymerisation were named after their. discoverers, namely:

Ph
The Casey compound \-C=W(CO) , and
Ph” °

’ Ph_
The Fischer compound _C=W(CO)

MeO °

11




Ring opening polymerisation by the Casey compound 1920 is often slow at

room temperature and generally works better at elevated temperatures. The elevated
temperatures cause carbon monoxide to be evolvéd, thus creating a vacancy to which
the m electrons of the incoming monomer can coordinate in the first step of the

21,22
**" a temperature of around

reaction. Similarly, in the case of the Fischer compound,
80°C is required before the initiator becomes active, presumably because it is again
necessary for a carbon monoxide ligand to be ejected before the initiator can become
active. The activity of the Fischer compound is also enhanced by the prescence of an
excess of TiCl,. It then becomes active enough to initiate the opening of less strained
rings such as cyclopentene and cyclooctadiene.

However, in recent years a second class of well-defined transition metal

carbene compounds has been discovered. These are the so-called "Schrock"

alkylidene complexes and they will be discussed later in this section.

1.2.4.2b. Transition metal halides.
These are often referred to as the '"classical initiators” .and the following
transition metal halides and halide complexes have been used ‘to. initiate ring opening

. . 2326
metathesis polymerisations:

TiCl,, zZrCl,, VCl,,

NbCl_, TaCl,, MoCl,,

WEF ., WCI,, WOCI,,
ReCI5, OsCl3, RuCI3.3H20.

Some of these compounds, including MoCls, ReCl; and WClg, (single

component), require no deliberately added cocatalyst to bring about the

12




polymerisation of highly strained rings such as norbornene. However, in-the case of

WCl ¢ and MoCl5 the activity of these catalysts seems to improve with the ageing of

the sample, an effect which could be due to the cocatalytic action of traces of water or
oxygen. Indeed the activity of most of these catalysts can be improved by the use of a
cocatalyét (dual-component).

Co-catalysts nofmally consist of an organometallic combound of a non-
transition metal. Common co-catalysts include: BuLi, Et;Al, E,AICI, Me,Sn,
Bu,Sn, Ph,Sn. They are thought to have several functions, such as providing a source
of an alkyl ligand at the transition metal site which is su‘bsequently converted into an
alkylidene ligand by reductive elimination. It has also been sugg}:sted that perhaps the
co-catalyst may also act as a ligand, attaching itself to the catalyst complex in some

- way and modifying the activity of the transition metal centre:~.
Furthermore, the activity of the transition metal halide when accompanied .by
an aluminium compound as co-catélyst is often enhanced by the addition of an ox-ygen
- containing compound as a third component. One example-"of such a system.is-the
Calderon catalyst, WCI/EtAICL/EtOH. This has proved to“be very active:in’
metathesis reactions, however it tends to be rather short lived and not very tolerant of
functional groups on the monomer.
Co-catalysts carrying an alkyl group can exchange ligands with the transition
metal halide compound resulting, eventually, in the formation of the initiating

metallocarbene. For example, in the case of the WClg/Me,Sn system, the proposed

sequence of events is summarized overleaf.




WCI, + (CH),Sn  ———= CHWCI, + (CH,),SnCl

CH?’WCI5 —> HCl + CH,==WCI,

Proposed initiating carbene

.1.2.4.2c. Oxides.

The oxides which are commonly used are those derived from Mo, W, Re.™?
They are usually adsorbed énto a support such as alumina or silica. Their catalytic
activity is mainly confined to the metathesis of acyclic olefins, and they are very
rarely used for the ring opening polymerisation of cycloalkenes, because the yields of

polymer tend to be low. The catalyst is usually activated by heating in a specific

atmosphere such as oxygen,nitrogen or hydrogen.

1.2.4.2d. Well-defined initiators for living ROMP.

A well-defined living polymerisation reaction, proceeds in the absence of the
Akine_tic steps of termination or chain transfer. 3032 These polymerisations provide the
maxlmum degree of control of molecular weightja;rti'c!‘_'vrg‘ol'ecplér weight distribution for
the ‘synthesis of polymers and, in favourable cases Wellrdéﬁned microstructures may
also be obtained.

Among the featurgs of a living polymerisation, 33,34 perhaps the most important
is that concerning the number average molecular weight, M,. In a well characterized
living polymerization a plot of M, versus %-conversion is linear with the intercept

»passing through the origin. This implies that M, can be controlled by the

stoichiometry of the reaction. Furthermore in an ideal living polymerisation, the rate

14



of initiation (k;) is greater than or of a similar magnitude to the rate of propagation (kp)
meaning that relatively narrow molecular weight distributions are achievable.

Another benefit of living polymerisation is the ability to synthesise block co-
polyfners. This can bé_ achieved by sequential .addition of a second monomer,
following the total consumption of the initial monomer fraction.

Until relatively recently, the only metathesis initiators available were the
‘classical’ type of initiators. But in recent years a new class of well-defined initiators
has been developed.- These have a major advantage over their classical analogues in
that they are able to promote living polymerisations. There aré several further
differences between classical and well-defined initiator systems. Classical ROMP
initiators are ill-defined, and it is uncertain how many and what kind of active sites-are
present in-any particular system. There is a lack of molecular weight control using
classical initiators and polymers with broad molecular weight distributions are usually
produced. This is due in part to the high activity of the chain end metal-carbon double
bond and the fact that the carbon-carbon double .bqnds-~.in the growing polymer chain
can:react both intra- or inter- molecularly giving cyclic-or linear oligomers. There is
an element of irreproducibility shown by classical initiators, and they show a limited
tolerance of functional groups and only rarely produce stereoregular polymers. On the
other hand, well-defined initiators in favourable cases allow the synthesis of highly
stereoregular, virtually monodisperse polymers via a well controlled polymerisation.
Indeed the reactivity of certain well-defined initiators can be ‘tuned’ using a suitable
choice of ligands. Different ligands may alter the electronic nature of the metal

centre, imparting different reactivities and stereoregulating capabilities on the chain

end complex.

15



There are a vériety of well-defined initiators which have found use in ROMP,
including the titanacyclobutanes introduced by Grubbs > and the four coordinate

‘Schrock’ alkylidene complexes. 3738

I) Titanacyclobutanes

In 1984, Grubbs and-Gilliom > reported the first examples of a living

polymerisation of a cyclic olefin based on titanacyclobutane complexes (figure 1.6).

norbornene
norbornene

Ar;_‘_,'- - . L . / i : e Cp-n
szﬂ& ” [szﬁ// —
e S 7 . norbqrrppe_

>f\

- ~Figure 1.6. The living polymerisation of norbornene by-titanacyclobutane complexes:

..., The titanacyclobutanes shown in figure 1.6 catalysed the polymerisation of
norbornene in a living manner to give a polymer of narrow .molecular weight
distribution. The most stable state for the propagating chain end derived from these
inifiators appears to be the metallaC}‘/clobutane rather than the metal-carbene. This
early work by Grubbs and co-workers paved the way for studies of the controlled
syntheses of new polymers based on titanacyclobutane initiation, including various
diblock and triblock copolymers of norbornenes and substituted norbornenes. 3

Several key'features for the design of living ROMP initiators have emerged

from research on titanium metallacycles. The first feature is the low activity of the

16



initiator, which contrasts with the high activity associated with classical catalysts. A
highly active catalyst reacts with and degrades the growihg.polymer chain through
chain transfer and termination reactions giving rise to a broadened molecular weight
_ distribution. Secondly, chain growth is extremely sensitive to temperature, which

allows the reaction to be stopped and re-initiated over a narrow temperature range.

II} Four coordinate alkylidene 6omplexes.

In addition to the stable metallacyclobutane catalysts described previously, a
series of stable alkylidene complexes based on tungsten and molybdenum have been
synthesised and have shown to be active initiators of living polymerisations. The

basic structure of these complexes is shown in figure 1.7.

Figure 1.7. Basic structure of the “Schrock” initiator.

At the present time, the most effective catalysts are the four-coordinate
neopentylidene (R/=t-Bu) and neophylidene (R/=CMe;,_Ph) complexes of tungsten and
molybdenum.  They contain two bulky alkoxide groups (OR) and a bulky

7,
d 3738

diisopropylimido ligan Four coordination allows a relatively small monomer to

17




attack the‘ metal centre to give a five-coordinate intermediate metallacyclobutane
complex, whilst the bulky alkoxide and imido ligands provide ;sterfc bulk and prevent
decqmpbsition reactions that could destroy the alkylidene ligand.

Tungsten complexes of the type W(CH-t-Bu)(NAr)(Ot-Bu), where NAr
represents the diisopropylimido ligand will bring about the ring openingA of strained
olefins such as norbornene, yielding polymers with polydispersities as low as 1.05.
These living polymerisations can then be terminatéd or “end-capped” via a Wittig-
type reaction using an aldehyde such as benzaldehyde. The well-defined living nature
of the polymerizatibn can be attributed to the relative inactivity of the living chain end
towards unactivated double bbnds, i.e. the intemal' olefins present in the polymer
backbone. 39

The activity of the catalyst can be altered by modifying the alkoxide ligands.
The substitution of the t-butoxide ligands by -OC(CH;),CF; or -OCCH;3(CF 3)2. leads
to increasingly more active catalysts, which are reactive enough to bring about the

metathesis of less strained acyclic olefins. For example, W(NAr)(CHt-Bu)(OCCH;-

- (CF3),), will metathesize cis-pent-2-ene at a rate of 10° turnovers per minute, however : .

under the same conditions the t-butoxide analogue only achieves a rate of two

39,40
turnovers per hour.

This difference in reactivity is due in part, to the dramatically lower
electrophilicity of the metal centre in the t-butoxide complex compared to the
fluorinated analogues, making it less susceptible to nucleophilic attack from the
carbon -carbon double bond of the reacting olefin. Hence by varying the electronic .
and steric Aproperties of the alkoxide ligands, the electronic nature and hence the

reactivity and stereoregulating ability of the active chain end can be controlled.
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Further .syntheftic utility can be introduced by changing the metal centre in the
alkylidene complexes from tungsten to molybdenum. The same trends exist in
molybdenum complexes as for tungsten complexes, namely that the hexafluoro t-
butoxide complex is more reactive than th¢ t-butoxide complex for metathesis
reactions. However, one majof difference between the molybdenum and tungsten
initiators is the fact that the molybdenum éomplexes are much less reactive than their
tungsten counterparts. This means that molybdgnum based initiators are able to
tolerate monomers with mildly reactive functionalities such as esters and nitriles,
without any sigﬁiﬁcant catalyst deactivation during the polymerisation reaction. For
example, the ROMP of 2,3-dicarbomethoxynorbomadiene 1. can be brought about by

| the molybdenum alkylidene complex, as shown in figure 1.8.

)TO/ Mo =CHtBu - N

Some examples of other functionalised norbornenes and norbornadienes which

can be polymerised by the molybdenum initiator are shown overleaf in figure 1.9.

41,42,43
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(C;HFe(C,H)
CF,CF Br CN

CN - CO,Me -

Figure 1.9. Diagram showing some examples of functionalised norbornenes and

norbornadienes which can be pblymerised by the molybdenum “Schrock” initiator.

It is not yet totally clear why tungsten does not appear to polymerise
monomers containing a range of functionalities. Possible reasons include the tungsten
alkylidene reacts more readily with the functionality in the polymer chain than
molybdenum does, as stated previously. Also tungsten based initiators may be more

sensitive to traces of impurities present in the monomer than the molybdenum

39
analogues.




Much research is being performed in this field at present. Well-defined
initiators are rapidly becoming the initiators of choice fér ROMP reactions, since they
give more controlled polymerisations, with the aim of ilaving more control over the
resulting polymer microstructure. Detailed discussion concerning the effect the

initiator has on the polymer microstructure will be addressed later in this thesis.
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1.2.5. Thermodynamics of ring opening metathesis polymerisation.

The thermodenamics of ring opening polymerisation is a widg:ly studied
subject and the ROMP of cyclic oleﬁﬁs is a special case of this more general topic.
The metathesis reaction of linear alkenes is characterised by the cleavage and
formation of an equal number of virtually identical chemical bonds and the enthalpy
changes associated with suéh reacfions are zero or very small. '3 The product
distribution is statistically controlled. Whilst the metathesis of linear alkenes gives
structures similar to the reactants, the metathesis of cyclic alkenes involves different
processes, including ring cleavage and the formation of a distribution of linear and
possibly macrocyclic mélgcules. The ring cleavage is accompanied by the release of
ring-strain energy. In this case, the enthalpy of polymerisation is not expected to be
zero .except when a strain-free ménomer is involved, and'indeed the ring-strain energy
is an important factor when considering the polymerisability -of cyclic olefins. The
change in entropy on polymerization i.s, of course, always negative. -

Ring opening polymerisations of all types are thermodynamically favourable. : -

for 3,4,8 and larger membered rings, and will proceed if a suitable mechanism is..;: . -

available, as in the case of cycloalkenes. “ For 5,6, and 7 membered rings, the
situation is more delicately balanced. The sign of the Gibbs free energy of
polymerisation, AG, may be influenced by a number of physical factors including
' monomer concentration, temperature and pressure and also by a number of chemical
factors such as the nature and type of substituents present and their positions on the

ring. When bridging groups are present i.e. when the compound is bi- or‘polycyclic,
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AG for the opening of a pérticular ring maybe more negative, as a result of the
increased strain energy.

A good example which illustrates the effect of a bridging group on the ring
opening of cycloalkenes is the difference in polymerisability between cyclohexene

and norbornene whose structures are shown below,

Cyclohexene Norbornene

Cyclohexene will not undergo ring opening polymerisation. Its failure to
polymerise is due to its low strain energy, its AG of poiymerisatioh 1s positive.
However; norbornene will readily undergo ring opening and indeed it is one of the -
more reactive monomers to;be used in ring"ébening mefathe'sis'polymerisations. It
may beuregar’ded as b}ing derived from c§clohexene with the introdiction of a
boat conformation. This results in increased ring strain and AG for the polymerisation
becomes negative.

For addition polymerisationsl of any kind, of which ring opening is a particular
type, the barrier between polymerisability and non-polymerisability is very distinct, ‘.
corresponding to negative and positive values of AG respectively. A well defined
temperatﬁre, knbwn as the Ceiling Temperature, may be observed, above which .

polymerisation will not occur, at a given monomer concentration and pressure.



1.2.6 Applications of ROMP polymers.

A variety of polymeric materials have been made via ROMP and some of
these have been commercially exploited.'” These include Norsorex (from norbornene,
CdF), Vestenamer (from cyclooctene, HUls), and. Metton (Hercules) and Telene (BF
Goodrich) (from dicyclopentadiene RIM) and their structures are shown in figure

1.10.

Vestenamer

| %& — W Norsorex '
) -
O | - .

—_ > ' Metton
' / Telene

S /7

Figure 1.10 Industrial olefin metathesis prdcesses. |

In the late seventies, there was a flood of patent activity concerning ROMP

polymers but many of these materials have not yet been commercially exploited.
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Some of the major patent holders in this area include BF Goodrich, the Japanese
Synthetic Rubber Company, Nippon Xeon and Showa Denko.

Norsorex was the first product to be introduced commercially. It was initially
manufactured by CdF Chimie in France in 1975 and .in 1985 a production output of
around 5 MIb per annum was reported. * The polymer has certain unique properties
such as a élass transition temperature of around 35°C and a very high molecular
weight of two million. *® It is the 90% trans polymer of norbornene and is usually sold
as a moulding powder, being mainly used in formulations which contain high levels of
plasticizipg oils. This effectively lowers the T, of the blend, giving the product
elastomeric properties. The vulcanised product has. proved important in certain
specialist areas. These include vibration-damping applications such as anti-vibration
mounts and shock-proof bufnpers.

Trans-polyoctenamer ‘was first marketed as Vestenamer 8012, by Chemische
Werk_e Huls in 1980, ¥/ thé. polymer containing 80% trans double bonds. At room
temperature it is hard with a melting point above 6(_)0-C,,the_melt viscosity-is, however,:
fairly low. The hardness of the polymer at lower temperatures can be attributed to its- -
crystallinity (33%) whilst its fluid like nature at higher tempefatures is due to its
-relatively low molecular weight (60,000). This combination of properties has made
Vesten‘amer.'appear suitaBle for use as a blending agent in conjunction with other
elastomers and the material has found speciality applications.

Polymers from dicyclopentadiene (DCPD) have been studied in depth by
several research groups, mainly on account of the low cost of the monomer. In the

early eighties, BF Goodrich marketed the linear polymer of DCPD under the name

[N
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' Telene.A ® Subsequently this name was also used for their DCPD RIM (reaction
injection moulding) product.

In 1985, Hercules Inc; ,iﬁvgstigated the development of a RIM technology
baséd on. DCPD,49f-5° and named. the product Metton. Metton and Telene possess
certain advanfages including high strength, rigidity, and impact resistance' making
them desirable materiéls for a variety of engineering applications. Some of the more
attracfivé uées include components for jet skis, snow mobiles and golf carts. The
obnoxious -smell of the monomer r;leans that most applications of DCPD RIM
produc&s are likely to be for open air use unless é complete consurﬁption of the
monomer can be guaranteed.

The ﬁrst metathesis polymer to be seﬁously considered for commercial
production 'was' the polymer of cyclopentene, Polypentenamer.ﬂ, It possesses
attractive elastomeric properties, and the monomer could be obtained relatively
cheaply from cyclopentadiene, a by-product from the steam cracking of naphtha. The
technology was developed to the pilot plant stage by several companies during the
1970s. However, changes in the availability of the raw materials and ‘a.shifting
emphasis towards different types of elastomers, coupled with an uncertain economic
environment, resulted in the shelving of exploifation plans.

Other ROMP polymers Have been test marketed and some new materials have
recently appeared. The Nippon Xeon company have an optical polymer which is
believed to be the hydrogenation product of a polymer made by th¢ ROMP of a
polycyclic alkene. This material already finds application in camera components and

optical discs under the name Xeonex.



There also exists a range of new materials which are being investigated, and
which have been made poésible by the advent of a range of well-defined initiators
(discussed in section 1.2.4.). The materials attracting interest include conducting
polymers, piezo- and pyroelectric materials, side chain liquid crystal polymers and
precursors to ceramics. *2 Due to the well-defined nature of the initiator, more control
and information can be gained about the polymer microstructure and molecular weight
distribution, making the discovery of new speciality materials more probable.
However, to be of significance commercially, these new ROMP materials face stiff

competition from the already well-established polymers in use.
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1.3 Fluoropolymers and polar polyniers.

Highly fluorinated polymers have been investigated and developed on account

of their unusually high thermal and chemical stabilities, which are attributed to the

‘strength of the C-F bond compared to that of the C-H bond and the shielding of the

carbon backbone by the fluorine atoms.

> Dramatic changes in physical properties

and chemical reactivities of organic materials can be brought about by fluorination as

todays diverse range of fluoro-organic products show. Not only does fluorine form

the strongest single bond to carbon in organic chemistry (Table 1.1),>* but also its

steric demands are very modest, especially when compared with other halogens(Table

1.2).%

I'able 1.1 Bond dissociation ene'rgies/KJmoli

CF 485
cal 339
CBr 283
CI 213
co 358
CN 301
c.C 346

Table 1.2 Intermolecular van der Waais radii (rﬂié)v

H

C

)

F

Cl

Br

1.20

1.70

1.52

1.47

1.75

1.85

1.98
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Only in the case bf fluorine, therefore, can the total replacement of hydrogen by a
halogen in any hydrocarbon or functionélised derivative be envisaged, to produce a
halogenocarbon analogue. The vast range of fluoro-organic materials available today
on the market include; drugs, dyes, surfacténts, polymers, anaesthetics and
agrochemicals. These all demonstrate the beneficial effects that ﬂﬁorination produces
as well as showing that the behaviour of ﬂuoﬁnated compounds has become fairly well
understood. *®

Important charactetistic effects arising from the prescence of carbon-fluorine
bonds can be deduced by comparing some fundamental proéerties of atomic fluorine
with those of other elements. For example high ionisation potentials and 1'eldtively low
polarisabilities imply very weak intérmolecular forces and low surface energies for
perfluorocarbons (compounds containing only carbon and fluorine). .The extreme
electronegativity (Pauling values: F, 4.0; O, 3.4; Cl, 3.2; C, 2.6; H, 2.2) of bound
fluorine will ensure that all C-F bonds are polarised; C>*-F¥, consequently C-F bonds
will poésess relatively high ionic character and will be stronger than other carbon-
element bonds. Owing to the C-F bond dipole, partially fluorinated materials
(hydrofluorocarbons) should be significantly polar, and therefore expected to possess
physical properties quite different from those of their hydrocarbon or perfluorocarbon
analogues. It is the combination of the physical and chemical properties associated
with fluorinated organic maten'als‘ that has inspired the extensive commercial
development of fluoropolymers (figure 1.11.). The useful propefties of fluoropolymers

include those described overleaf.
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i) Thermal stability.

At the heart of commercial interest in fluoropolymers lies the great strength of
the C-F bond, Which increases with accumulation of fluorine. Thus the C-F bond
dissociation energy rises progressively from 456 to 546 kJmol”' on moving from
CH;F to CF,, and, as expected, the C-F bond lengths decrease progressively. 7 No
such trend is observed for other halogenomethanes.

- 1) Chemical inertness and solvent resistance. |

The extraordinary resistance shown by perfluorocarbons towards attack by
hostile chemicals ( hot, concentrated acids and alkalis ) and solvents is well known
and this resistancé extends to polymeric systems. % The inertness could be attributed _
to ( for example in the case of PTFE ) the shielding of the carbon backbone by
fluorine, alliedAto the great strength of the carbon-fluorine bonds and their lack of
polarisability. The fluorine atoms in a saturated perfluorocarbon are of such a size
that they form an almost impenetrable sheath, yvith tightly held electrons, which

clearly must provide the carbon backbone with excellent protection.from. chemical

attack.-
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Figure 1.11. Some common fluoropolymers. >3
(See Table A2.1, Appendix 2, for the full names of the fluoropolymers used in the

figure above).




The compact ﬂuprine envélope forms such a protective coating that rates of
reaction  are gfeatly -reduced even under conditions where réactions are
thermodyriamically favourable. 5_9 Naturally, ‘partially fluorinated polymers are less
~ resistant to chemical attack than their perfluorocarbon analogues and are thus more
susceptible to attack by nucleophilic reagents.. The question then arises of balancing
the ﬂuorine content in the polymers with the end product requirements.

It is- well accepted that stereoregulation often gives access to improved
polymer properties. So the combinatioﬁ of stereoregulation and the édvantages
conveyed by fluorine substitution, as discussed in this section, might give rise to novel

materials, which will display interesting and possibly valuable properties.




1.4  Electroactive polymers.
1.4a. Piezoelectricity and Pyroelectricity.

Historical introduction and definitions
"Pyroelectricity ": An electric polarisation produced in certain crystals by a change
in temperature.
. "Piezoelectricity ": An electric polarisation produced by a mechanical strain in
. 60
certain crystals.
The existence of piezoelectricity in certain 'synthetic and biological polymers

6

has been known for some time. ¢ In particular, the piezoelectric effect in polymers

66,67
1.7 However,

of biological origin such as bone and tendon has been studied in de_tai
the piezoelectric effects generated by these polymers are small, and despite the
considerable academic interest in these materials no significant technological activity
resulted.

The situation changed greatly in 1969, when Kawai 58 and others.showed that .
substantial piezoelectric. and. pyroelectric activity could be generated in synthetic
polymer films. Because of their flexibility and availability in the form of thin films of
large area, these materials provided opportunities for new application and device ideas

which could not be realised with the traditional piezo- and pyro-electric materials,

which are generally ceramics.
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Poly(vinylidene fluoride) ( PVDF)

The best known, and commercially most attractive example is poly(vinylidene
fluoride) (PVDF), and in recent years it haé come to be regarded as the archetypal
piezoelectric polymer. Indeed there has been a rapid growth in interest in piezo- and
pyro-electricity in synthetic :polym‘ers following the discovery of such effects in
vPVDF. Most_ac‘tivity and iﬁterest has centred on PVDF itself, which yields the
highest response. of all synthetic polymers investigatedv to date.

PVDF is a semicrys;alline thermoplastic polymer with the repeat unit
(CH,CF,),. It i; resistant to a wide range of solvents and is chemically_'inert. It can
be easily produced in a wide variety of shapes, and in particular it can be made in film
form dowh to thicknesses of 6um. As normally produced, it is about 50% crystalline,
with the crystalline region having a melting point between 430K and 470K depending
on the crystal form present, and the amorphous regions ha;/e a T, around ZSQK.- For
many purposes, it has been usefulA to consider PVDF as:a.composite material,
composed of stiff, crystalline lamellae surrounded by a soft amorphous matrix. %

In order to exhibit piezo- or pyro-electric behaviour, it is necessary to obtain a
poled sample. This is achieved by subjecting the sample to a large electric field -
(IOOMVm"), usually at a raised temperatures | Poling the material produces many
effects including orienting the dipoles in the sample. Indeed it is thought that the
outstanding piezoelectric properties displayed by PVDF, are due to its high dipolar
(C-F dipole) alignment in the prescence of an electric field. This explains why PVDF
exhibits considerably greatér piezoenlectric activity than other synthetic polymers'

which do not show such high dipolar alignment. A thin poled film of PVDF with

electrodes on either side is the essential component of a piezoelectric device. When



the eleqtrodeg 'are. connected as paft pf a circuit and the film is exposed to- a
mech‘anicailyiin‘duced distortion the charge separation across the poled film results in
a detectable current in the external.circuit. |

This is a much si_mbliﬁg'd version of how -piezoelectricity occurs in PVDF.
‘Pyr'éelectricity requires the samé poled structﬁre éﬁd the charge separation and current
flow is induc;ed, by distortions following ab;orption of heat, usually infra-red
radiation. The actual ﬁechanism ;)f these physical processes is much more
complicatedl-and»‘has been4 thé subject of intense research by physicists. PVDF
. consists of at least four different crystalliné domains, commonly named the I,.II, II1
and I, fc;rrhs. ,\.?Vith thé forms being inte;changeable with each other on the
application of heat; e]c?ctric fields and pressure. This interconversion, combined with
the fact tHat .the Crys£alline and amorphous phases possess different dielectric and
elastic propertiesv has been used as the basis for the models used to try and explain the
origin of piezoelect'ricity. in PVDF in detail. The detailed physics is beyond the scope

of this study and for further detail the reader is referred to more advanced texts. 5! &

72

Cdmmerciaﬂy, PVDF has been used in a variety of appiicatibns. Its main
competitors have been.ceramic materials, especially fhe salt;‘ lead zirconate. titanate
(PZT).. | It diff;ers iﬁ many respects from these more conventional piezoelectric
ma‘terials, in particular, it is characterised by such properties as flexibility, ruggedness,
S(Sftnéss and iight weigh;t.- It is easily available in £hin films and relativeiy inexpensive
to pfoduce. However, one qf. Fhe drawbécks of PVDF is its poor electrical stability at
elévated temperatures, which means its "service" temperature is limited to 80°C. In

this respect, the ceramic materials are vastly superior. 7
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| Some'of the applféations proposed and established for PVDf, include; as a
pyroelectric ﬁdlyrﬁer film where it has been utilised in-infra-red ca@eras as an optical
detector. In this applvic.ati'on its small>heat capacity permits a rapid response within the
camera. Its piezoélecﬁric properties have enébied it to find use in transducers for
_audio-i.’requencéy applications such as i.rx‘micrf)pﬁones and loudspeakers. It has also
found use in the ﬁeld.sl of ul;raéonic and undérwater transducers, and as
electroﬁlechanical transducers in telephone diéls and c'c.)mputer keyboards. For more
ihform_ation,on the appli_cations mentioned and other potential uses; the reader is

advised to consult the varjou‘s reviews published on the subject. n "~78

36



1.4b. Optica‘l. aﬁ‘d. éle’gtrical pr’opérties of'cOnjug:;'t‘ed [A)(-)lym‘ersv. :
"1.4.lb.'Introdqétion. - |
-Coﬁjugatéd po.ly.me‘rs are-c»a;')vab[le of béiﬁg modified v_fa okidatibn or 'reductioni
to states of hiéh’ elec:trical condﬁctivity; AA_Previou‘s ge.nerat-ions of 'polyrnneric; materials
have been dévelo!ped to provide variéué prdpgrtie;; for examplle,‘ dégired- mechanical
.strength, processing béssibilities and éléctrical fnsulation. This néw generzftion' of
conjugated polymeric -maiterials ipo;sess. c-bbnded: | chains, which provide the
. conventional polyrﬁer strength and pchesging atfributeé, coupled to é relatively high
densify of .conjugated: n-elect;ons 'which g_i.ve;.rise to novel elecu;ica! and optical
- properties. The n-ele‘ctljons are les.s‘tightly bound to'_the atéfnic framéwork and
electrons may be .added, f¢moved or'photdchéfnicglly reorganizgd‘ 4o create th,e
'.charge carriérs and excited stétes on which the novel eleétri_c':él and opticél properties
depend. S | |
One of the major challenges in th'i's‘ field is the finding of new synthetic routes
with thé aim of producing polymers ina form suitable for appiication. Indeed mﬁch
research at this bresent time, is dire&éd tpwardg addfessing this pfoblém of polymer
processability. This class of materials 'displz;yA many desirable properties which ha\.rev
produced interest -for a variety of applications, and some of these will 4be discussed
later in this section.
1.4.2b. Basic properties of c(.)'nju'gate'd-p-olym.e»rg-.
In ‘t.he past, organic rhétg:rials have not: usuz_llly been acknoWlefiged fo'r their
abillib'ty to coﬁdﬁct elecf;onié charée. 1ndeed the traditional role of organi'é polymers in

electronics has been as insulators. * ~Generally, organic materials which contain




méstly satuféted _bondg have pféVed tb be ,excellgnt insulétors; on account of their
bonding,-or.b.i@b b‘ein'g.tightly bouﬁd to .form localised covalent bo-nds..

Howevér,k in cdnjugatéd polymers, where the polymer béci(bone consists of
altérﬁating single an.d.double bonds, very different» electronic properties result. In'
terms of chemical bonding, the»q bonds cénnécting adjacent carbon al'toms in the
polymg:r chain are "forfned frqm spz:_hybrid atomic orbitals (AOs’).A A o bond also
binds the hydrogén a£oms in thé polymer chaiﬁ. In addi]tibn,» everyv sp2 carbon atom
provides an eleciron inap, AQ \;vhic_:h is ugéd' to form a7 bond. Itisthen eléctrons
which beclome the moét impoftant onés with fespect td the electronic propérties. s081

These n .'elec.tror.ls. overlaﬁ ~with adj“acent P, atorﬁic orbitals  to form a
delocalise& T e]éétfén _cloud wﬁich sbreacis eiloﬁg the polymér backbone. This can be
“illustrate'd diagramméti-cvall}vr ﬁsing poly(p-phenylenévinylene) (PPV) as an example,
ﬁgﬁre 1..12.82A -

Part a) of figure 1.12 shows thé monomeric unit of PPV.l It sﬁbws the conjugation
' present i‘n‘thé povlyme.'r‘Wit.h 'c-litern’ating.single and doubie bonds along the chgin., Part
| b) éhows part of the PPV chain Schemétically, it displays the p, orbitals which are
combined to form delocalised n-MOs and consequent electron cloud abbye aﬁd below

| to the planar c-b.oﬁded framework. R
Whén this happens,. delocglised n béndin,g and_ n anti-bonding bands are
forme‘d,l balso téx;med 'Qaienée and conduction bands respecﬁvely. This is a prerequisite
fér §émi-condué’tiné behaviour. Nérmally, electrons sit in the lower energy valence
bband, but_Aif supplied With_ enough énergy they can move into the normally empty

upper conduction band. The reader is referred to the excellent reviews that are
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- available in the literature detai‘li_rig the mechanism of semi-conducting-behaviour in

' 79,‘90 ,83-85
polymers. R

a)_

b)

Figure 1.12. Pbly(p-phenYlene vinylene) and the form of the p, AOs used to construct

the n-molecular orbitals (MOs).

1.4;3b. .I-Examplevs:of corlnjugate'd polfh;ers_. :

éonjugated bond structures are found in severél aromatic and héterocyciic polymers.
~ Figure 1.13 lists some qf the- most thoroughly iﬁvestigatéd polymérs of this class 79’8f1.
All of tlhe' polynﬁefs listed haVe‘ c;hemical vstructliires’_which‘ result in materials capable

“of semi-conducting behaviour. Charge injéction or ‘doping’ of these materials results

in a variety of interesting properties with potentially useful applications. " One such

applicatidn uses conjugated polymers ‘as the active components of light emitting

diodes and this area of research will be discussed later.

39

N
—



Polyacetylene A" Polyp’aréphenylene '

PA). o -(PPP)
. Polypyrrole N, .-Pc_ailyparaphpégllene_
(PP) r;l | "o . vinylene (PPV)
H .

S

‘ A Polyisothianaphthene
Polythiophene ‘ _ _ (PITN)
) S
- Figure 1.13. Some common conjugated polymers. -

1.4.4b. Pol)"(p-ph.enyleh‘e vinylene)-based iight-emitting diodes.

Elecfrolﬁﬁli}lescence through charge iﬁjéction uﬁde; an applied field, has been
known in organic s-emicohdu;:t.o-rs for someiivtirine, with .a- considerable amount of
interest centred around anthracene. 86,8788 In 1990, BUrrou_ghes et al. ¥ re'ported‘
electroluminescence in poly(é-phenyleﬁe yii;ylerie) basea p‘olymers,_ and since this
discovery, -fhere has been a greét ﬂurry of aétivity ih this area.

Basically, the sirﬁcture §f a:polymer LED consists of a conjugated polymer, .
PPV in this éase;'as the single _ser‘ni-cdnduc;tor» 1ayef sandwiched between two
electrode.& _90’9' The ‘dévilceA 1s ‘f‘abricated on a-‘glas_é substrate, With-._ahtransvp-)_ar.ent»
indium/tin oxide layer. as the positive, hdfe-injécting contact. Th; polymer is

deposited onto this layer and a metal such as aluminium, magnesium or calcium forms

- the top contact to provide the source of electron injection.
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: _Lighf'géneration in a ﬁolyfner LED iﬁvolves a series of stepé iﬁcludi_ng hole
Jinjection (_frém- the ,indium/tin» oxide layer) , electron injeétibn (from the-,,méfgl),
élect_ron tranépori;_ el‘ectro.rll-hole cépture and radiative decéy of thé singlet exciton
produ;:ecvl,-‘a.vnd indeéd much rese;arch haé ‘peen dire;:ted towards understanding :the
underly'ing mecﬁanism of gle‘ctroluminescenc;: inAthe-se devices. 2 |

Poly(p-phenylenevinylene) is -an intréctable material with a rigid-rod
crystalline. structure, Ait 1s infusibvl,e and insoluble in common solvents, gi-v-ing it
excellent mechanical an& thérmal prpperties with good stability to 400°C. These are
ideal properties for a 'ﬁlm of polymer (mce formed, but not ideal for the pro‘_céssing of
the polymer, and indé:éc& processing cannot be carried out directly with this 4maten'al
which is uéually pfod_qcbd viaa proices-sible precursér.- 2354

| 'Varjafions of the PPV structure héve been devised, such as block co-polymers,
'and sﬁbstitu_tion with solubilising side_-chains on the PPV backbone, or g.rbups capable
of mddifying épectroscopic or électroqic prdperties such as cyano groups. 92,95 By
. alté;ing the compc')siti‘(‘)r'l of the pb’lymer in the device a yariation in the wavelength of

%698 and one of the aims in this field is to produce a wide

light emitted can occur,
range of emitted colours from these devices. In chapter-5 of this thesis, attempts to -

_synthesis’e a highly ﬂuorinated derivative of PPV, of potential interest in this field, are

described.
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Chapter 2
Poly(bis(trifluoromethylnorbornadiene)

Synthesis, Characterisation and Properties
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‘ 2.1 Introduction.

2.1.1. Ring opening metathesis polymerisation of fluoro-cycloolefins.

- It has been known for some time that stere.oregulation can often give rise to
improved polymer properties and the benefits bestowed by fluorine substitution were
outlined in Chapter 1 of this thesis. Thus the synthesis of stereoregular
fluoropolymers seemed to present a worthwhile challenge in the area of ring opening
polymerisation.

It was in 1979 tﬁat Wilson showed, for the first time, that fluorinated
norbornene type monomers were susceptible to ROM polymerisation using ‘classical’
initiating systems such as WCl,/Me,Sn, however, the polymers producéd had'mainly
atactic microétrucures. 12 This ﬁnding quashed the scepticisﬁ pfevalent at that time
concerning the polymerisability of fluorinated monomers using Ziegler-Natta-like

_transition metal initiators. It was berceived that léalogenated substrates would act as
..inhibitors or poisons for polymerisations propagated at the metal centre. The
prevalent view being based on the premise that t-he_;i‘factive site” or “vacancy”, which
was proposed as existing at the propagating transition metal at the chain end would
react to férm metal-halogen bonds in preference to coordinaﬁng to the ® bond of the.
incoming olefin.

Since this initial discovery, a wide range of monomer structures with varying
degrees of substitution have been investigated and polymerised with a rénge of
transition metal compounds as the initiator (figure 2.1).11° Substituted

bicyclo[2.2.1]hept-2-enes and bicyclo[2.2.l]hepta-2,5—dienes proving to be suitable
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monomers for these studies, attempts to polymerise fluorinated cyclopentenes have so
far proved unsuccessful. The section of the periodic table shown, illustrates the
transition metals which have been incorporated in initiator systems for use in olefin

metathesis reactions and the elements displayed in bold type have generally proved to

produce the most effective initiators.

4 5 6 7 8 . 9
Ti | \Y Cr

Zr Nb Mo Ru Rh
Hf Ta w Re Os Ir

The monomers shown in figure 2.1. are easily prepared by Diels-Alder
reéctiqné between cyélobentadiene or dimethylfﬁlvene, and the appropiate fluorinated .
' dieno;ﬁhilej' The monomers shown vary in t_hefr complexity, a few examples from .

ﬁ’glir.ezi.Z.l. will illustrate this point. For example, cfoséih‘g' the first row. from left to
righ£ Festlts in an increase in monomier complexity: Thus, ‘the- first monomer, 2,3- .-
' bié(triﬁudfdfriethyl)norbomadiene, is "a single unique: compound; the second
monomer, ‘2:triﬂuoromethylnorbomadiene is chiral zvind:v is produced as a racemic
mixture; finally, in this row, the 5-substituted norbornenes can display the additional
complication of exo-/endo- isomer.ism and, almost invariably, the product of synthesis
is a mixture of both isomers and, as both are racemic, the monomer is usually
obtained as a combination of four compounds. These examples highlight some of the
potential complications of monomer structure that need to be considered when

selecting compounds suitable for polymerisation studies.
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Figure 2.1. A selection of the fluorinated monomers which will undergo ROMP.
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2.1.2. Ring Opening Metathesis Polymerisation of 2,3-bis(trifluoromethyl)-

norbornadiene.

/ CFy ROMP N h

F.C CF

3 3
CF, A

Figure 2.2. Schematic diagram of the ring opening of 2,3-

bis(trifluoromethyl)norbornadiene.

Figure 2.2. shows schematically the ring opening of 2,3-
bis(trifluoromethyl)norbornadiene to give the unsaturated linear polymer poly(1,4-
(2,3-bis(triﬂuoromethyl)cyclopenfenylene)vinyléne). Ring opening occurs at the
unsubstitufed double bond in the monomer giving the repeat unit shown. This
mbnomer has pro'ved to be particularly useful in detailed studies of ring opening
metathesis polymerisation gnd of the microstructures of fhe product polymers. This
monomer contains a plane of symmetry and does not suffer from the complications of
. endo/exo isomerism. Consequently, the possible microstructures of its polymers: are
relatively simple. The only variables being the frequency and distribution of cis and
trans vinylenes and meso and racemic dyads (see figure 2.3), since head-tail / head-
head, tail-tail and exo/endo effecté are eliminated as a consequence of repeat unit
structure. The four possible homopolymer microstructures are cis and trans

syndiotactic and cis and trans isotactic, (figure 2.3 overleaf).
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Figure 2.3. The four primary structures of poly(bis(trifiuoromethyl)norbornadiene

"/ cF . .
3 :

Y

cis /trans vinylen'es
* Chiral —> meso / racemic dyads

CF, CF,
CIS - SYNDIOTACTIC
CF3 CF3
CIS - ISOTACTIC
( — == '
CE
CF CE A

TRANS -ISOTACTLC

3
TRANS - SYNDIOTACTIC
CF3 CF3
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2.1.2.1. Classically initiated ROMP of 2,3-bis(trifluoromethyl)norbornadiene.

The metathesis bolymerisation of 2,3-bis(trifluoromethyl)norbornadiene has
been performed with a wide range of classical initiators. In 1979, Wilson first
polymeriéed this monomer usjng the initiating system obtained by reacting WCl, with
Me,Sn. This procedure.gave a polymer with an atactic structure and approximately a
~ 50/50 distribution of cis and trans vinylenes in the backbone.'” Since these initial
studies, various other classical systems have been used, and it was established that the
proportion of cis vinylenes in the polymer was dependent on the initiator used. For
example, catalyst systems based on WCl, generally gave o, (i.e. the fraction of cis
vinylenes) of approximately 0.5. Ruthenium based systems, such as RuCl;/Me,Sn,
afforded o, ~ 0.3, and molybdenum systems, like MoClS/l\Ae4Sh, gave o, ~ 0.1. The
polymers produced by these classical initiator systems generally posﬁessed broad
molecular weight distributions and largely atactic microstructures.® The reasons for
the limited microstructure control and broad polydispersity were not well understood,
but it was genérally believed that the initiator systems probably contained several

different active speciés‘ with different reactivities and lifetimes.
2.1.2.2. The living ROMP of 2,3-bis(triﬂuoromethyi)norbornadiene.

Recently, it has been establiéhed that the use of well-defined “Schrock” type
initiators based on molybdenum allows a major improvement in the precision and

control of the polymerisation of this monomer.
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It has been shown that with 2,3-bis(trifluoromethyl)norbornadiene the initiator,
Mo(N-2,6-"Pr,-C¢H;)(CHCMe,Ph)(OCMe;),"" gives a well-defined living and highly

10,12,13 4 . - 14 e
=" the process is shown in figure 2.4."" The initiation

stereoregular polymerisation,
of the polymerisation occurs by addition of the molybdenum carbene to the
unsubs;tituted exo-face of the monomer and the resulting metallocyclobutane opens
spontaneously to regenerate a metal carbene. Repetition of the process leads to a
living poly(bis(triﬂuoromethyl)nbrbomadiene) with a molybdenum carbene chain
end. In normal practice this polymer is terminated by the addition of an aldehyde,

benzaldehyde in figure 2.4. This description outlines the sequence of events in this

kind of living polymerisation, the stereochemical details will be discussed later.
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F.C CF,

Figure 2.4. The living ROMP of 2,3-bis(trifluoromethyl)norbornadiene.

Analysis by >C NMR spectroscopy,A showed that the polymer qonfains in

excess of 98% trans double bonds, furthermore comparison with the 3C NMR

N N
Il R il
Me3CO—I\‘/Io———<H + / CF;, —— Me,CO~Mo=
. i
Me,CO Me,CO ‘
CF,

F.C CF,
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Figure 2.5. The ’C NMR spectra of poly(bis(trifluoromethyl)norbornadiene) initiated

by a) WCl¢/MesSn b) Mo(CHCMe,Ph)(N-2,6-Pr',-C¢H3)(OCMes),.
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spectrum of the polymer formed by the WCl/Me,Sn system revealed that this
polymer was highly tactic, (figure 2.5.).12
Examination of the spectra iﬁ figure 2.5 shows quite clearly that speétrum b),
obtained from  the Mo(CHCMezPh)(N-Z,6-Pr2i—C6H3)(OCMe3)2 initiated
polymerization contains distinctly narrower peaks than those of specfrum a), obtained
from the WClg/Me,Sn initiatéd process, which is indicative of a more tactic polymer
in the former case. In the allylic carbon region, the carbons adjacent to a cis vinylene
always occur about 4 to Sppm up field from those adjacent to trans vinylenes and
along with the integrated intensities this gives the starting point for assigning such
spectra. In this case, the spectra unambiguously show the high proportion of trans
vinylenes present in the polymer produced with the well-defined initiator compared to
the ~ 50/50 cis/trans arrangement in spectrum a). The differences in the C7 methylene
regions of the two spectra are of particular significance with respect to the assignment
of tacticity effects. In the 98% trans vinylene polymer, the C7 methylene occurs as
what appearslto be a single resonance, whereas in the case of the product from the :
- classical initiator system, it is a partially resolved multiplet. The multiplet had
.. previously been assigned to the consequences of different dyad sequences in' the
-polymer, thus the apparent appearance of a singlé resonance suggests a single dyad
structure giving rise to a tactic polymer; under higher resolution the C7 methylene
peak can be seen to have a shoulder at high field and deconvolution of the peak
allowed the assig'ninent of this polymer as 92% tactic.
Further to  these initial studies | using Mo(N-2,6-iPr2-
CgH3)(CHCMe,Ph)(OCMe;),, it has been shown that replacing two methyl groups in

each alkoxy ligand of the initiator by trifluoromethyl groups has a dramatic effect on
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the resulting polymer microstructure, in as much as the resulting polymer has > 98%
)cis double bond content. '™*° " The 13Cn NMR spectra of samples of
poly(bis(triﬂu0rométhyl)norbomadiene) prepared by a) Mo(NAr)(CHCMe,Ph)-
(OCMes3); and b) Mé(NAr)(CHCMezPh)(OCMe(CFg)z)z are compared in figure 2.6.
As can be 's'een from the allylic carbon region, theré is a striking change in the
microstructure of the polymer on changing the alkoxy ligands. Furthermore, on
examining the C7 methylene region, differences in the tacticity of the respective
polymers become apparent. In spectrum b) the C7 resonance is clearly resolved into
two peaks, indicating the presence of two or more dyad sequences and hence a
lowering in tacticity of the polymer as compared to case a). More detailed discussions

of tacticity will be presented later in this chapter.
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2.2.  Microstructure in polymers produced by ring opening metathesis

polymerisation.
2.2.1 General considerations.

The polymerisétion of bicyclic olefins by ring opening gives rise to a number
of possible types of stereoisomerism during the propagation step.16 Cis/trans
iéomérism in the carbon-carbon double bond in the polymer backbone gives rise to the
first type of isomerism and complete specification of microstructure requires the
determination of the frequency and distribution of cis and trans vinylenes. Next, as
mentioned previously, the presence of chiral centres in the polymer repeat unit can
give rise to tacticity effects. When successive equivalent chiral centres in the chain
have the same configuration they give rise to meso dyads and an isotactic
micfostructure, if they are present in an ;altemating configuration, this defines racemic
dyads and a syndiotactic microstructure. A random arrangement of chiral centres
gives rise to-an atactic structﬁre. Figure 2.7 illustrates these configurations for the all
cis-vinylene ring-opened polymer of norbornene.

There are many variables which affect the tacticity produced in:a particular
polymerisation. One of the rﬁore importaﬁt ones is the structure of the initiator and
growing chain end involved in the polymerisation process. The effect .of initiator
structure on thé tacticity of the polymer produced from the ring opening of the
monomer 2,3-bis(trifluoromethyl)norbornadiene will be discussed in detail later in
this chapter. The most powerful tool in the analysis of the microstructure of polymers

produced by the ring opening polymerisation of norbornene and its derivatives has
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proved to be BC NMR spectroscopy. The technique can yield information on the

frequency and distribution of cis/trans double bonds in the polymer chain.'®

<©*CH=CHﬁCH=CHQCH=CHﬁCH=CH—

- > «—— > = » Syndiotactic

> Isotactic

—Q—CH CHQ—CH CH‘Q—CH CH—Q~CH CH—

———Q-CH CHQCH CH<Q>CH CHQCH CH—

PR || <—_-> Atactic

Figure 2.7. The possible configurations for the all cis-vinylene ring-opened polymer

17
of norbornene.

~ In favourable cases, the analysis can yield a distinction between a random
distribution of double bonds and any tendency for alternation or blockiness in- a
polymer containing both cis and trans double bonds. Ivin and co-workers have
studied the polymerisation of norbornene using a variety of initiator systems and
prepared pblymers with varying proportions of cis double bonds and varying

distributions.
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2.2.2. Overview of tacticity in polymers produced by ROMP.
The system adopted by Ivin to account for tacticity in these systems is outlined
in figure 2.8. The source of tacticity is based on the idea of “steric fit” of the incoming

monomer with the initiating-and/or propagating transition metal centre.

Pra_ . H
| . P
1) _/[M]_D l - : _— [P H
| M] M=\
, 1
® M) | cis G

2) —,[I\IAILD — — [M]=<E+1
Py My) trans ‘ P
H -._ePn
| .
3) —M—O — [ﬁ=wﬁﬂ
| H
P M) | | cis @)
H\[ \\pn Pn',’
| . H™
H —m—o | — N
2 ™) M=
n+
Pr) (M) : trans Pr)

Figure 2.8. The Ivin hypothesis for assembly in ROMP.
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In this scheme it is assumed that a metallocarbene is involved in the
propagation step of the polymerisation. Ivin et al assumed that the gebmetry about the
metal centre was pseudo-octahedral, with one position occupied by the carbene ligand
and at least one position kept vacant to allow coordination fo the substrate olefin. The
concept of a “vacant site” is widespread But probably hard to justify; however, the -
picture that was generated is acceptable if one assumes. that the incoming m-bond
donor créétes a pseudo-octahedral intermediate in the first step. The rest of the
argument is then exactly as Ivin et al proposed.b

The propagating speciés is represented as [M]=CHP, where P is the growing
polymer chain. The explanation for the production of tactic polymers proposes that
the propagating species may have left (P)) or right (P,) handed forms as shown by 1
and 2 and 3 and 4 respectively, the nomenclature being defined by the perception of
the incoming olefin with respect to the disposition of the growing polymer chain.
Furthermore, the approach of the monomer (in this case, norbornene) is crucial to the
resulting tacticity in fhe ring-opened polymer. It is assumed that the monomer always
presents its less hindéred exo face to the propagating metallocarbene, it can do this in
one of two ways depending on which of the two olefinic carbons becomes attached to
the carbene carbon, M, or M,, see figure 2.8.

Hence, there are four possible modes of addition of the monomer to the propagating
species. From a careful consideration of the scheme shown, it is clear that an all cis
polymer can only be formed by altemation of steps 1 and 3, giving rise to a
syndiotactic polymer, where the incorporated rings are in an alternating ponﬁguration

i.e. successive rings are in a P|-P, or P,-P; sequence. Conversely, an all trans polymer
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can be formed by the sequence of reactions 2 and 4 producing an isotactic
configuration in the polyﬁler i.e. the rings add P,-P, or P,-P,. As an example of what
occurs when both cis and trans double bonds are formed in the polymer, consider the
series of reactions (referring to figure 2.8): 1, 3,' 2,2,1,4, 3. This will yield a
sequence along the polymer chain where every cis double bond is eﬁcompassed by a
racemic dyad, and every trans double bond by a meso dyad. This is what is observed

18,19

in tactic polymers prepared using initiating systems such as ReCls/Et;Al and

WClg/Bu,Sn. The reader is referred to Ivin’s publications for a more detailed

. . . . 16,17,2021
discussion of this subject.
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2.3. Tacticity in poly(bis(trifluoromethyl)norbornadiene)

Various types of initiatiﬁg systems have been employed to bring about the

ROM polymerisation of 2,3-bis(trifluoromethyl)norbornadiene. Table 2.1 below,

summarises the key results, which are discussed in detail in this section.

Table 2.1
Initiator Vinylene Tacticity Relaxed | Conclusion
stereochemistry | by “C NMR | dielectric concerning
constant tacticity
WCl¢/Me,Sn 50:50 Atactic ~15 Atactic
trans:cis
[Mo](OCMe;), * > 98% ~ 92% U >45 Syndiotactic
trans
[Mo]J(OCMe(CF3), * | > 98% ~T75% - ~T7 . SyndiotactiC' '
cis |

*{Where [Mo] = Mo(NAr)(CHCMe,Ph)}

As  stated previously, the ring opened polymer of 23-

-

bis(trifluoromethyl)norbornadiene can give rise to four possible structures; cis/trans

isomerism can occur about the double bond in the polymer chain and tacticity effects

will be present, due to the presence of the chiral centres in the repeat unit, (see figure

2.3 previously).




Determination of polymer microstructure using Lc NMR spectroscopy.

The definitive assignment of microstructure to polymers produced by the
ROMP of symmetrical norbornadienes presents considerable difficulties. For
example, the polymers formed are not obtained in a highly crystalline ordered form
which would allow X-ray diffraction methods to be applied and so far attempts to
obtain crystalline samples by annealing or drawing have been unsuccessful. However,
C NMR spectroscopy has proved to be a valuable tool in gathering information
about the polymers. In the cése of 2,3-bis(trifluoromethyl)norbornadiene, substantial
fine structure, indicative of splitting due to the prescence of racemic and meso dyads
in cis and trans vinylene sequences is revealed in the C7 methylene region of the

polymer backbone. 10.12

Interpretation of the e NMR spectra of the all cis and all-trans polymers
" .- formed from 2,3_ibi’s(triﬁuoror’nethyl)norbomadienei has centred around analysing the
. polymer strﬁcture'in terms of the triad frequency. Possible friad structures for the-all-
.o CIS p‘qumf_:r a;e__;sjhowhiiné_ﬁgure 2.9. The all sti_?ans;p_olymey ican;al‘s[q*.adopt' 'similar’ -
- configurations to those shc');wn for the cis polymer,i.e.(tt mm, tt rr, tt- rm/mr).+
In the °C NMR .spectrum, it is e.xpected that the central methylene carbon
(marked % in figure 2.9) §vill encounter shift effects from the adjacent vinylene units
in the chain giving rise to possible cis/cis (cc), cis/trans=trans/cis (ct=tc), and
trans/trans (tt) environments. In an all cis or all trans polyrﬁer only one environment
and hence one signal will be observed (cc or tt). However, the methyiene carbon may
also experience a meso/racemic(m/r) shift as a result of the varying stereochemistries

of the neighbouring rings, this means there can be up to three possible environments

(mm, mr=rm and rr).

68




3 ) 3 "3 3 3 3
_ cm Al _ cemm
*
FC CF, FC CF,
mc_@ o6 mirfm
Y ¢ _ /_ \
A FC CF,

F.C CF F.C CF
3= =3 3= - 3
m °"©\_
e : — cciIr
/ \ .
F.C CF, -

3 3

Figure 2.9. Possible triad structures for the all cis polymer.
The °C NMR spectra for the methylene regions of the high cis polymer,
prepared using Mo(N-2,6-Priz-(\3.6H3)(CHCMezPh)(OCMe(CF3)'2, and the high trans
polymer, prepared using Mo(I;I.-é,6-Pri2-C6H3)(CHCMeZPh)(OCMe3)2, are shown in
figure 2.10. "% In the spectrum of "[h.e high cis polymer there are two main resonances. |
Both are thought to be cc, i.e. arising from methylene units between two adjacent cis
vinylenes, this assignment was based on the unlikelihood of observing any ct/tt
resonances at such a low proportion of trans double bonds. Therefore, the splitting of
the cc resonance must have been due to tacticity effects. It was impossible to assign
tacticity on the basis of this data but on the basis of relaxed dielectric constant
measurements (to .be discussed later), the syndiqtactic structure was thought to

predominate (the structures are shown in figure 2.3), thus mainly racemic dyads were
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T) Initiated by Mo(CHCMe,Ph)(N-2,6-Pr'y-CsH3)(OCMes),

I

2% cis

) Initiated by Mo(CHCMe,Ph)(N-2,6-Pr',-C¢H;)(OCMe(CFs),),

cc, I

) 98% cis
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- 38 36

Figure 2.10. A comparison of the C7 methylene regions in high cis and high trans

poly(bis(trifluoromethyl)norbornadiene.
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thought to be present in the polymer chain. Hence, the peak of greatest intensity was
assigned cc rr, with the central methylene carbon adjacent to two cis vinylene bonds
and placed between two syndiotactic dyads. The s;ignazlf of lower intensity was
designated cc rm/mr. This meant that the structure was not 100% syndiotactic i.e.
consisting of all racemic dyads. Some meso dyads must be present in the chain which
give rise to the splitting shown. Furthermore, on the basis of this analysis, a third
signal wés predicted to be present and can be just about seen emerging from the noise;
(cc mm), representing approximately 6% of the total cc resonance. Integration of
these peaks using quantitative >C NMR suggested the polymer was 75% tactic.
Conversely, the C7 region of the high trans polymer just showed one major
resoﬁance assigned as #t rr, (dielectric measurements, see later; suggested a
syndiotactic material) the presence of-a small shoulder to high field of:the signal is
probably due to thé occurrence of meso/racemic dyads. Deconvolution of these
| overlapping 3C NMR peaks indicated that this polymer was 92% tactic:.-
In summary, using C NMR to énal'yse the fine structure established that the

10,12

‘high trans polymér was 92% tactic and the high cis polymer was 75% tactic, ut

the tacticity could not be assigned on the basis of the C NMR evidence.

Determination of tacticity using Dielectric spectroscopy.

Although BC NMR gave an indication of the tacticities in the polymers, a
.complete assignment was not possible and dielectric spectroscopy provided the vital
observations which allow a more comprehensive assignment to be made. As recorded
in table 2.1, it was found that the high trans polymer has a relaxed dielectric constant

>45 whereas the high cis polymer has a value less than a quarter of that, with the
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polymer produced using t‘he WCl¢/Me,Sn system, which was unambiguously assigned
as atactic, giving a value of 15. This leads to the conclusion that in the trans polymer,
the polar CF; groups can act in a collaborative reinforcing sense in response to an
electric field giving rise to a high dielectric éonstarit. However, in the high cis
- polymer the CF; }éioups'are acting in an opposite sense and their.indiyidual effects
tend to cancel ééch other out producing a lower value.”?

W.ith.these observations ;m mind, figure 2.3 shows quite clearly that both
polymers possess predominantly syndiotactic structures. It is generally agreed that the
high trans polymer has a syndiotactic structure, based on these dielectric

14,22
measurements.

However, a low dielectric constant for the high cis polymer could
also be explained if an isotactic structure adopted a conformation which allowed
. cancellation of dipole moments. This explanation is favoured;-by"Schrock.28 There is

.. no' dispute over the assignment of the high trans polymer since-the very high value of

the: relaxed dielectric constant “observed can only. be obtdined’ by collaborative

.. alignment of-dipoles; however;: the low value:obtained for the high-cis polymer can:be -

e.xplained by :cancellation of dipoles .in.:a variety of ways, irivestigations into the
various possibilities are currently. being undertaken in the Leeds Physics group of the

IRC using various computer modeling techniques.



2.4. Mechanistic specuiation in ROMP.
| Introduction.

In the last few years, Well-deﬁned initiators of the general type:
M(NAr)(CHR/ )(OR/ /)2, (where M=Mo,W), have f)roved to be useful in a variety of
olefin metathesis' studies. This is due in part to the fact that the activity of these
initiators can be varied systemgtically By altérihg the electron withdrawing ability of
the alkoxide ligands.24 Molybdenum complexes containihg t-butoxide ligands (-OC-
Me} and -OCMe(CF3), in particular) and an arylimido ligand, (where NAr = N-2,6- |
iPrz-C6H3) illustrate how the microstructure of the polymer can vary dramatically
depending on the structure of the initiétor. Thus, as discussed previously, the polymer
may be virtually all trans and highly tactic or all cis depending on the nature of the
alkoxide group.

The results from these studies using well-defined initiators are important
because the bulk physical prc#perties of the polymer can be expected to vary
dramatically with the degree of microstructural . regularity attained. This. was
illustrated previously‘ with respect to polarity as evidenced by the. measured relaxed -
dipole moments. Furthermore, a long term aim in this-area .of work is to achieve a
greater understanding of how to cbntrol the structure- of ROMP polymers in a
systematic fashion and hence how' to control such polymer proper’[ies.24 |

Recent work performed by Schrock and go-workers has suggested that the
question of stereoregularity in the polymer may depend upon syn/anti interconversion
rates in the initiator. VThese workers have shown that syn/anti isomerism occurs and

that its rate can be measured, see figure 2.1 1.2
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{Where R = CMeg3, CMepCF3, CMe(CF3)2, C(CF3)2CF2CF2CFa}

Figure 2.11. Syn/anti isomerism in Schrock-type initiators.

Rotamer interconversibn rates have been measured for several members of this
class of M(NAr)(CHCMe;Ph)(OR), chplexes. The most extensive study has involved
molybdenum complexes in which OR is a phenoxide ligand.”® This was a suitable
choice of ligand system as it allowed both the rotamers to be observed on the time
scale of the reaction and as a result of this, standard "H NMR techniques could be used
to obtain rate constants and activation energies.

Rotamer interconversion rates have also been studied. in other initiating systems
such as rhenium comblexes of the general type: Re(CR')(CHR')(OR"),, (where R’ =
CMe; or CMe,Ph and OR” is chosen from a range of t-butoxide ligands). This has
proved to be a well-behaved system, although the barrier to rotamer interconversion is
considerably greater in the rhenium system®’ than in the molybdenum system making
the molybdenum system easier to study in relation to syn/anti rotamer isomerization

rates.
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Syn/Anti rotamer interconversion in Mo(CHCMe,Ph)(NAr)(OR), and the subsequent

effect on the reactiyities towards 2.3-bis(trifluoromethynorbornadiene.

The intriguing question which these studies attempted to address was why
should the Mo(CHCMe,Ph)(NAr)(OCMe;), initiator produce a polymer,
poly(bis(trifluoromethyl)norbornadiene), which was virtually all trans, whereas
Mo(CHCMe,Ph)(NAr)(OCMe(CF3),), afforded a high cis polymer. The general
consensus held by workers in the field is that the concentration and rates of
interconyersi‘on of syn/anti rotamers, figure 2.11, are key factors in determining the
detailed mechaﬁism of these polymerisations.

At room temperature, the 'H NMR spectrum of either of the two initiators
shows only -6ne .'alkylidene resonaric-e, assigned to the -syn rotamer. 'P.Iowever, low
temperafure ﬁ};;)tolysis at -80°C. of the- hexaﬂuoro-t-butoxidé _initiator yields
approxirhétely 35%ofthe dnti .rot.amer, f-or.;:.wﬁich the alkyi-i'd’e:rlzé"h}H-signal can be
. '-‘uobnserved l‘ppllfi:"dowhﬁeid‘ of the analogous.'sj/n‘élléylidene sigﬁai: in.ihe 'H NMR
spectrum.

NMR methods have been employed to determine the rates of syn/anti
interconversion. Such studies have shown that the rate of rotamer isomerisation slows
drastically as the alkoxide ligands become more electron withdrawing. Indeed the rate
of conversion of the anti té the syn rotamer is found to vary by at least five orders of
magnitﬁde on going from ihe t-bﬁtoxide initiator to the hexafluoro-t-butoxide
analogue. It has also been established that the anti rotamer is inherently more reactive

than its syn counterpart. Furthermore, the anti form reacts with 23-
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bis(triﬂuoromethyl)norbomadiehe to give, after forming and cleaving a
metallocyclobutane (see later), a trans vinylene and a syn alkylidene.23

Indeed the.results of bulk polymerisation studies have suggested that a
relationship exists between the alkylidene rotamer interconversion rates and the
cis/trans content in fhe polymer. In the case of the t;butoxide initiator, the rotamer
interconversion rates are fast on the time scale .of the polymerisation, and the
polymerisation occurs almost exclusively via the highly reactive anti isomer, even
though this form is present in very small amounts at room femperature, to give a high
trans polymer. Since the rate of syn/anti interconversion is much slower for initiators
containing  electron  withdrawing  alkoxide ligands,' for  example,
Mo(CHCMe,Ph)(NAr)(OCMe(CF3),),, the anti rotamer canﬁot Be accessed on the
‘time scale of the polymerisation at room temperature. Hence this initiator
polymerises 2,3-bis(trifluoromethyl)norbornadiene via the syn alkylidene to give a
high cis polymer. Figure 2.12 summarises the polymerisaﬁon pathway using the t-

butoxide initiator.
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Figure 2.12 A fast rate of syn/anti rotamer interconversion for the t-butoxide initiator
allows the polymerisation to occur via the highly reactive anti form producing high

14
trans polymers.
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In accordance with Ivin’s reasoning on polymer microstructure and tacticity
effects, discuésed earlier in this'chapter, the stereoregularity in the polymer is
determined by the approach of the monomer to the alkylidene rotamer. The
orientation of the monomer is based upon minimization of steric hindrance at the C7
methylene fragment with respect to the ligands around the metal site. Figure 2.13

attempts to illustrate this point.

F.C

| F.C
; cr, 3 CF,
: _‘_7NAr CF3 /NAr
+o:+~\|\{|9§\; | | O==Mo (I _CMe.ph

7 N4 H CF, ./ TTCTT

O | FC3 o |
RS CMe,Ph 3 XCFs' :
ANTI ’ | SYN

Figure 2.13. The approach patﬂways 6f 2,3-bis(trifluoromethyl)norbornadiene to -
.initiators bearing t-butoxide and hexafluoro-t-butoxide ligands (shown aé the anti and
syn rotamers respectively).

The monomer is thought to approach perpendicular to the NCO face of the
initiator (highlighted by the dotted line in figure 2.13) giving a 5-coordinate geometry,
where the NCO face forms the equatorial plane of a trigonal bipyramid structure. The
exceptional bulkinéss of the alkoxide ligands are éxpected to force the C7 methylene
unit in the direction of the arylimido ligand, which is more conformationally flexible

than the alkoxide ligand and is able to re-orientate itself in order to accomodate the
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monomer. However, the monomer can also attack the NCO face from the opposite
direction. In other words, rather than approaching from above the plane it can attack
the initiator from below it. Thus, there are four possible modes of attack that the
monomer can adopt when approaching the active centre. It can attack either the syn or
anti rotamer of the initiator and can approach from the same face or alternating faces
giving rise to the four possible  microstructures:  Cis/trans isotactic, cis/trans
syndiotactic.

The diagrams ' on the following pages attempt to show how the approach of
the monomer to the initiator (syn or anti rotamer) is crucial to the resulting

microstructure in the product polymer.
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Figure 2.14.a). The production of trans polymers via attack upon the anti rotamer of

Mo(CHCMe,Ph)(NAr)(OCMe,),.

F
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The next monomer insertion can now occur from above or below the NCO plane as

detailed O{Ierleaf.
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Figure 2.14b) Attack from above the plane
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Figure 2.14 c¢) Attack from below the plane.
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The formation of cis polymers can be rationalised in a similar way, where the
attack of the monomer occurs on the syn rotamer of the hexafluoro-t-butoxide

initiator, as detailed in the following diagrams.
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Figure 2.15a). The formation of cis polymers via attack upon the syn rotamer of

Mo(CHCMe,Ph)(NAr)(OCMe(CF),),.
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As in the case of the formation of the trans polymers, the tacticity of the
resulting polymer is governed by the direction of attack of subsequent monomer units

at the metal centre, as shown in the following schemes.




Figure 2.15b) Attack from above the NCO plane.
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The formation of this polymer is most probably disfavoured due to the large
‘steric stress present in the polymerisation. The close proximity of the CF; groups on
the incoming monomer unit and on the backbone of the propagating polymer chain
will produce very large F-F repulsions making the formation of a cis, isotactic

polymer unlikely based on this speculative mechanistic rationalization.
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Figure 2.15¢) _Attack from below the NCQ plane.
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In the case of this polymer, the polar CF; groups are on opposite sides of the

‘polymer backbone. Thus, the F-F interactions are greatly reduced possibly leading to

the formation of this polymer being more favourable than the cis, isotactic polymer.

Summary

The detailed . mechanistic studies which have been conducted on the 2,3-

bis(trifluoromethyl)norbornadiene system have shown that the resulting polymer
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microstructure is greatly influenced by a number of factors including: The syn/anti
interconversion rates in the initiator, which vary dramatically With the electron-
withdrawing nature of the alkoxide ligands. Hence,' the t-butoxide initiator
polymerises almoét exclusively via the anti rotamer producing high trans polymers;
Whereas the slower interconversion rates present in the hexaﬂuoro-t-buto‘xide Initiator
result in the syn ro;amer being the reactive form ~toA give high cis polymers.

Furthermore, the stereoregularity in the polymer is determined by the approach
of the monomer to the al.kylid_ene rotamer. The direction of attack of the monomer is
based upon the minimization of steric hindrance at the C7 methylene unit with respect
to the ligands around the transitioﬁ metal site. Some of this description is-still very
speéulative and .has yet to be pfoved experiméntally, but detailed investigations are
being undertaken to addresé this mafter.

In the next_chapter of this thesis 'the author describes attempts-to produce a .
.+ better regulated -microstructure - in p§ly(bis(triﬂUOrémethyl)ndfbornadiene via
-.véri’ation-,‘(.)f ligandsj-‘;e'i.t thé initiati‘ng- and prc.)pagat.ing molybdle;numfv"centre.' ~The
motivation .for this study being both to understand:the mechanism better and to
produce more highly tactic trans, syhdidtactic poly(bis(triﬂuoromethyl)norbomadiehe

which might be a technologically useful pyroelectric material.
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. Chapter3
Studies directed to an improvement in tacticity control in the
syntheéis of pbly(bis(triﬂuorométhyl)norbornadiene) and

related m aterials
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3.1 The problem addressed and approaches to its solution.

In the previous chapter of this thésis, the use of well-defined “Schrock-type”
initiators in the ROMP studies of 2,3-bis(trifluoromethyl)norbornadiene was
described'and some of the details concerning the proposed mechanism for this
polymerization were outlined.”* From these studies it is evident that a great deal of
progress has been made in this field since the first ring opening polymerization of this
monomer by Wilson in 1979 using the classical initiating system, WClg/Me,Sn.>* In
this early work little control of the resulting polymer microstructure was achieved,
howeyer in recent years the use of well-defined initiators has provided a much greater
contrbl over the polymerization and hence a m’ore comprehensiv¢ knowledge of the
polymer has been attained.™®’

-The' control ovér the cis/trans vinylene content in
poly(bis(trifluoromethyl)norbornadiene) is excellent. Polymers with virtually all cis
and all -trans vinylenes are now readily accessible using the initiators described in the

: previous chapter. The control over tacticity -is promisAingwbut there is scope for
.. improvement and the purpose of this chap;er is-to describe efforts directed towards
- . improving the tacticity of this polymer. The high trans:polymer Which is available at
present is 92% tactic and has been unambiguously assigned as syndiotactic using
ciielectric spectroscopy.8 If it could be obtained as a 100% tactic material, the
pyroelectric response could be expected to be significantly improved with possible
technological and commercial significance. The anticipated improvement in the .

pyroelectric response may not necessarily follow a simple linear increase and if the

tacticity can be raised above 92% a disproportionate improvement in properties may
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result. This possibility is what encouraged an extensive search for an apparently
marginal improvement in catalyst performance.

An area of conﬁnuing research is the control of tacticity in polymer systems,
and much work has centred around the development of “face-selective” initiators. It
can be argued that high degrees of tacticity are likely only if in each propagation step,
one face of the N-Mo-C plane is attacked (figure 3.1) and hence attempts to increase
the tactic'ity have concentrated on methods of enhancing the face-selectivity of the
initiators. For the first reaction between monomer and initiator depicted in figure 3.1
there is, of course, no difference between the two faces as drawn; however when the
initiating alkylidene is replaced by a propagating alkylidene the two faces are

sterically distinct, (see Chapter 2, figures 2.14a-c and 2.15a-c). -

Monomer attack from
behind the plane

Monomer attack ffc;m '
the front of the plane

Figure 3.1. Possible approaches of the monomer to N-Mo-C plane.

Various ligand modifications have been employed in the search for control and

understanding of tacticity. Schrock and co-workers have shown that chiral catalysts
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of the general type, Mo(NAr)(CHCMe’ZPh)(OR)Z can be prepared that contain C,-

symmetric chiral diolate ligands such as those shown in figure 32,710

SiMe_Ph

' R R o 2 tBu tBu
Me. ,0 OH ' - @
' OH OH

X

Me" ‘o—\_ _OH : ' OH : OH
R _ '
R ' -
(R=phenyl or naphthyl) - ) SiMe,, Ph tBu tBu
RgtartH : BINO(SiMeoPh)oHy Bipheno(t-Bu)4Hp

Figure 3.2. Exarﬂplés of chiral diolate ligands.
aﬁd that poly(bis(t_riﬂuoromethyl)norbomadiene and related polymers can be prepared
.using them that are >99% cis and >99% tactic. It has been suggested that the high
ievels of tacticity observed are due t-o the linked and chelating nature of the diols
“which results in a rigidly fixed stereochemi4stry at the initiator and propagating chain -
end active sites. |
In the remainder of this chapter> attempts-.: to <impro{/e the - tacticity .in
'poly(biS(triﬂuoromethyl)norbornadiene will be described. - The. work-which follows is - -
based on the knowledge that the choice of ancillary alkoxide and imido ligands around "

the transition metal centre in the initiator and propagating chain end active site has a

" The work was motivated by

profound effect on the fnicrostructure of this polymer.
the hope that By employing subtle va;iations in the steric and electronic demands of
the ligands, a favourable improvement in the tacticity might result. The steric and
electronic properties of the ligands employed are clearly very important. It has been
established that ‘the cis/traﬁs vinylene content of the resulting polymer is a function of

the electron withdrawing nature of the ligand, and also that the “bulkiness” of the

ligands provide a high -degree of steric protection for the initiator and living chain
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ends, thereby preventing bimolecular coupling and other side reactions. With these
factors in mind, the initiators described in the following sections were synthesised and

used in subsequent polymerisation studies.
3.2. New well-defined ROMP initiators: Synthesis and activity.

The following initiator systems which have been used in polymerization
studies by the author were synthesised by Dr.C.Redshaw of the IRC and Chemistry
Department, University of Durham, with some minor experimental assistance from

the author.

a) Use of bulky éhelating ligands.

Developing the theme of bulky chelating ligands described previously, the
following achiral diphenol was used and a new initiator system synthesised (figure
3.3). The diphenol can be purchased from the Aldrich chemical company and has the
trade name Vulkanox, it finds commercial application as an antioxidant for .-

hydrocarbon polyolefins.
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Vulkanox

C/CMe Ph

/\

But NCMe

Figure 3.3. Diagram showing the "Vulkanox" ligand and its incorporation
- into the initiator.

Addition of' the above diphenol [2,2/-CH2(4-Mé,6-t-BuC6H20H)2] to the
Schrock initiator, Mo(N-2,6-Pr',C¢H;)(CHCMe,Ph)(O-t-Bu),'? in pentane gave, after
removal of the t-butanol by-product, crystalline . {Mo(N-2,6-
Pr 2C6H3)(CHCMezPh)[2 2 -CH2(4-Me 6-t- BuC6H20)2](CH3CN)} in 73% yield. The
‘ molecular structure of the 1n1t1at0r 1s shown in figure 3.4. The molecular geometry is
best described as a dié.tlorted trigonal t)ipyramidal structure with one of the oxygen
atoms of the chelating diolate ligand and an acefonitrile ligand occupying axial sites
.and the alkylidene and imido ligands oécupying equatorial positions. The distortion
arises from the constrained geometry of the diolate ligand, which has the flattened

boat conformation seen in other complexes containing this and closely related

li‘gands.13

94



oy o s C(26)

Ci27)

Cl4) S CI31 () :
' CI30)

(3 () Cl28)
C(25) ,

Cl24) C(.29)‘

NI .
S Quas»

C(33)

C(34)
C39) C(38)
N
N2 ciel )
' Ci37)

Can o) | -

. con  CH® . Cl40)
- 20 | Ocids)
Y48 c4n() |

cun ()
10 c(221
C(23) , - . ()Ct44)
Cl42)
Cl43)

Figure 3.4. X-ray determined structure of Mo(N-2,6-Pr’,CsHs)(CHCMe;Ph)[2,2"-

CH2(4-MG,6-I-B UCaHzo)z] (CH3CN)
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‘To the author’s knowledge, this is the first solid-state structure determination
of a well-defined ROMP initiator containing a ciiolate ligand.14 Other features of the
structure of relevance to its ability to initiate ROMP include the fact that the CMezPh
substituent on the alkylidene carbon is orientated towards the imido ligand i.e. the syn
rotamer is present; the possiiqle implications of sy»n and anti .rotamers in the initiator
and propagating chain end on the resulting polymer structure was discussed in chapter
2 of this thesis. The position of the acetonitrile molecule ié interesting, it may be
viewed as binding to the C,N,O face of the four-coordinate initiator, one of the
postulated sites of attack for the olefinic substrate.”’ This initiator thus serves as a
possible model for the supposed five-coordinate intermediate in metathesis reactions
involving this family of well-defined four-coordinate molybenum’ initiators.’
Polymerisation studies (see later) were performed using 2;3-bis(triﬂu0r0methyl)-
norbornadiene, which is a useful benchmark monomer -for the evaluation of new
initiators because of its favourable kinetic p’roﬁl'e in polymerisations with these well-
defined initigtérs, i.e. a relatively fast rate of initiation..'v.ersus propagation and.a

reasonably slow overall propagation rate which allows optimal control- over:the

resultant polymer molecular weight distribution and microstructure.’ ISR

The previous synthesis suggested a possible route into a new class of five-
coordinate molybdenum(VI) imido-alkylidene complexes utilising tridentate pyridine-

2,6-diolate ligands of the form shown overleaf:
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Where the addition of this ligand to the Schrock initiator, Mo(N-2,6-
.PrizC6H3)(CHCMezPh)(O-t-Bu)z]2 givés, after removal of the t-butanol by-product,

the crystalline product shown beiow in figure 3.5.

Ph...

J

CHC MezPh

Figure 3.5. Schematic diagram of {Mo(N-2,6-Pr',-C,H;)(CHCMe,Ph)[2,6-
" (OCPh,CH,),CsH;N]} |
This provides an excellent“c‘)i)i)o;r:t.unity to study structural changes resulting ffom.é

> Indeed it has been possible to obtain a molecular

change in coordination number."
structure of this complex as displayf_:d in figure 3.6. It is best described as a distorted
trigonal bipyrimidal arrangement, with the pyridine fragment of the diolate ligand and

the imido group occupying axial sites and the alkylidene group and alkoxide ligands

positioned equatorially.
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: Of particuia; iﬁterest here is'the fact ihat'mis potex:m;al initiator is air stable.

The rﬁol&bﬁénurri iﬁiﬁqtofs de;cribea breviduslf are all Very air and moisture sensitive
and _helnée all manipulations .usin'g_ them must bé performed in a nitrdgen atmosphere in
a glove Ab‘ox. AnAa‘ir s'ta‘blé‘ihitiz.ltor would be a major ‘s'te,p forward in the design and
developlmen't of névei iniﬁa;o;'s for use in ROMP reactions. It was envisaged that at
“ambient temperatufés, _‘ihis _'i‘nitiator'w_buld be inactive towards ROMP due to the
coordination of the hitfqgen‘la'_tcﬁn of the didlate ligand to the metal centre, but it was
“hoped that at eiévated témpera;ﬁrlgs the nitrogen-molyindenum bond would be cleaved
and thé iﬁiﬁatof would become active for ROMP. Studies were. undertaken to
~ investigate the f‘reac'tiv-ity of thé initiator, using the highly strained and very reactive

monomer, norbornene.

Figure 3.6. . The leeéular structure of Mo(N-2,6-Pr',-CsH;)(CHCMe,Ph)[2,6-

(OCPh,CH,),CsH;N].
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b Usé of “guaéi-;lkoxides”.

~ Previous work by the Durﬁam group and others has shown fhat by using
fluoroalkoxides of the type: ;OCMez(CF3) and ;OCMe(CF3)2, the electronic
properties of the alkogide. ligand can be changed by the strong elect_ron-withdfawing
effect of the CF; moiety, and this has a dramatic} effect on the microstructure of the

5,6,16,17 . . . o .
These earlier observations led to investigations being

resulting polymer.
extended to an uﬁusual class of alkoxide ligand, the so-called “quasi-alkoxides”, in
' which the metal bound oxygen has a Lewis-acidic diarylboron group attached. It was
envisaged that potential interactions bétwgen the Lewis acid boron centres and the
Léwis basic fluorine atoms of the norbomadiene. CF; substituents may lead to an
orientating influence on the incoming monomer and thereby affect the resultant
Apolymer microstructure. Transition metal boroalkoxide complexes have been reported
in the literature, but to the author’s knowledge there are no examples of the use of
-these ligands in ROMP chemistry. |
The t-reatment of {Mo(N-2,6-Pr',C4H;)(CHCMe,Ph)(OSO,CF;),(dme)} "

(where dme = 1,2-dimethoxyethane) with two equivalents of LiOB(2,-4,6-Me:3C6H2)218

afforded the yellow crystalline product illustrated in figure 3.7.

Me | Me

II\IJ | Where (mes) =

1""'M
(mes)zBO / 0

\ | Me
(mes) 8 CHCMe, Ph

Figure 3.7. Schematic diagram of the four-coordinate boroalkoxide initiator.
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The 'H NMRbépec_trum of this initiator shOWs a resonancé for the alkylidene
proton at 8 11.66pém, a cﬁemical shift 'cém_parabl.e with that observed for the
: _triﬂuoro-t-butoxide initiator {Mo(N-2,6-Pri2C6H3)(CHCMe2Ph)[OMez(CF3)]2} o
11.68ppm). Indged the position of the alkylidene hj/drogén is a useful indicator of the
electron—withdréwing capacity of the ancillary alkoxide ligands and suggests that the
bqroxide‘ ligand has a comparable'ele@:tron—withdrawing ‘capacity to the trifluoro-t-
butoxicie group. Subsequent polymerisation studies were undertaken using the
monomer 2,3-bis(triﬂuororﬁethyl)norquédienc.
¢) Variation of the arylimido ligémd in the initiatof.'

Among the questions that have not yet been éddressed in relation to the
reactivity and stereoregulating capacity of these initiators are to what extent can the
electronic and steric properties of the arylimido ligand be varied and what effect will
these variations have on subsequent polymerisation products.. -The function of the
imido ligand is almost certainly not just confined to providing steric- bulk to-the-
initiator, and.both electronically and sterically speaking, it stands a good chance of
being able to alter, perhaps drastically, the reactivity of the transition metal centre."
Hence using rthé initiator Mo(N-ZZ,6-Me2C6H3)(CHCMeZPh)(OCMe(CFQZ,13
previously described by Schrock and co-wofkers, in polymerisation studies on 2,3-

bis(trifluoromethyl)norbornadiene also seemed a worthwhile challenge.
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Me Me

I
PR . Where R =CMe(CF
RO

Figure 3.8. Schematic diagram of Mo(N-2,6-Me,C¢H;)(CHCMe,Ph)(OCMe(CF;),),.
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3.3. Experimental.

1) General procedures and techniques.

All manipulations were performed under an atmosphere of nitrogen using
standard Schlenk and cannular techniques or in a conventional nitrogen-filled glove-
hox. The following deutergted NMR solvents were dried by storing over a suitable
drying agenf (in parentheses) and vacuum transferred immediately prior to use: de-
benzene (phosphorus (V) oxide), d»>-dichloromethane (calcium hydride), d-chloroform
(phosphorus (V) oxide), ds-acetonitrile (calcium hydride), ds-toluene (phosphorus (V)
oxide), dg-cl1101'obéxxzene (phosphorus (V) oxide). de¢-Acetone was used as received.

Solvents used for the larger scale polymerisations were toluene and THF.
Toluene was distilled from sodium metal and passed thl'ough a column of activated
alumina prior to use. THF was stored over sodium benzophenone ketyl and vacuum
transferred prior to use. -Both solvents were deoxygenated immediateiy before use in
the glovebox. The monomers used in these experiments were norbornene and 2,3-
bis(trifluoromethyl)norbornadiene, and these were prepared as described in the
literature.” 920

2) Initiator syntheses.

a) Synthesis of Mo(N-2,6-Pr,CsH3)(CHCMe,Ph)[2,2-CH,-(4-Me,6-t-Bu-
CsH,0),](CH5CN).

Mé(N-2,6—Pri2CgH3)(CHCMezPh)(O—t-Bu)212 (0.273g, 0.5mmol) and [2,2"
CH,(4-Me,6-t-BuCsH,OH),] (0.17g, 0.5mmol) were stirred in pentane (30cm?). After

5 minutes, the volatile components were removed and then another 30cm® pentane
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added. This .cygle was repeat_edutw‘ice after'whichlthve yellow residue was extracted
with hot CH,CN (25cm’). Yellow prisms formed on standing (1-2 days) 0.28g, 72.7%
yield. Found: C, 71.5; H, 8.0; N, 2.8. Calculated for C4sHeN;O,Mo: C, 71.7; H,
81N,36. | -

'H NMR data _(CDClg, 400MHz, 298K, reference to TMS)

Alkylidene region: 13.02ppm (s), Mo=CHCMe,Ph (see Appendix 3.1a)

*C NMR data (CDCls, 100.59MHz, 298K, reference to TMS)

Alkylidene region: 263.9ppm, Mo=CHCMePh (see Appendix 3.1b)

b) Synthesis of Mo(N-2,6-Pr’zC6H3)(CHCMe;Ph)(OB(2,4,6-Me;CGHz)z)z
Mo(N-2,6-Pr’,CsH3)(CHCMe,;Ph)(OSO,CEs),(dme)? -(1.0g, 1.26mmol) and

LiOB(2,4,6-Me;CsHa),'® (0.688g, 2.53mmoi) were combined in diethyl ether (40cm®)

at -40°C. After stirring for 4 hours at room temperature, the volatile components were

removed upder reauced pressure. Extraction of the residue with hot CH;CN (30cm®) -

gave yellow prisrps on standing (0.41g, 34.8%). Found: C 73.9; H, 8.1; N, 24

Calculated for C53H73]§202NM0: C,74.6; H,7.9; N, 1.5.

'"H NMR data (C¢Ds, 400MHz, 298K, reference to TMS)

Alkylidene region: 11.66ppm (s), Mo=CHCMe,Ph (see Appendix 3.2a)

"C NMR data (CsDs, 100MHz, 298K, reference to TMS)

Alkylidene region: 278.8ppm, M0=CHCMezPh (see Appendix 3.2b)
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c) Synthesis of Mo(N-2,6-Me,CsH3)(CHCMe,Ph)(OCMe(CF3),).
This was synthesised according to the methods published by Schrock and co-

workers, and details are available in the literature.' The 'H NMR spectr.umA is recorded

in Appendix 3.3.

d) SyntheSis of Mo(N-2,6-Pr'2C6H3)(CHCMezPh)[2,6-(OCPh2CH2)2C5HgN]
Mo(N-2,6-Pr,CsH3)(CHCMe,Ph)(O-t-Bu),'*  (0.5g, 0.9Immol) and 2,6-

(HOCPh,CH,),CsH;N (O.43g, 0.91mmol) were stirred in pentane (30cm3). After 5

minufes, the volatile components were removed and thén énother 30cm’ pentane was

added.b This c.ycle wés repeated twice after which the red residue was extracted with

hot CH3CN (25cm?). Red neédles formed on standing (1-2 days). Found: C, 75.2; H

6.6; N, 3.3. Calculated for CssHssN.O0,Mo: C,75.7; H, 6.5; N, 3.2. |

'"H NMR data (400MHz, CD,Cl,, 298K, reference to TMS)

Alkylidene region: 11.32ppm-(s), Mo=CHCMezPh (see Appendix 3.4a)

C NMR data (100.57MHz, CeDs, 298K, reference to TMS)

Alkylidene region: 268.75ppm, Mo=CHCMe,Ph (see Appendix 3.4b)
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3 Polymerisatibn studies.

‘a) 'H NMR scale pblymerisation of 2,3-bis(trifluoromethyl)norborhadiene using
Mo(N-2,6-Mes-C5Hs)(CHCMe:Ph)(OCMe(CF ). |

To a rapidlyA stirring  solution  of Mo(N-2,6-Mez-C6H3)(CHCMe2Ph)-
(OCMe(CFs)2)2 (O.‘Oi27g, 0.0179mmole) in C¢D¢ (35011) was added a C¢Dg solution
(350ul) of 2,3-bis(triﬂuorémethyl)nofbomadiene (0.0666g,0.g92mmole). After twenty
minutes the reaction mixture was injeéted into an NMR tube speciully fitted with a
Teflon stopcock and a '"H NMR run to observe the propagéting alkylidene protons.
'H NMR data. (400MHz, CeDs, 298K, reference to TMS)
Alkylidene region:. 12.405-12.137ppm (d), Mo=CHP. 12.154ppm (s), Mo=CHC-

Me,Ph (see Appendix 3.6)

b) Scaled-up polymerisation of - 2,3-bis(trifluoromethyl)norbornadiene using
Mo(N-2,6-Me,-CsH;)(CHCMe;Ph)(OCMe(CF3),);.

A solution of 2,3—bis(triﬂuoromethyl)nqrbomadicne (2.17g, 9.5 fnmole) in
toluene/THF (6ml, 90:10 ratio of toluene:THF) was added dropwise to a rapidly
stirred - solution _of Mo(N-2,6-M¢2-C6H3)(CHCMezPh)(OCMe(CF;)z)z (0.056¢,
0.079mmole) in toluene/THF (6ml, 90:10 rétio) over a period of 30 minutes. On
addition of the'_ monomer solution, the reaction mixture deebened to a cherry-red
colouf indicative of the formation of the propagating alkylidene species and within 15
minutes thé reaction mixture became extremely viscous and turned noﬁiceably cloudy.
In order to maintain the homogenous nature of the polymerisation, a further Sml

‘toluene/THF was added and stirring continued for 16 hours.
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The pol);me'ri-saﬁonv was AterrAninated by"the addition of benzaidehyde, (0.08ml,
0.79mmole, 10-fold excess with respect to the initiator), and stirred for a further 60
_ minutes, and the product polymer was isollated by precipitation from a large volume of
hexane. The product was recevel'ed by filtration and dried in vacuo to give

poly(bis(triﬂuoromethyl)norbomadiene as a pale-green powder, (1.5 g; 69%).

'"H NMR data (400MHz, (CD3)2CO, 298K, reference to TMS)

5.6, 5.55ppm (br), (vipylic protons), 4.22ppm (s,br), (allylic protons), 2.8ppm (s,br),
1.52ppm (s,br) (methylene profons) (see Appendix 3.7a)

PC NMR data ( IOO.SSMHZ, (CD;)zco; 298K, reference to TMS)

140.38ppm (m), (olefinic carbons), 131.84ppm (br), (vinylic carbons), 126.03 (s),
123.30 (s), 120.57 (s), '117.85p[5m (s), (CF3), 50.87 (s), 44.82,44.67ppm (br), (allylic
cerbons), 38.34 (s), 37.57 (s), (m_ethylene carbons), (see Appendix 3'.7b)

’F NMR data (376.32MHz, (CD3),CO, 298K,‘refe'rence to CFCl;)

59.49-60.28ppm (m), (CF3), (see Appendix 3.7¢)

In Appendix 3.7d, a DSC trace of the polymer is recorded.

¢) '"H NMR scale polymerfsatiqn of 2,3-bis(trifluoromethyl)norbornadiene using
Mo(N-2,6-Pr'-CsH3)(CHCMe;Ph)(OB(mes),).
2,3-Bis(trifluoromethyl)norbornadiene (74.8mg, 0.328mmole, 23 equivalents)
were dissolved in C¢Ds (350ul) and the resultant mixture added to a rapidly s;tim'ng
solution of Mo(N-2-,6-Pri2-C6H3)(CHCMezPh)(OB(mes)z) (0.0155g, 0.0145mmole) in

CsDs (350p1). After 30 minutes the reaction was analysed by 'H NMR spectroscopy.
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'"H NMRdata. (400MHz, C¢Ds, 298K, reference to TMS).

Alkylidene region: 11.693-11.685ppm (d), Mo=CHP (see Appendix 3.8)

d) Scaled-up polymerisation of 2,3-bis(triﬂuoromethyl)norbbrnadiene using
Mo(N-2,6-Pr'3-CsHs)(CHCMe,Ph)(OB(mes),).

2,3-Bi$(triﬂuoroméﬂlyl)norbomadiene (4.16g 18.2mmole, 1300 equivalents)
were dissolved in a toluéne/T HF mixture.(10ml, 90:10 ratio) and the resultant solution
added dropwise, bvér a period of 40 minutes, to a vigorously stirred solution of Mo(N- .
2,6-Pri2C6H3)(CHCMe2PH)(OB(mes)z) (0.013g, 0.0140mmole) in toluene/THF (10ml,
90:10 ratio). No discernible colour change-was observed, but within 5 minutes the
reaction mixture tumed.noﬁcea_bly cloudy and became .slightly viscous. In order to
mainta.in the homogenous nature of the reaction, a further Sml of toluene/THF was
added and the reaction stirred continuously for 20 hours.

The polymerisation was terminated by the addition of benzaldehyde (0.0l-4ml,
0.138mmole, 10-fold excess with respect to initiator) and stirring continued for a
turther 60 minutes. The product polymer was isolated by precipitation from hexane
and purified by re-dissolving fhe polymer in acetone and re-precipitating again in
hexane. The product was recovered by filtration and dried in vacuo to yield

poly(bis(triﬂuoromethyl)norbdmadiene as a white fibrous material (2.84g, 68%)
'H NMR data (400MHz, (CD5),CO, 298K, reference to TMS)

5.76, 5.61ppm (br), (vinylic protons), 4.21 (s,br), 3.84ppm (s,br), (allylic protons),

2.85,2.82 (br), 1.55ppm (s,‘br), (methylene protons) (see Appendix 3.9a)
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B NIMR data (160.58MHZ, (CD3)2CO, 29_8K, reference to TMS).

140.39ppm (m), '(oleﬁnic ), 133.04 (s,br), 131.91ppm (s), (vinylic), 125.98 (s), 123.26
(s), 120.53 (s), 117.81bpm (fs),>(CF3’)v, 49.11 (m), 44.71ppm (s), (allylic), 38.28 (s),
37.69ppm (m), (methyléne) (see Appendix 3.9b)

F NMR data (376.32MHz, (CD;),CO, 298K, reference to CFCls)

59.11, 59.94, 60.47ppm, (all brpad singlets), (CFs) (see Appendix 3.9¢)

In Appendix 3.9d, a DSC trace of the polymer is recorded.

e) Polymerisatfon of 2,3-bis(triﬂuoromethyl)norbornadiene using Mo(N-2,6-Pr';-
C6H3)(CHCMe2Ph)[Z,Z'CH2(4-Me,6-t-BuC6H20)2](CH3CN) where 2,2'CH,(4-
Me,6-t-BuCcH,0), repfesents the “Vuikanox” ligand.

To a . vigorously stirred solution = of Mo(N-2,6-Pr’-
C6H3)(CHCMezPh)[yu1kanox](CH;CN) (0.013g, 0.017mmole) in tqluene/THF (5ml,
90:1()_ratio)‘ was added dropwise a toluene/THF (5ml, 90:10 ratio) solution of 2,3-
bis(trifluoromethyl)norbornadiene (3.76g, 16.5mmole) over a period of 30 minutes.
On addition of the monomer solution, the reaction mixture deepened to a darkish
brown colour. The solution remained homogenous and stirring was continued for 24
hours, where upon the reaction mixture had become viscous.

Benzaldehyde (0.0!7ml, 0.17mmole, -10-fold excess with respect to
. Initiator)was gdded to terminate the polymerisation and the reaction mixtare allowed to
stir for a further 60 minutes. The product poiymer was recovered By precipitation

from hexane and purified by re-dissolving the polymer in acetone and re-precipitating
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again in hexane. Thevproduct was recovered by filtration and dried in vacuo to yield

poly(bi.s(tﬁﬂuoromethyl)norbomadiene as a pale yellow fibrous material, (1.2g,32%).

'H NMR data (400MHz, (CD),CO, 298K, reference to TMS)
5.71 (s), 5.61ppm (s), (vinylic), 4.23 (s), 3.83ppm (s), (allylic), 2.84 (m), 1.60ppm (m),

(methylene) (see Appendix 3.10a)

1*C NMR data (100.58MHz, (CD;),CO, 298K, reference to TMS)
140.03ppm (rﬁ), toleﬁnic), 133.41, 133.14 (d), 131.80ppm (s,br), (vinylic), 126.02 (s),
123.29 (s), 120.57 (s), 117.87ppm (s), (CF3), 49.59 (s,br), 44.61ppm (s), (allﬂic),
38.37 (s,br), 37.82 (s,br), 37.04ppm (m), (méthylene) (see Appendix 3.10b)

Vg NMR data (376.32MHZ, (CD3),CO, 298K, reference to CFCl3)

- 59.47, 59.72, 60.09, 60.40ppm, (all .broad single'ts),’ (CF;) (see Appendix 3.10c)

In Appendix 3.10&, the DSC trace of this polymer is recorded.

f) Reaction of Mo(N-2,6-Me;-C¢H3)(CHCMe,Ph)(OCMe(CF3),), with 2
| equivalents of ‘BuOH.

4 To a stirring solution of Mo(N-2,6-Me,-C¢H3)(CHCMe,Ph)(OCMe(CF;)2),
(0.0236g, 0.033mmole) in CsDs (350u1) was added 2 equivalents of '‘BuOH (0.00943g,
0.0665mmole), dissolved m CsDs (350ul). The reaction mixture was stirred for 15
minutes before transfem’hg the reaction vial contents inﬁ) an NMR tube. The reaction

was monitored by '"NMR spectroscopy. The spectroscopic data is shown overleaf.
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'H NMR data. (400MHz, CeDs, 298K, reference to TMS).

Alkvlidene region:

‘With no ‘BuOH added: 1»2.154ppm (s) (see Appendix 3.11a)-

With 'BuOH addea (after 1.5 houps): 11.769 (S), 83%. 11.373 (s), 17%.

With ‘BuOH added (after 46 hours): 12.177 (s), 3.5%. 11.769 (s), 81%. 11.373 (s),
15.5% (seé.Appendix 3.11b)

With ‘BuOH added (after 5 days): 12.177 (s), 4%. 11.769 (s), 81%. 11.374 (s), 15%.

g) Attempted polymerisation' of norborl.lene using  Mo(N-2,6-Pr',-
C6H3)(CHCMezPh)(2,6-(OCPh2CH2)2C5H3N).

In the glove box, norbornene (0.244g,2.59mmole) was dissolved in ds-
chlorobenzene (400ul). This solution was then added dropwise‘to a'stirring solution of
Mo(N-2,6-Pri2-C6H3)(CHCMezPh)(2,6-(OCPh2)2C5H3N) (0;026g, 0.030mmole) in ds-
chlorobenzene (400ul). No colour chanée was observed on the addition of the
monomer solution i.e. the solution remained a clear orange/browh'colour and no signs
of the solution becoming viscous could be detected. The reaction mixture was stirred
for 10 minutes, prior to injection into an NMR tube, specially fitted with a teflon
stopcock. A 'H NMR was recorded and showed that no polymerisation had occurred,

. (see Appendix 3.12).

The reaction mixture was heated to see if the initiator could be thermally
activated, this was performed as follows: The NMR tube was connected to a vacuum
line and immersed in an oil-bath at 80°C. At regular intervals, the teflon stopcock on

the NMR tube was opened to the vacuum line in order to release any pressure building
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up inAthe NMR tuipe due to the heating.‘ The reaction mixture was hgzited at 80°C for
24 hours, after_wlﬁch the solution remained a clear orange/brown colour. A 'H NMR
was taken and fevealéd t_hé absénce of any signs of polymerisation occﬁm'ng.

The reaction mixfﬁre Qvaé heated for a further 48 hours at 90°C, and énce again
no signs of polymerisation weré evident. Furthermore, increasing the reaction
temperature to 100°C had no effect on the outcome of the reaction.

Different solveht systems were tried to see if this had any effect on. the
polymerisation. The solvents tricd were dg-acetoni;rile and' ds-to;uene. Both the
neopentylidene and neophylidene initiator complexes were used, however, no ‘signs of

polymerisation occurring were observed with either of them.
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3.4. Results and discussion.
Polymerisation studies.

The rgéults of the polymerisation studies are’ summarized in table 3.1.
Information relating to the cis/trans vinylene content and tacticity can be deduced from
an anillysis of the *C NMR spectra. The characteristic Sppm-upfield shift of an allylic
carbon adjacent to a cis vinyleﬁe as compared to an analogous carbon adjacent to trans
is the usual starting point m such analyses. Spectra recorded under quantitative
conditions theﬁ allow integration of the relative intensity of cis and trans associated
vinylene and allylic carbons. These procedures are well established.>*?® Previous
studies on the polymer of 2,3-bis(triﬂuoromethyl)norborﬁadiene have shown the C7
methylene region -to be especially revealing with respect to tacticity and sequence
effects. The C7 methylene signal recorded for polymers prociuced using Mo(N-2,6-
Priz-C6H3)(CHCMCzPh)(OCMC(CFs)z (I) énd “the dimethylimido analogue (II) as

initiators are reproduced in figure 3.9.
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Table 3.1. A table summarising the results of polymerisation studies performed using

the new well-defined ROMP initiators.

Iniﬁator Monomer Tacticity Cis/Trans | T,
(%) %) | (0
Mo(N-2,6-Pr,- 2,.3-bis(triﬂuoromethyl) ~ 75% tactic >98%cis | 144
CH;)(CHCMe,Ph)(OCMe( | norbornadiene
CF3)y), * (D)
Mo(N-2,6-Me,- l 2,3-bis(trifluoromethyl) ~ 75% tactic >98%cis | 144
CsH3)(CHCMe,Ph)(OCMe( norbornadiene
CF3),), (ID)
Mo(N-2,6-'Pr,- 2,3-bis(trifluoromethyl) | Some tacticity 85%cis | 130
C¢H;)(CHCMe,Ph) norbornadiene | present in
(OB(mes),) (IIT) polymer. % not
known.
{Mo(N-2,6-'Pr,- 2,3-bis(trifluoromethyl) | Some tacticity - | 60%cis | 115
C¢H3)(CHCMe,Ph) norbornadiene present
.[vulkanox](CH3CN)} (Iv) in polymer. %
not known.
Mo(N-2,6-'Pr,- norbornene B _ _
C¢H;)(CHCMe,Ph)

(2,6-(0OCPh,),CsH;3N) (V)

* This initiator has been studied previously, and these results are included in the table

for comparison with the new initiators.

6,17
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Figure 3.9. A comparison of the C7 methylene. regions

poly((bistrifluoromethyl)norbornadiene) produced by initiators I and II.
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‘The two major resonances seer_lv in both spectra must arise from methylene
_ units between t_wo.-adjéc'entlcis vinylenes since both polymers have >98%.cis vinylene
content and trans vinyiéne effects will be so small as to be I;egligible. Consequently
~ the observed splitting of the C7 ;esonance must be‘ dué to tacticity. As discussed
~ previously, dielectric spectroscopy leads té the hypothesis that racemic dyads are most
prévalent in this low relaxed dielectric constant pblymer, hence the peal; of greater
intensity is assigned as cc rr, where cc indicates a cis cis sequence of vinylenes and rr |
indicates two coﬁsecutive racemic ring incorp;)rafions. The polymer s not 100%
syndiotac.:ticrand a further peak of lower intensity is observed and is assigned as cc

=mr indicating adjac.ent’ meso and racemic ring incorporations in the polymer
backbone.>® With initiator I there is a very weak- signal assigned as cc mm on the
same basis. Thus it can be concluded, on the basis of the °C NMR data, that the
substitution of iso-propyl 'groups on the arylimido- ligand by methyl groups has .no
influence on the resulting polymer microstructure in the case of the related initiators I
and II. Further evidence for this conclusion comes from Differential Scanning -
Calorimetry (DSC) measurements Whiéh shows identical glass transition temperatures
(T,) for the products of polymerisations initiated by I and II. This was a disappointing
result in view of Schrock’s report of the effect of swapping isopropyl for methyl
groups in the initiator, Mo(CHCMeZPh)(N-2,6-R-C6H3)[BINO(SiMezPh)z], where R
represents either methyl or isoprépyl groups, (figure 3.2 shown previously, illustrates
the [BINO(SiMe,Ph),] ligand schematically). In this system, it was reportedithat'the
initiator containing isopropyl groﬁps produced a polymer containing 75% cis

vinylenes and was 86% tactic. However, on exchanging the isopropyl groups for
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methyl groups, a remarkable change in the resulting polymer microstructure occurred
and a polymer was produced containing >99% cis vinylenes and furthermore it was
>99% tactic. This dramatic change in microstructure highlights the exceedingly fine
steric balance that exists in these sterically crowded species.g’lo’ll

Experiments were conducted in an attempt to generate the t-butoxide analogue
of the dimethylimido initiator (IIj, using t-butanol exchange. The motivation for these
experiments was based on previous work performed by workers in the Durham group.
It has been shown that using a 1:1 initiating mixture of the initiator Mo(N-2,6-Pri2-
C¢H;)(CHCMe,Ph)(OCMe;), and its hexafluoro-t-butoxide analogue generates an

16,17

equilibrium between three alkylidene species, more recently, living ligand

! Results from these

exchange experiments have been performed by the same gro.up.2
experiments havé shown that the addition of hexafluoro-t-butanol to the living all
trans-vinylene  polymer produced when the polymerisation of 2.3-
bis(trifluoromethyl)norbornadiene is initiated by Mo(N-2,6'-Pri2-
C6H3)(CHCMc2Ph)(OCMe3)2, allows ligand exchange to occur. .between the
hexaﬂuoro-t-butaﬁol and the living chain end to give a modiﬁed~chain=end which can
initiate the polqurisation of another batch of monomer to produce a.stereoblock
copolymer with cis and trans vinylene blocks. These results extend. the earlier
observations of Marshé.ll which showed that the distribution of cis and trans vinylenes
in the polymer backbone is controlled by the relative‘proportion of the different
alkoxy ligands in the polymerisation mixture. The expected equilibrium between
three alkylidene species, figure 3.10, is observed experimentally when two equivalents

of t-butanol are added to the dimethylimido initiator (1), 'H NMR spectroscopy

shows quite clearly the existence of three distinct alkylidene species, figure 3.11. This
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tinding suggests it may also be p0551ble to synthe51se a stereoblock copolymer of cis.
and trans vinylene blocks, as was the case with the isopropylimidp initiating system
discussed pfeviously; but, as yet, no polymerisation studies have been performed. using

this equilibrium system.

cF
TN Mo/;@ +BUCH_ /L S /:© /L

N CHCMe Ph / \CHCMS Ph
Fac?ro H Mezph )
[
cF,” _ °'§

a b c

Figure 3.10. The equilibrium between three alkyiidene species oﬁ the addition of t-

butanol to initiator II.

18,708

fhL.

12.2 AR T I T
. 12:¢ 12.0 1 4 1¢.3
1.6 1.5 11
4.0¢ . 13,18

Figure 3.11. 'H NMR spectrum showing the existence of three alkylidene species
when two equivalents of t-butanol are added to the dimethylimido initiator (I). (The

letters a,b,c refer to the structures shown above in figure 3.10).
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As indicated lin table 3.1, initiator V displayed no ROMP éctivity. As
discussed previously, it was en\;isaged that at elevated temperatures the nitrogen-
molybdenum bond would be cleaved thereby activating the .initiator for ROMP,
howe\}er this does not seem ts be the case and no signs of a polymerisation occurring
are evident, Norboméne.was used, as this is well established as one of the more
reactive mondmers in ROMP on account of its higﬁ ring strain and relatively good n-
donor capacity,zo‘fmthermore it contains no functional groups which could disrupt the
activity of the iniﬁator. Figure 3.12 below, summarises the proposed mode of action

of this initiator

O

N
: Phl.." : B V....IPh
Pr” O YO ph
' Mo -
X
| “SCHCMe Ph
N 2 heat
Five-coordinate Four-coordinate
air-stable o active initiator

Figure 3.12. The concept for an air-stable, thermally activated ROMP initiator.

The lack of ROMP activity shown by this initiator was a disappointing result

in view of the fact that an air-stable initiator for use in ROMP reactions would be a

major breakthrough. As discussed previously in this chapter, one of the problems

associated with well-defined ROMP initiators is that they are highly sensitive to traces
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of mgisture and oxygefl, héncé all manipulations using.them have to Be performed in a
nitrogen ﬁlled dry-box.' AThe quest for solving this problem providea the motivation
for developing an air-s.table' initiating systefr’x. Sdéh a potenti.al initiator system was
develope:d, which was ‘airvstable and its structure has been characterised as detailed
previously. in this chapter. In th¢ initiator, the molybdenum centre was five coordinate
and it was hoped that it ‘would become thermally activated to produce an active
complex in which the molybdenum was four coordinate (figure 3.12). In the event,
this was not the case and no activity ‘was obsérved, with presumably, the
pyridin_ediolate ligand being too strongly bound to the metal centre. Possible future
studies which could reasonably be undertakén on the further-development of this
initiating system will be described .in Chapter 6 of this thesis.

Initiator IV was also an interesting sy.stem to study. The motivation for
developing this initiating system was provided by previous work performed by
Schroc;k and co-workers _involving the use of Cz-symxﬁetﬁc _;:hiral diolate ligands,
descrii)ed previously in this chapter (figure 3.2)‘._9:’10 In this work, samples of
poly(bis(trifluoromethyl)norbornadiene were, obtaineci which contained >99% cis
vinylenes and were >99% tactic. So this theme of bulky chelating ligands was

extended and the achiral phenol, Vulkanox, was incorporated into an initiating system

as shown in figure 3.13.
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Figure 31 3. The "Vulkanox initiator.

As discussed pre\;iously, the positiqn of the acetonitrile is interesting, as it
may Be viewed as binding to one ‘of the C',N,Q facé_s bf the four-coordinate initiator,
~ the postulated sites ‘of éttack for the olefinic substrate. Hence, this is an interesting
initiating system to study as it serves as a pdssible model for the supposed five-
~ coordinate ‘int_ex;rnediate in metathesis reactions involving this family of well-defined
four-coordinate molybdenum initiators.

‘13C NMR spectroscopy haé been used to ‘analyse_ the ‘microstructure of : '
} poly(bis(triﬂuoromethyl)norbomadier_;e) obtgined using initiator IV-.and information'..
_concerning the tacticity and cis and trans vinylene content has beén obtained. Using a .
similar,analysis to that described earlier in this section, it was calculated from the
allylic carbon region that this 'polymef contained 60% cis vinylenes in the backbone.
Information relating to tacticity effects can be sought by analysing the C7 methylene
region. of this polymer. F igure 3.14 displays thve methylene region of this polymer and
thevpeak assignments are shown in table 3.2. As can be seen, the region shows
substantial splitting indicating that the- pélymer does not possesé a totally
stereoregular ‘microstructure. Comparison with the spectra shown in figure 3.15

-allows a clearer picture of the tacticity in this polymer to be attained. Figure 3.15%
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disélayé a éeﬁes Qf Spectra of the,methyle‘ne régiéns of poly(bis(ﬂiﬂuérometh_yl)-
nbl'bOL'ﬁadiene) -s'zllmples_ bf varymg cis wvinylene content. In an all cis or all trans.
‘ ‘polymer dnly one environméht.':;x;d‘ one. signal will be observed ﬁnless the methylene
carbon_experiencés a meso)fﬁcemic (m/r) 'shift éffe;:t, caused by the stereochemistries
‘o.f Fhe‘nearést-ring .placem‘énts,.which means there can be up to thrée possible

environments (mm, mr=rm and rr).

~-30.371
37.821

-37°.040

Bk L - .
'.'Elful-fl_rlilallliilllllfll
.40 38 ppm

Figure 3.14. The *C NMR spectrum of the methylene region of

poly(bis(trifluoromethyl)norbornadiene) made using initiator IV.

Chemical shift/ppm , Peak assignment
38.37 | » cc, It
'37.82 c/tc
37.04 ' S

~ Table 3.2. Peak assignments for the methylene carbon region displayed in figure 3.14.
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The pe_ak assignments in'vtabl_e 3.2 were made on the basis of a‘comparison
between the *C NMR spectrurh of the rhethylen¢ region shown in figure 3.14 and the

"7 - series of"'3 C NMR spectra displayed in figure 3.15.

cc,

@iv) 98% cis
(iii) 65% cis
33% cis

(i)

l‘;..)lllﬁl[llllT

38 36 ppm

Figure 3.15. “C NMR spectra of the methylené- region of a seres of
poly(bis(uiﬂuoromethyl)norbomadiene) samples of varying cis Vinylene content and

their assignments.
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With reference to figure 3.15, spectrum i) is for the sample with >98% trans
vinylene content, prepared using the Mo(CHCMezPh)(N-2,6-Priz-C6H3)(OCMe3)2
initi;cltor. It consists of a single peakl with a shoulder to lower frequency,
deconvolution of the two overlapping peaks indicates that this polymer is 92% tactic,
but it is not possible to assign the spéciﬁc tacticity from this data, as was explained in
Chapter 2 of this thesis. The assignment, based on dielectric measurements, is never-
the-less secure as shovvvn.v As the cis content is increased, spectra (ii and iii), an
increase in multiplicity of tﬁe methylene carbon peaks occurs which must be due to
the presence of cis/trans junctions and all cis sequences. In the spectrum of the
polymer with >98% cis vinylene content (iy), prepared using the Mo(CHCMezPh)(N -
2,6-Pri2-C6H3)(OCMe(CF3)2)2 initiator, two well-resolved environments are observed
correspondi’ng to two of the tmee possible triads. Intégration of these peaks indicates
that this high cis polymer is 75% tactic. 'Although no assignment of the tacticity can
bé made on the basis of the NMR data, the dielectric measurements are consistent
with a predominantly syndioféctic microstructure. In these assignments workers in
this field are in unanimous agreement concerning the assignment pf tacticity of the
high trans vinylene polymers. There is disagreement over.the assignment of tacticity
in the high cis polymers, while accepting that there is a measure of uncertainty, the
remainder of this work will use the assignmenfs favoured by the Durham/Leeds
workers the basis of which was discussed earlier (Chapter 2). The remainder of the
®C NMR spectra shown, are fully consistént with this analysis. Comparing these
spectra to the spectrum of the methylene region shoWn in figure 3.14 allows some
detail concerning the tacticity of the polymer produced using initiator IV to be

deduced. In figure 3.14, the presence of singlé peaks for the cc and ct/tc resonances at
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38.37 and 37.82 ppm respectively, indicates that in this p(.)lymer the cc sequences and
~ ct/tc sequences are predominantly of one tacticity each, however the third peak at
37.04 ,ppm associated with tt placements, is not sufﬁciently well resolved to provide
any evidence concerning the extent of tacticity in tt sequences. Comparing the
methylenev region in figure 3.14 with spectrum iii) in figure 3.15, i.e. cofnparing the
two polymers of a similar cis vinylene content, shows that there are more peaks in
spectrum iii) than in figure 3.14 which indicates that the polymer produced using
initiator IV is signiﬁcaﬁtly more regular in structure than the sample produced with
the mixed ligands whose spectrum is reproduced in figure 3.15@iii). In particular in
the spectrum of the sample produced by initiation with IV, the cc mr signal is absent
showing that all' the cc placements are rr. Thus wé can conclude that with initiator IV
and the living chain end derived from it, when cis vinylene follows cis vinylene the
monomers are incorporated in a syndiotactic sense, when cis follows trans or trans
follows cis only one signal is séen and this placemént is probably tactic -but when
trans follows trans we are unable to resolve tacticity effects. The fact that in all cis
sequ'ences‘ we have only one ‘tacticity is not-surprising in .view of Schrock’s earlier
. observation of an all cis tactic polymer with the BINO bidentate ligand, see figure 3.2.

.Finally, initiator III (Table 3.1) provided an opportunity to study the ROMP
activity of an initiator which. incorporated the novel boroalkoxide- ligands. As a

reminder, the structure of the initiator is shown in figure 3.16 overleaf.
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Figuré 3.16. Schematic diagram of the four-coordinate boroalkoxide initiator.

As described previously; changing the electronic properties of the ancillary
alkoxide liga'ndvs in these ﬁqolybdenum four-coordinate initiators can have a dramatic
effect on the microstructure of the resulting polymer. The use of a strong electron-
withdrawing ligand such as the CF; moiety demonstrates this point and the effect this
ligand has on the polymer microstructure has been discussed previously in this thesis.
These earlier observations led to investigations being extended to the unusual class of
alkoxide ligand, the so-called “quasi-alkoxides”, in which the metal bound oxygen has

a ngis-acidic diarylboron group attachgd. An initiating system was developed and

gyhthesised inc;orporating the novel borgglkoxide ligand.' The initiator was found to
,be active for the ROMP of 2,3-bis(triﬂuorom@thyl)norbomadiene and the resulting
polymer microstructure was analysed-usinlg C NMR spe'ctroscopy.

Analysis of the allylic carbon region for this polymer, using similar methods to
those previously described revealed that this polymer containéd 85% cis vinylenes.
Information regarding the tacticity present in this polymer Was; obtéined by analysing

the C7 methylene region, illustrated in figure 3.17.
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Figure 3.17. C NMR spectrum of the C7 methylene region of the polymer made

using initiator IIL

Figure 3.17 shows the presencé of two peaks in the methylene region of this polymer.
By the same argument as before the peak of highest intensity at 38.28 ppm can be
assigned to cc rr sequences in the polymer and the peaks of lower intensity centred at
37.69 ppm are probably due to tc/ct sequences. Significantly thex;:a is no peak at
37ppni which is where tt rr and tt mr signals are expected, which indicates that the

trans vinylenes are predominantly found in ctc sequences and the multiplicity of the ct
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peak at 37.69 suggests the trans vinylenes are not stereoselectively placed. Thus, we
can conclude that initiation with III gives a polymer which is 85% cis syndiotactic
with the 15% of trans .vihylenes being atactically incorporated predominantly in ctc

sequences.
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3.5. Conclusions. ‘

Thve pufpose of this chapter wéls to describe efforts directed towards improving
the tacticity in'poly(bié(triﬂuoromefhyl)norbofnadiené, specifically té dbfain an all
trans all syndiotactic polyfne?. At preéent, the best achievable is a high trans 92%
syndiotactic material synt_hésised ﬁsing ‘the molybdenum hexa-t-butoxide initiator and
an increase in'the tacticity to approaching 100% could be of great interest both
academiéally and pe.rhaps mo.re importantly bé of commercial signiﬁcance:.8 The
studies were undertaken based on the knowledge that variations in the ancillary
ligands around the metal centre can ha;/e a profound influence on the resulting
polymer microstructure.” This chapter has described novel initiators which contain
vafiations in both the alkoxide and arylimido ligands. The polymerisation studies
have confirmed that changes in the surrounding i'igand fypes do indeed affect the
resulting polymer microstructure.

This work shows that the well-defined initiators III and IV give polymers in
which cis—ci; vinylene sequences are accompanied al@ogt exclusively by stereoregular
monomer incorporation, this ié interesting, but since our main aim was to' produce
high tt rr microstructures, not useful. The ideas behind the c-i.evéIOpment of these
initiators could still be utilised in future studies and there still exists a vast range of
opportunities for workers in this field. Possible future studies which could be

conducted in this area will be outlined in Chapter 6 of this thesis.

128



3.6.

10.

11.

12.

13.

14.

15.

References.

J.H.Oskam and R.R.Schrock, J.Amer.Chem.Soc., 115, 11831 (1993)
J.H.Oskam and R.R.Schrock, J.Amer.Chem.Soc., 114, 7588 (1992)
W.J.Feast and B.Wilson, .Polymer, 20, 1183 (1979)

W.J Feast and B.Wilson, J.Mol.Cat., 8, 277 (1980)

G.C.Bazan, E.Khosravi, R.R.Schrock, W.J.Feast, V.C.Gibson, M.B.O’Regan

and J.Thomas, J.Amer.Chem.Soc., 112, 8378 (1990)

- G.C.Bazan, R.R.Schrock, W.J.Feast, V.C.Gibson and E.Khosravi, Polym.

~Commun., 30, 258 (1989)

R.R.Schrock, Acc.Chem.Res., 23,5 (1990)

G.R.Davies, H.V.St.A.Hubbard, . M.Ward, W.J Feast, V.C.Gibson,
E.Khosravi and E.L.Marshall, . Polymer, 36, 235 (1995)

D.H.McConville, JR.Wolf and R.R.Schrock, J.Amer.Chem.Soc., 115, 4413
(1993) -

R.O’Dell, D.H.McConville, G.E.Hofmeister and R.R.Schrock,

J.Amer.Ghem.Soc., 116, 3414 (1994)

R.R.Schrock, Pure & Appl.Chem., 66, 1447 (1994) BTN I
R.R.Schrock, J.S.Murdzek, G.C.Bazan, J.Robbins, M.DiMare-and. - B
M.O’Regan, -J.Amer.Chem.Soc., 112, 3875 (1990)

J.H.Oskam, H.H.Fox, K.B.Yap, D.H.McConville, R.O’Dell, B.J.Lichenstein
and R.R.Schrock, J .Or'ganomet.Chem., 459, 185 (1993)

W.J.Feast, V.C.Gibson, C.Redshaw, R.M.Towns, W.Clegg and

M.RJ .Elsegood, J.Mol.Cat., accepted. |

A.Togni and L.M.Venanzi, Angew.Chem.Int.Ed.Engl., 33, 497 (1994)

129



TS

- 17.

18.

19.

20.

21.

22.

E.L.Marshall, PhD thesis, Durham University, (1992)

W.J.Feast, V.C.Gibson and E.L .Marshall, J.Chem.Soc., Chem.Commun., 1157

(1992)

K.J.Weesé, R.A.Bartlett, B.D.Murray, M.M.Olmstead and P.P.Power,

Inorg.Chem., 26, 2409 (1987)

_ A.b.Alimuniar, P.M.Blackmore, J.H.Edwards, W.J. Feast and B.Wilson,

Polymer, 27, 1281 (1986)
K.J.Ivin, “Olefin Metathesis”, Chapter 12, Academic Press, London (1983)

. . \
J.Broeders, W.J.Feast, V.C.Gibson and E.Khosravi, J.Chem.Soc., Chem.

Commun., in press

G.R.Davies, W.J Feast, V.C.Gibson, H.V.St.A.Hubbard, K.J.Ivin,

: .A.M.KenWright,-E.Khosravi,' E.L.Marshall, J.P.Mitchell, LM.Ward and -

+:B.Wilson, Makrombl. Chem., Macromol. Symp., 66,289 (1993). .- .



- Chapter 4
Studies directed to an examination of the limits of the well
controlled synthesis of

| .poly(bis(triﬂuoromethyl)norbornadiene).
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4.1. Introduction.
"~ . The ring opening pblymerisation of 2,3-bis(triﬂubromethyl)norbomadiene

initiated by well defined Schrock-type initiators is an example of a living

. polymerisation, see figure 4.1.

CF3 _ F3Q CFs

Figﬁfe 4.1. The ROMP of 2,3-bis(triﬂuoromethyl)norbornadiene.

In Chaétéf 1 of this thesis; some of the features of a llvmg polymerisation were
déscr_ibed.l“’z’j .Perha;pé- the most imporfa;if is that coriéé_iﬁirig the m‘ir:hber;.-.laverage'
| molecular weight, Mn Tn a well characterized ».Ii;/iﬂg_vfpi)'Isfﬁiedsatidn a plot of M,
;/ersus %-conversioﬁ‘is;'lihéar with the in:tefcept paésing through the -origin.- This
implies that M, can be controlled by the stoichiometry of the reaction. Furthermoré
in an ideal living polymerisation, the rate ‘of initi.ation is gr'eaterb than or of a similar
magnitude to the rate of propagation meaning fhat relatively narrow. molecﬁlar weight
distributions are achievéble.

The studies describea in this Chapter were directed to the synthesis of a series
of high trans; highly tactic‘poly(bis(triﬂuoromethyl)norborhadiene) samples and also a

series of high cis, highly tactic samples. Using the criteria described previously, it



was envisaged that a range ‘of molecular weights of narrow molecular weight -
distribution shouldbe achie_vable. One of the aim's of this work was to see if
mélecular 'weig‘ht.s approéching one million were péssible Wfth this polymerisation
method. Anothér aim was to provide samples for the further stﬁdy of the properties of
the high trans énd hlgh cis pol.ymers and to see whét effect, if any, the molecular
weight had on the proberties. Light scattering is being used to study the
configurations of the tfa_ns and cis polymers in solution and work is still in progress
using this technique. This work is conducted by Mr P.Almond, a graduate student at
Leeds University, who is also working on molecular modelling of this polymer as a
function of microstrﬁcture.' The hope is that the modelling and light scattering
measurements on the .establi.shed high trans éyndiotactic material- will provide
confidence in the predictive value of the modelling and that the experimental data for
the high cis poly‘r_r‘ie~r:.will be fitted by the model!ing in a way wh'ich_': resolves the . .
‘ _debat¢ about _its_ mlcrostructure

. _The rema.i_nd‘er...qf thi§ Chapter describes the sy_;_1th}eses of. the:higﬁétrm_s and
high cis poly(bis(trifluoromethyl)norbornadiene) sgmples'—and the raﬁge of 'molecular-.

weights attained.



4.2.  The synthesis of high trans poly(bié(triﬂuoi:omethyl)norbornadiene)

samples.

This section describes attempts to‘ .synthesi»se sémples of high trans
poly(bis(trifluoromethyl)norbornadiene) of varying molecular weight. In Chapter 2 of
this thesis the use of well—deﬁned four coordinate molybdenum initiators in the ROM
polymerisation of 2,3-bis(trifl‘u‘oromethyl)norbomadiene"‘s'6 was discussed. It has been
shown using - the initiator,  Mo(CHCMe;Ph)(N-2,6-Pr'y-CoHs)(OCMey),  that
poly(bis(txiﬂuordmethyl)nérb(;madiene) can bé obtained containing >99% trans
vinylenes, a value conﬁrmea by °C NMR spectroécopy, and furthermore .dielectric and
C NMR spectroscopy measureﬁ;ents have confirmed that this polymer is 92%
- syndiotactic.”® The polymerisation studies described in the next section are based on

the use of this well-defined molybdenum initiator.

4.2.1. Experimental

- a) General procedure and techniques.

All polymerisation experiments were performed in a conventional nitrogen-
filled glove-box. The solvents used for the polymerisations were toluene and THF.
Toluene was distilled from sodium wire and passed through a column of activated
alumina prior to use. THF was stored over sodium benzophenone ketyl and vacuum
transferred prior to use. Both.s'olvents weré deoxygenated immediately before use in
the glovebox. The terminating agent used in these,polymerisationsAwas' benzaldehyde,
and this was purchased from the Aldrich chemical company. It was vacuum distilled

and stored over molecular sieves, before being deoxygenated and used in the glove-
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box.i The initiétor, Mo(CHCMezPh)(N-2,6-Pri2-C(,H3)(OCMeg)2 *and the monomer,
2,3-bis_(t11'flubromethyl)norbomadiené,9 used in these experiments were prepared using

the methods described in the literature.

b) Polymerisation procedure.

As discussed p'revibusly.in this chapter, changing thé stoichiometry of this
polymerisation reédlts inpolyfneré of varying molecular weight bei.ng produced, i.e. by
changing the monomerinitiator ratio it is possible to' obtain different molecular weight
bblymers. Thus by using a higher number of monomer equivalents higher molecular
'._ weight polymers can be produced. The description which follows.is the general
procedure which was adopted in the synthesis of the range of molecular weight
samplgs of high trans,Ahighly tactic poly(bis(trifluoromethyl)norbronadiene). For the
synthesié of a sar[lble of a particular molecular weight, a spe;ciﬁc monomer:initiator
ratio was calculated and used. |

Firstly,l a solutioh of Mo(CHCMezPh)(N-2,6-Pri2-C6H3)(OCMe3)2 in
toluene/THF (90:10 v/v ratio) was prepared. The volume of the solvent mixture used
in the polymerisation depended on the stoichiometry of the reaction. The volume usevd
was approximately 3-4 times more than the volume of monomer .used. To this rapidly
stirring initiﬁtoréolution was added dropwise the monomer in toluene/THF solution.
Usually one third of the monomer solution was added initially to consume all the
initiator, after 30 minutes the remai‘ning monomer solgtion was added dropwise. On
addition of the monomer solution, the initiator solution changed from a bale
yellow/brown to a deep cherry réd; indicative of the formation of the propagating

alkylidene species. The polynierisation mixture was stirred continuously for 19-20
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ﬁours, after WMCh the reacﬁon mixture had.become extrémely viscous and in some
cases the fomation of a ge.l occurr_éd.' The pélymerisation was terminated by the
addition of benzaldehyde (ten-fold excess with réspeqt to the initiator) and stirred for a
’further. 60 minu’te.s. The product bolymer was rec_overea by dissolving the viscous
reaction product in the minimum amouht,of acetone (AR grade) and precipitating it by
dropwise addition to a ten-fold excess of methanol. The polymer was purified by re-
dissolving the crude prod_h;t in acetone and re-precipitating it in methanol. The ;olid
polymer was recovered by ﬁltration and driedb in vacuo to give a wﬁite fibrous material.
The producf was anaiysed by gel pefmeation chromatography (GPC), usiﬁg a
Viscotek Differential Refractometer/Viscometer Model 200 (column packing PLg 10,
mixed styrene-divinyl benzene beads, solvent: tetrahjdrofuran), and °C, YF,'"H NMR
spectroscopy to check that the polymer samples remained highly trans and highly tactic
with variation in molecular weight, and also that they maintained a narrow molecular
weight distribution.. Table 4.1 overleaf, displays a. list of the polymer samples

prepared, and in each case high trans (>98%) polymers were obtained.
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Table 4.1.

Poly(bis(trifluoromethyl)norbornadiene samples prepared using
Mo(CHCMeZPh)(N—Z,6-Pri2-C6H3)(OCMe3)2.
Sample Amount (g) | Molecular | Polydispersity Theoretical M, (meas)
M, (calc)
number weight index (PDI) | molecular
M) weight
relative to computed
polystyrene from
standards monomer
to initiator
ratio

1 2.21 100,900 1.31 52,300 1.9
2 1.79 337,100 1.35 144,000 23
3 192 245,300 1.08 257,000 0.95
4 2.65 92,200 1.01 47,600 1.9
5 2.54 271,100 1.01 151,200 1.8
6 2.62 75,100 1.08 ‘ :53,100- 1.4
7 347 147,700 1.16 ) '213;6,700 1.1
8 1.23 283,500 1.59 141,000 2.0
9 3.25 203,200 | 1.27 133,900 1.5
10 1.67 87,400 1.06 61,700 1.4
11 3.58 202,900 1.06 123,900 1.6
12 2.13 321,600 1.08 116,100 2.7
1'3 3.02 218,300 1.05 164,100 1.3
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Sample Amount (g) | Molecular | Polydispersity | Theoretical | M, (meas)
M, (calc)
number weight index (PDI) molecular
relative to weight
polystyrene
standards :
14 3.16 84,400 1.01 53,200 1.6
15 4.94 229,600 1.02 161,800 1.4
16 4.50 185,000 1.41 184,700 1.0
17 1.90 85,000 1.36 103,300 0.8
18 V 4.86 267,800 1.03 181,000 1.5
19 5.70 240,300 1.33 214,500 1.1
20 5.56 303,900 1.18 281,900 1.1
21 3.78 216,300 1.08 104,800 2.1
22 5.02 468,8QO : 1.19 1,028,000 ;‘0.46
23 | 9.62 693,400 1.55 763,100 0.9
24 101 149 975,100 09

893,000

Table 4.1 (continued)i )

4.2.2. Results and discussion.

The data recorded in Table 4.1 illustrate that a wide range of molecular

weights of high trans poly(bis(trifluoromethyl)norbornadiene) have been made. The

range encompasses polystyrene equivalent number average molecular weights from
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under 100,000 to values approaching 900,000. All the samples we're characterized
using 'H, Bc, F NMR spectroscopy which showed that the molecular weight of the
polymer does not affect the trans vinylene content or tacticity of the polymer. A
detailed  discussion of the NMR  spectrum of  high trans
poly(bis(tfiﬂuoromethyl)norbomadiene) has been given previously in this thesis
(pp58,59 and 68-72), and examples of the spectra obtained for the range of high trans
samples of different M,, are shown in Appendix 4.1.

On examination of table 4.1, it can be observed that the majority of samples
synthesised possess a relatively narrow molecular weight distribution, however, in
some cases a higher polydispersity (>1.3/1.4) is produced. This broadening of
molecular weight distribution has been reported breviously for systems using
fluorinated monomerslo and can be due to the presence of trace amounts of dioxygen
introduced at the termination stage of the polymerisation. A bimolecular termination
reaction occurs involving dioxygen and the propagating alkylidene species and results
in a dimerization of the living chain ends producing a .:higher molecular weight
impurity, which usually occurs at twice the molecular weight of the rﬂajor product.:If.
there was a slight leakage of oxygen into the polymerisation vessel this process may...
occur throughout the polymerisation. giving a broadened molecular‘ weight
distribution.

This phenomenon highlights the care which must be taken in ensuring that the
monorﬁer is fully deoxygenated prior to fts use in ROMP reactions and that reaction

“conditions are carefully regulated. Indeed during the syntheses of the range of
molecular weight samples, it became apparent that certain experimental criteria had to

be addressed, in order to ensure a well-behaved, living polymerisation took place.
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The high purity of the monomer was crﬁcial. Sometimes, during the monomer
preparation, small traces of cyclopentadiene were present and this acts as a poison
towards the initiator, effectively “killing” the polym'erisation, so the monomer had to
be cérefully re-distilled to ensure its removal. Monomer concentration also proved to
be important, it was found that if too much solvent was used in the polymerisation in
an attempt to keep the solution viscosity low, then no propagation occurred. In some
cases, the monomer was used with no solvent added to produce a high enough
concentration for initiation by the active alkylidene species to take place. These
considerations became very important when high monomer:initiator ratios were
employed and when very small quantities of initiator were used.

As discussed in the introduction of this Chapter, one of the aims of this study
was to produce a high trans poly(bis(trifluoromethyl)norbornadiene) sample of a
molecular weight approaching one million, and attempts to achieve this have been
fairly successful with-a polystyrene equivalent molecular weight around 900,000
produced. |

However, the reliabilit); of the data shown in table -4.1 has to be critically
gxa'r,n.'ined. In i)olymerisations of this type where .L-tnM — IM,, I and M representing
the initiator and monomer respectively, a “perfect™ result requires thét a constant
value is obtained for the ratio M, (observed) / M, (calculated) and that the
polydispersity approaches 1. On examination of table 4.1 it can be seen that these two .
requirements are not met in every case. In some cases a low polydispersity for a
polymer sample is obtained but the ratio of the observed molecular weights to the
calculated molecular weights is not a constant value. In an ideal polymerisation, a

plot of the polydispersity versus M, (observed) / M, (calculated) should be linear and
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parallel to the polydispersity axis, that is the polydispersity should not vary with M,,.

The graphs which follow are plots of these two variables using the data in table 4.1.

Graph 4.1.

Graph 4.2.
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A plot of M,, (observed)/M;, (calculated) versus PDI for all the polymer

samples listed in table 4.1.
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A plot of M,, (observed)/M, (calculated) versus PDI for the

polymer samples having a PDI less than 1.08.
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Graph 4.3. A plot of M,, (observed)/M,, (calculated) versus PDI for the polymer

samples having a M, (obs)/M,, (cale) ratio between 1.0 and 2.0.

In graph 4.1, where the data for all the polymer samples are plotted, a high
degree of scatter occuré and there is no apparent correlation between the PDI of the
polymer and the M, (obs)/l\-/In (calc) ratio. In graph 4.2, only those samples possessing
a PDI less than 1;08 have been plotted. The reason for this was to see if those samples
possessing a low PDI necessarily had a constant M,, (obs)/M; (calc) ratio as expected
for a well behaved system. Grdph 4.3 only considers thoée samples having a
M, (obs)/M, (calc) ratio between 1.0 gpd 2.0, which is fairly close to the average value
for the low PDI samples plotted in graph 4.2, (1.74). Graphs 4.2 and 4.3 show that
more correlation exists between the two variables When only the jalues approaching
the “optimuni” are considered as corhpared to graph 4.1 where higher polydispersities

and higher M,, (obs)/M, (calc) ratios result in very little correlation.
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The respectjve correlation coefﬁéients of the data plotted in graphs 4;2 and 4.3
are also interestiﬁg to note; the correlation coefficient of the> data in graph 4.2 is 0.61
compared to a value of 0.002 for the data in graph 4.3. The correlation coefficient
shows the extent to which a set of data support a ljnear relationship, it is a number
somewhere between -1 and +1. If the value for the correlation coefficient is close to
+1 or -1, then the data lie close to some straight line; if the value is close to zero, then
the data are uncorrelated with little or no tendency to lie on a straight line. This
suggests that in deciding which data for samples from table 4.1 aré reliable,
M, (obs)/M, (calc) ratios approaching a constant value of 1.48 (Graph 4.3), provide a
less accurate prediction than using low polydispersities (Graph 4.2) as the sole
criterion. Furtheﬁnore the observedvr_nolecular weights of those samples possessing
both low polydispersities (<1.08) and M, (obs)/M,, (calc) ratios close to thé average
value of 1.48 may be trusted, with some degree of confidence, to be the most reliable.

The discrepancies between the observed and calculated molecﬁlar weights of
the high trans samples reported in table 4.1 highlight the highly delicate.nature. of this
polymerisatién particularly: .on the scalé ‘of reaction used invthis work. - - Certain
experimental cfiteria which need to be observed to ensure a well-behaved living. -
polymerisation have been discussed previously. Because of the small amounts of-
initiatdr used in these experiments (%Smg) there is much scope for experimental error.
On such a small scale, the weighing of the material is subject to an error due to the
limits of accuracy inherent in using a balance in the glove box, and the discrepancies
observed may be partly due to this. Other reasons for the discrepancies may include
the method of stirring and efficiency of mi);i_ng; sometimes the size of the stirrer bar

used in the reaction vessel had an effect on the time taken for the reaction mixture to
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become viscous and this may influence the subsequent molecular weights and

polydispersities observed.

43. The synthesis of high cis poly(bis(trifluoromethyl)norbornadiene)

samples.

4.3.1. Infroduction.

The synthesis of the high trans samples of this polymer has previously been
discussed in section 4.2, using' the molybdenum t-butoxide initiator. The fluorinated
analogue of this iﬁitiator, ie. Mo(CHCMezPh)(N-2,6-Pfiz-C6H3)(OCMe(CF3)’2)2’ has
also been described in earlier Chapters of - this thesis, and polymerises 2,3-
bis(trifluoromethyl)norbornadiene to produce a polymer containing >98% cjs

_vinylenes and a tacticity of 75%."""2 |

In these studies of the properties - of high trans and high  cis
poly(bis(trifluoromethyl)norbornenes), it was necessary to have highly tactic samples
of each. The high trans samples prepared using the molybdenum. t-butoxide initiator -.
are highly tactic (92% syndiotactic) but the polymer produced using the hexafluoro-t-
butoxide initiator does not pbssess a high enough tacticity. Therefore, for the purpose

of these studies, an alternative initiator was used. The one chosen is shown in figure

4.2.
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{Where Ar = 2,6-Pr',-C¢Hj and Nap = Naphthyl }
Figure 4.2.  The initiator prepared by Schrock, producing high cis, highly tactic

poly(bis(trifluoromethyl)norbornene)

The initiator shown in'ﬁg.ure 4.2 was synthesised by Schrock and co-workers,”* and
was reported to poly;ﬁerise 2,3-bis(trifluoromethyl)norbornadiene to give a polymer
containing 97% cis vinylenes and 97% tacticity (it is not known with éertaiﬁty whether
the polymer is syndiotactic or isotactic). The improvement of tacticity in the polymer
‘obtained using this initiator as compared to the molybdemim hexafluoro-t-butoxide
initiator can be illustrated by comparing the respective C7" methylene regions of the
polymers produced, as shown in figure 4.3." The C7 methylene region of the polymer
produced by the héxaﬂuoro—t—butoxide initiator has beén discussed previously in this
thesis, (see pp69-71), and in ﬁgure 4.3 it can be clearly seen that it possesses a more
complicated C7 regioh than the Mo(CHCMezPh)(NAr)((+)-N apstart) initiator. This is
because in the 97% tactic polymer, there are more ring dyad environments of the same
configuration giving rise to a simpie C NMR spectrum with predominal}tly a single
narrow line, whereas in the 75% tactic polymer there are more ring dyad environments
having different configurations and the distribution of environments gives rise to two

broadened lines in the *C NMR spectrum.
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Figure 4.3. " The C7 methylene region of poly(bis(triﬂuororﬁethyl)norbornadiene)
prepared by a) Mo(CHCMe,Ph)(NAr)(OCMe(CF;),), b) Mo(CHCMe,Ph)(NAr)((+)-

Nap,tart).
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4.3.2. Experimental

The general polymerisation procedure for the preparation of high cis, high
tactic poly(bis(trifluoromethyl)norbornadiene) samples was similar to that adopted for
the synthesis of the high tranﬁ samples described previously, with all manipulations
being performed in a ‘glove-box. To a rapidly stirring solution of
Mo(CHCMegPh)(NAr)((+)-Nap4t§1't) in toluene/THF (90:10 v/v ratio) (3-4 times more
volume than that of the monomer), was added one third of the 2,3-
bis(trifluoromethyl)norbornadiene, toluene/ THF (90:10 ratio) solution (concentration
ranging from 329gl™ - 601gl™). After 30 minutes, the remaining monomer solution
was added dropwise. After 20 minutes, the contents of the flask had become very
viscous and more toluene/THF solution was added in aﬁ attempt to keep the solution
homogeneous. The reaction mixture was left stirring for 12 hours, and the
polymerisation was terminated by the addition of benzaldehyde (ten-fold excess with
respect to the initiator) and stirred for a further 60 minutes. The product polymer was
recovered by dissolving tﬁe viscous reaction product in a minimum amount of acetone
(AR grade) and precipitating the polymer by dropwise addition to a ten-fold excess of
hexane. It was purified by re-dissolving the crude product in acetoné and re-
precipitating in hexane. Tﬁe product was recovered by filtration and the isolated
product dried in vacuo to give a white ﬁbrous material. Characterisation of the
polymer was pexformed using 'H, C, F NMR spectroscopy. Examples of the
spectra produced from samples of thé high cis, highly tactic polymers are shown in

Appendix 4.2.
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4.3.3. Results 'and discussion.

As was the case with the syntheses of the high trans samples of
poly(bis(trifluoromethyl)norbornadiene), various initiator:monomef ratios were used in
order to produce polymer samples of varying molecular weight, the results are listed in
Table 4.2. However, one of the major drawbacks of using this particular initiating
‘'system is that the resulting polymer is rather insoluble and tends to precipitate as it
forms," the reaction mixture becomes very viscous and this makes the maintenance of
an homogeneous solution extremely difficult. Various solvent systems were tried
including dichloromethane, dimethoxyethane and toluene/THF (described in section
4.3.2) and in each case the polymer precipitated as it formed. The lack of solubility
displayéd by this polymer preveﬁted the detérmination of molecular weight and
polydispersity by GPC. However, the polymer is soluble in‘acetone and this allowed
alternative methods of obtaining some measure of the molecular weight to be
employed. The techniques of capillary viscometry and light scattering were chosen to -
investigate the molecular weight and dimensions in solution and work is in progress

using these methods.™

Table 4.2. Poly(bis(trifluoromethyl)norbornadiene) samples prepared using the

initiator; Mo(CHCMe,Ph)(NAr)((+)-Napjtart).

Sample number Amount (g) C NMR data Theoretical

molecular weight.

1 0.91 >98% cis 160,000

2 3.62 >98% cis 390,000
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Sample number Amount (g) C NMR data Theoretical
molecular weight
3 1.87 >98% cis 300,000
4 : 1.10 >98% cis 210,000
5 0.49 >98% cis 280,000
6 230 >98 % cis 520,000
7 | 3.20 >98% cis 630,000

Table 4.2 (continued).

‘Table 4.2 shows the range of high cis, highly tactic
poly((bistrifluoromethyl)norbornadiene) samples produced. The theoretical molecular
welghts are calculated on the basis of the initiator:monomer rafios used in each sample
preparation. These samples proved significantly more difficult to prepare than the high
trans polymers. Their continued investigation is in progress by other workers in the
IRC. The reasons for making these samples were outlined in the introduction but the

outcome of this study is not available at the time of writing.

4.4. Summary.

In this Chapter the syntheses of a range of high trans and high cis, highly tactic
samples of poly(bis(trifluoromethyl)norbornadienes) has been described. It has been
shown that by varying the initiator:monomer ratio, a range of different molecular
weights can be attained, and furthermore in the majority of cases, narrow molecular

weight distributions are obtained. The work reported in-this chapter was undertaken
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to provide samplés for study by other workers in the IRC as described earlier. It was
also an experimental test of the applicability of living ROMP to the synthesis of well
defined high molecular weight samples of polymers. Most earlier work on living
ROMP has addressed the mechanism of polymerisation and has concentrated on
spectroscopic studies at low monomer:initiator ratios. In the earlier literature of this
field it is common to read of 10:1 and 20:1 monomer:initiator ratiés and examples of
200 to 400:1 represent typical “high molecular weight” syntheses. In this work the
author has established that ratios of ca. 4000:1 can be effectively used to make truely
high molecular weight polymers but that the technique is experimentally very
demanding. The experimental problems in this case were accentuated by the scale of
the work, for example in the syntheses of highest molecular weight samples the amount
of initiator used was as low as Smg, and handling air and moisture sensitive transition
metal complexes safely and precisely on this scale represents a challenge to the
worker’s skill. As an example, of the discrepancies that can dccur in the resulting
'molecular weights of the high trans polymer samples as a consequence of an error
(£0.5mg) in the weighing of small quantities of initiator in the glove box, consider two
“perfect” polymerisations where 10g of monomer is added to 5mg and 4.5mg of
initiator. The resulting calculated molecular weights of the polymer samples are
980,000 and 1,086,000 respectively, thus a difference of 0.5mg of initiator being used |
producés a variance éf 106,000 in the molecular weights of the polymers; this clearly
illustrates the extremely delicate nature of this polymerisation. The results presented
here demonstrate that it can be done but the author acknowledges that the reliability of

“some of the molecular weights reported for the high trans samples may be open to
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question and that discrepancies do occur between the observed and calculated

molecular weights.
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Chapter 5
Experiments concerning the ROMP of fluorinated

monomers containing six membered rings.



5.1. Introduction.

This chapter describes attempts to effect the ROMP of certain fluorinated
monomers in which the double bond is located in a six membered ring. In Chapter 1 of
this thesis, the thermodynamics of ROMP reactions' were discussed. The most
impdrtant factor governing the probability that a particular compound will polymerise
is the change in Gibb’s free energy on polymeﬁ_sation, AG. This .parame,ter is linked to
the enthalﬁy and entropy changes by the well-known equation,

AG = AH - TAS.
A negative value of AG indicates that the polymerisation is thermodynamically
favourable and likely to dccur providing a suitable mechanism exists. The entropy
change, AS, on polymerisation is always negative and this fact gives rise to the
phenomenon known as the Ceiling Temperature,” which can be_regarded as the 'point
where the entl'opic and enthalpic contributions to AG are-in balance and above which
no polymer forms. Most cycloalkenes may undergo ROMP since, in most cases, AG
for ring opening is negative at normally used reaction temperatures. Ring strain is
presént in small rings, of three, four and five members, and also in larger rings of seven
members and more. Only cyclohexene, which has a low strain energy, has a positive
value for its AG of polymerisation, meanihg it will not undergo ring opening.
However, the balance is fine and if some strain is introdqced into the six membered
ring, the situation might be modified sufficiently to allow such monomers to undergo

ROMP. Figure 5.1, shows two such examples.
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Bicyclo[2.2.2]oct-2-ene " Norbornene

Figure 5.1. Examples of increased ring strain in six membered rings.

There are reports in the literature of the ROMP of bicyclo[2.2.2]0ct—2-eﬁe,3'4 and here
the Cyclohexene ring is forced to adopt a slightly strained conformation due to the
restriction placed upon it by the 1,4-ethylene bridge. Further strain can be introduced
by placing a 1,4-methylene bridge on the cyclohexene as is the case with norbornene,
one of the most reactive ROMP moﬁomers.

In this Chapter, attempts to ring open the monomers sﬁown below will be

described.

CE. . F
F
CF, - -

It was hoped that sufficient ring strain would be present in these monomers to allow
ring opening to occur, and the fluorinated polymers produced may well be of interest,
in particular their dehydrogenation products would be novel poly(arylene vinylene)s of

potential value as emitting layers for polymer based LEDs.
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5.2.  The ring opening metathesis polymerisation of 2,3-bis(trifluoromethyl)-
bicyclo[2.2.2]0cta—2,5-diene.

5.2.1. Introducﬁon. |
In contrast to bicyclo[2.2.1]heptenes and -heptad.ienes, few examples of the

* although the

ROMP of bicyclo[2.2.2]dctenes or -octadienes have been repoi'ted *
strain energies of the two ring systems (16.0 and 20.4 Kcal/mol respectively)’ are
significantly greater than cyclopentene (6.9 Kcal/mol), whiqh is known to successfully
under'go ROMP. The lack of easy synthetic routes to simple bicyclo[2.2.2]octenes
and-octadienes, as compared to the range of norbornenes and norbornadienes readily
available via Diels-Alder reactions of cyclopentadiene, which is cheap and readily
ziccessible has hindered their study aé potential monomers for ROMP reactions.
ROMP stud.ies have previously been conducted on a wide range of fluorinated
norbornenes and norbornadienes®’ and in particular, 2,3-
bis(trifluoromethyl)norbornadiene has received a lot of attention due to the potential of
its all tr-ans Sylldjotactic polymer for use in pyroelectric and piezoelectric devices.® The
aim of this section. of work was to extend these studies by investigating the
polymerisability of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene, the reaction
scheme is shown'in figure 5.2 in conjﬁnction with the scheme for the ring opening of
2,3-bis(trifluoromethyl)norbornadiene. Investigations directed to the ring opening of

the bicyclooctadiene monomer are discussed in the subsequent sections.
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a) / CFy ROMP

\J

CF |
3 F,C CF,
—CF, ROMP =
b) >
CF -
3 FSC CF3

Figure 5.2. Reaction schemes for the ROMP of a) 2,3-
bis(triﬂuoromethyl)norbornadiené, b) 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-

diene.
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5.2.2 Experimental.

5.2.2.1 Synthesis of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene.

The preparétion of this monomer was similar to that described in the literature.”

Firstly a hard glass Carius tube (16mm outside diameter, wall thickness 2.5mm)
fitted with a Youngs tap and S19 joint was connected to a vacuum line. 13-
Cyclohexadiene (3.49g, 0.044mole) was pipetted into the tube via the tap and
hydroquinone (0.15g, 0.0014mole) was added.

The contents of the Carius tube were then purged with nitrogen and degassed
using the ‘freeze-thaw’ method. After the degassing process, the Carius tube was
charged with hexafluorobut-2-yne (7.05g, 0.044mole) by vacuum transfer. Once the
Carius tube had been charged with the reagents it was sealed -under vacuum (ca.
1()'*‘2 mmHg). The‘ tube was placed in a thick metal sleeve and heated in a furnace at
80°C for 6 hours. |

On removal from the furnace, the reaction solution was pale-yellow with a
white precipitate also present, the tube was opened using the ‘hot-spotting’ technique
and the volatile products were recovered by vacuum transfer. The yellowish product
whi_ch remained in the Carius tube was (distilled to give 2,3-
‘bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene, boiling range 52-54°C @ 20mm Hg,
(5.93g, 56% yield).

Prior to- the polymerisation studies, the monomer was dried over phosphorus .
(V) oxide for 12 hours, then vacuum transferred and degassed immediately before use

in the glove box. The spectroscopic characterisation data are listed and are consistent
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with the assigned structure and in agreement with the literature.” The spectra are

reproduced in Appendix 5.1.

'H NMR data (400MHz, CDCls, 298K)

1.46 (t), 4H, (methylene), 4.06 (s, broad), 2H, (bridgehead), 6.40 (sextet), 2H,
(olefinic), chemical shifts in ppAm, reference to TMS, (see Appendix 5.1a).

“F NMR data (376.29MHz, CDCl;, 298K) -

61.14(s), CF3, chemical shift in ppm, reference to CFCls, (see Appendix 5.1b).

“C NMR data (100.57MHz, CDCls, 298K)

(see the above monomer strﬁcture for numbering system of carbon atoms)

- 24.17,C7 and C8, 37.63, C1 and C4, 121.67 (q, ] = 272 Hz, CFs), 133.51, C5 and‘ Co,
138.98, C2 and C3, chemical shifts in ppm,lreference to TMS, (see Appendix 5.1c).
Infra-red data (cm™) |

3071.2 (m), 2956.6 (s), 2920.9 (s) (C-H stretch), 1676.8 (s), (substituted double bond
strefch), 1400-1000 (s), (C-F stretch), 756.0 (m), (=CH-, out of plane bend). (see

Appendix 5.1d).
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5.2.2.2 Attempted pol);merisation of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-

2,5-diene using MO(N-2,6-iPr2-C6H3)(CHCMe2Ph)(OCMe(CF3)2)1

To a rapidly stirring solution of Mo(N-2,6-Pr,-
CsH3)(CHCMe,Ph)(OCMe(CFs),), (0.01g, 0.013Immole) in CDCl; (350ul) was
added dropwise a solution of .2,3-bis(U‘iﬂu01'0methyl)biéyclo[2.2.2]00ta-2,5-diene
(0.063g, 0.261 mmole, 20 equivalents) in CDCl; (350ul). (Before the addition to the -
initiating solution, the monomer was passed through a column of activated alumina).

The reaction solution was allowed to stir for 15 minutes, after which no
discernible colour change could be observed. The reaction was rﬁonitored by '"H NMR

spectroscopy, (see table 5.1 later and Appendix 5.2).

5.2.2.3 Attémpted polyrﬁerisation of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-
2,5-diene using W(N-2,6-"Pr,-C¢H3)(CHCMe;)(OCMes);
A solution of 2,3-.bis(triﬂu01'0methy1)bicyclo[2.2.2]octa-2,5-diene (0.130¢g,
0.537 mmole, 22 equivalents) in CDCls (350pl) was added dropwise to a rapidly
stirring solution of W(N-2,6-iPl';)_-CﬁH:x)(CHCMC})(OCMC})z (0.014g, 0.0244 mmole)
in CDCl; (350ul). The reaction mixture was stirred continuously for a further 15
minutes, after which no noticeable colour change was observed. The reaction was

analysed by 'H NMR spectroscopy, (see table 5.2 later and Appendix 5.3).

5.2.2.4 Attempted polymerisation of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-
2,5-diene using Mo(N-2,6-"Pr,-CsH3)(CHCMes)(OCMes);
- To a rapidly stirring solution of Mo(N-2,6-Pr,-CsH3)(CHCMe;)(OCMes),

(0.0127g, 0.026 mmole) in CDCl; (350ul) was added dropwise a solution of 2,3-
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bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene  (0.130g, 0.537 mmole) in CDCl;
(350ul). The reaction mixture was stirred for 15 minutes, and no noticeable colour
change could be detected. After this time, the reaction solution was injected into an

NMR tube and the reaction monitored by 'H NMR spectroscapy, (see Appendix 5.4).

5.2.2.5 Attembted polymerisation of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-
2,5-diene using the classical initiating system: WCl¢/Me,Sn.

In this reaction, a catalyst:co-catalyst:monomer ratio of 1:2:100 was used.
Fix‘étly the stock solution of WClg in chlorobenzene was bl'epal'ed in the glove box.
WCl, (0.2466g, 0.622 mmole) Was dissolved in chlorobenzene (16ml) and stirred in an
ampoule for 24 hours in order to ensure all the WClg was in solution.

The polymerisation was performed as follows: In the glove-box, a solution of
2,3-bis(triﬂuoromethyl)bicyclo[2.2.2]0cta-2,5-diene (2g, 8.3mmoie) in chlorobenzene
(10ml) was injected into an ampoule fitted with a Youngs tap and suba seal. The
ampoule was .removedv from the glove-box and connected to a standard vacuum line,
where it was maintained under an atmosphere of nitrogen. A small ampoule containing
a magnetic stirrer and fitted with a suba seal was purged with nitro};en for several
minutes.. Into this ampoule, was placed WClg/chlorobenzene stock solution (2.1ml,
(0.083mmole) and (CHa)4Sn (13ul, 0.166mmole) and the mixture was stirred for 15
minutes, during this time the solution changed from a blue/black colour to a deep
red/brown colour as the active species was formed.

After 15 minutes, using an air tight syringe, the catalyst solution was injected
into the stirred monomer solution, and the reaction mixture was stirred. After 1 hour,

the reaction was terminated by the addition of acetone (Sml) and the reaction solution
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was added to a ten-fold excess of stirring hexane under nitrogen. No polymer
precipitated in the hexane, so a different non-solvent, methanol, was tried but no
polymer precipitated from this either. The polymerisation was repeated employing

different reaction times and conditions, (see table 5.3 later).

5.2.2.6 The reaction between 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene
and Mo(N-2,6-'Pr,-CsH3)(CHCMe,Ph)(OCMe(CFs),),, followed by the
addition of 2,3-bis(trifluoromethyl)bicyclo[2.2.1]hepta-2,5-diene.

To a rapidly stirring solution of Mb(N—2,6-il51'2-
CsHa)(CHCMe,Ph)(OCMe(CFs),), (0.01g, 0.014mmole) in CDCl; (350ul) was added
dropwise a solution of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene (0.0688g,
().284mmole) in CDCl; (350ul). Tﬁe reaction mixture was stirred for 15 minutes, and
then injected into an NMR tube. A 'H NMR spectrum was recorded after 24 hours (at
room temperature) and also after 1 week (reaction mixture heated at 65°C).

After 1 week, the reacﬁon mixture was returned to the glove-box and the
solution was poured into a sample viél and allowed to stir. To this solution, 2,3-
bis(trifluoromethyl)bicyclo[2.2.1]hepta-2,5-diene  (0.160g, 0.7mmole) was added
dropwise. Within a few minutes the reaction contents became very viscous and turned
into a solid gel after 5 minutes suggesting polymer formation. Toluene (5ml) was
added to try and keep the reaction mixture homogeneous, a.nd the reaction was stirred
for a further 60 minutes. AfterA tﬁis time, the reaction was capped with benzaldehyde
(0.14mmole, 0.148g, ten-fold excess with respect to initiator) and stirred for 30
minutes. The product polymer was recovered by dissolving the viscous reaction

product in a minimum amount of acetone and precipitating it by dropwise addition to
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ten-fold excess of methanol. Thé solid polymer wés recovered by filtration and dried
in vacuo to give a white fibrous n;aterial, (0.033g, 50% yield). The p'rod'uct polymer
was analysed by C NMR spectroscopy and the analysis was consistent with the
formation of high cis poly(bié(triﬂuoromethyl)norbomadiene). The spectroscopic data
are shown below; the spectrum observed was similar to that shown in figure 2.6b, in

Chapter 2 of this thesis.

"C NMR data (100.58MHz, (CD5),CO, 298K)
140.36 (multiplet), (olefinic), 131.82 (s,broad), (vinylic), 121.93, (q, J = 272 Hz, CF3),
50.86 (s) and 44.81 (s,broad), (allylic), 38.33 (s) and 37.55 (s), (methylene), chemical

shifts in ppm, reference to TMS.

5.2.3. Results and discussion.-

Thé’ ring opening ~  metathesis ﬁolymerisation of 2,3-
bis(triﬂu01'()1ne§hyl)bicyclo[2.2.2]0cta—2,5—diene Ahas been attempted using several
different initiating systems, described prgviously in- section 5.2.2. On each occasibn.,
the polymerisation proved unsuccessful. These were disappointing results, as it was
envisaged at the beginning of the studies on this monomer system, that the ROMP
studies previously conducted on the: range of fluorinated norbornenes and
norbornadienes®’ described earlier in this thesis, could be reasonably extended to
include the equivalent fluorinated bicyclo-octadiene compounds. ‘However, this notion
has not Vbeen realised.

The first initiating systems to be tried in the attempted polymerisation of 2,3-

bis(trifluoromethyl)bicyclo{2.2.2]octa-2,5-diene were the well-defined molybdenum
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initiators; Mo(CHCMe,Ph)(NAr)(OCMe3), and Mo(CHCMe,Ph)(NAr)(OCMe-
(CF3)2)2.10 Both polymerisations wére atterﬁpted on an NMR-tube scale, at room
'temperature and also at elevated temperatures for periods up to one week, however no
signs of a polymerisation occurring could be observed in any case. Table 5.1 shows
the 'H NMR daté for the polymerisation attempts using the hexaﬂuoro-t-.butoxide
molybdenum initiator andl in each attempt the only peaks observed were those of the
initiating alkylidene and the monomér providing evidence that essentially no

polymerisation had occurred.

Table 5.1. 'H NMR data (400MHz, CDCl;, 298K) for the attempted polymerisation
of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene using the initiator Mo(N-2,6-

Pr',-C,H,)(CHCMe,Ph)(OCMe(CF),),.

Reaction time Temperature (UC) Peak assignment (ppm)

1 hour. - 25 | 12.183 (s),
Mo=CHCMe,Ph
1.52 (t), 4H, (methylene)
4.14 (s,broad), 2H,
(bridgehead)

6.42 (sextet), 2H, (olefinic)

24 hours 25 same as after 1 hour
7 days 25 same as after 1 hour
7 days heated at 50 same as after 1 hour

for 3 hours
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The next initiator to be tried was the tungsten analogue of the molybdenum t-
butoxidev complex, W(CHCMe3)(NAr)(OCMe3).ll In Chapter 1 of this thesis, it was
remarked that four-coordinate tungsten alkylidene complexes are generally more
reactive than the equivalent molybdenum complexes,12 on account of differences in
the electronegative character of the two metal centres. Thus, it was envisaged that this
more reactive initiator might be able to ring open 2,3-bis(trifluoromethyl)bicyclo-
[2.2.2]octa-2,5-diene. Polymerisation attempts were conducted on an NMR-tube
scale, at room temperature and at elevated temperatures. However, analysis of the
resulting 'H NMR spectra showed that ring opening of thé monofner had not occurred,
and table 5.2 shows the 'H NMR data for each attempt, the peaks present being due to

the initiating alkylidene and the monomer.

Table 5.2. 'H NMR data (400MHz, CDCl;, 298K) for the attempted polymerisation
of 2‘,3-bis(triﬂuoromethyl)bicyclo[2.2.2]ocfé-2,5-diene using the initiator W(N-2,6-

Pr',-C4H;)(CHCMe,;)(OCMe,),.

Reaction time Temperature (C) . |...Peak assignment (ppm)

2 hours 25 ‘ 7.97 (s), WCHCMe,
1.46 (t), 4H, (methylene)
4.08 (s,broad), 2H,
(bridgehead)

6.42 (sextet), 2H, (olefinic)

2.5 days 25 _ same as after 2 hours

6 hours ' 45 same as after 2 hours
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D'ue to the failure of the well-defined initiators described previously, to bring
about the ring opening of this monomer, attention was turned to the use of classical
initiating systems based on WCEIG and MesSn. These classical systems are well known
for being more reactive than the well-defined systerﬂs. -It was thought that this highly
reactive system, whilst not producing a high degree of stereoregulation in the polymer,
might at least be able to effect ring opening of the monomer. Unfortunately, this
initiating system also proved to be unsuccessful in the pursuit of the ring opened
polymer of 2,3-bis(triﬂuoromethyl)bicyclo[2.2.2]octa—2,5—diene, despite varying the
temperature and duration of the reaction. Table 5.3 summarises the polymerisation
studies performed on this monomer using the classical initiating system based on

WClg/Me,Sn.

Table 5.3. Summary of the attempted polymerisation studies performed on 2,3-

bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene  using  the  initiating  system,

WCls/Me,Sn.
Reaction scale Reaction time Temperature ("C) Polymerisaton
results

1:2:100 ratio 24 hours 25 no reaction
lg monomer

1:2:100 ratio 5 days 25 no reaction
2g monomer

1:2:100 ratio 3 hours 65 ' no reaction
3g monomer
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As a check to make sure the initiator being used in these reactions was still
living i.e. it does not décompose on the time scale of the reaction and thus cause the
lack of polymerisability shown by 'this monomer, an NMR-tube scale reaction was
performed using the molybdenum hexafluoro-t-butoxide initiator. To this initiator
solution, was added a solution of 2,3-bis(trifluoromethyl)bicyclo[2.2.2]octa-2,5-diene
and the reaction left for one week at 65°C. To check that the initiator was still living, a
solution of 2,-3-_bis(triﬂu01'.omethyl)norbomadiene was added to the reaction mixture.
It the initiaAtor was still living, then poly(bis(trifluoromethyl)norbornadiene) would be
expected .to be produced, and this did in fact occur, proving that the lack of
polymerisability shown by 2,3-bis(trifluoromethyl)bicyclo[2.2.2}octa-2,5-diene was not
~ due to initiator decomposition on the time scale (_)f the attémpted reaction.

In summary, a range of initiating systems have been employed in an attempt to
effect the ring opening of this fluorinated octadiene monomer. However, on each
occasion these attempts have proven unsuccessful, no evidence of a polymerisation

occurring was evident.
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5.3.  The ring opening metathesis polymerisation of 2,3-(tetrafluorobenzo)-

bicyclo[2.2.2]octatriene.

5.3.1. Introduction.

The retention of unsaturaﬁon in the polymer backbone is one of the useful
 features of metathesis polymen’sétion that favours its use as a route to new conjugated
polymers. Poly(p-phenylenevinylene), PPV, is one of these relatively new conjugated
polymeric materials attracting a great deal of interest on account of its suitability as the
emitting layer in light emitting diodes (LEDs). In Chapter-'l of this thesis the basic
principles underpinning the opel'étion of these devices was described.™'* One of the
problems associated with PPV is that its extended planar topology renders it infusible
and insoluble ﬁ] a wide rangé of common solvents, whilst this gives the polymer
excellent mechénical and thermal properties with good -stability up to 400°C, it limits
the possibilities for post-synthesis fabrication of the material.

Various routeé have been devised which make use of a suitable precursor
polymer which is subsequenﬂy converted into the desired PPV material. One of the
most commonly used is the sulphonium precursor which is conveniently processed
tfrom solution in methanol, and is converted to PPV by thermal treatment at
temperétures ranging from 200°C-300°C,'" figure 5.3. In this polymerisation, the
sulphonium‘precursor is a very reactivé intermediate and as a consequence of this,
certain aspects of the resulting polymer structure are difficult to control such as the

degree of polymerisation'and polydispersity.
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Figure 5.3. S.ulphonium precursor route to PPV.

Recently, Grubbs and co-workers have described an altemativé precursor
synthesis of PPV based on the living ROMP of carboxylic ester derivatives of
bicyclo[2.2.2]octadienes, see figure 5.4 overleaf.'® The ROMP of the bis(carboxylic
ester) derivative of bicyclo[2.2.2]octadiene was achieved by using Mo(CHCMe,Ph)-
(N-2,6-Pr'y-CsH3)(OCMe,CFs), as initiator, to yield the precursor polymer which
contained approximately equal proportions of cis and trans vinylenes. Thermal
_treatment (200°C) of this precursor polymer yielded a free-standing film of PPV
containing all trans vinylenes. This method highlights the advantages of using living
ROMP reactions, as .they allow a high degree of control over the structure of the
product polymer, in this cése, PPV. In particular, the degree of polymerisation,
molecular weight distribution and potentially the sequence structure of block

copolymers can be carefully controlled.
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Figure 5.4. The living ROMP synthesis of PPV

Developing the theme of using living ROMP methodology as a route to the
precursor polymerAsynthesis of PPV and related ‘nﬁatem'als was considered to be a
worthwhile area of WOl‘k.» The monomer, 2,3-(tetrafluorobenzo)bicyclo[2.2.2]-
octatriene Was considered to be an interesting monomer to study on account of the
presence of the electron withdrawing fluorine atoms in the structure. It has been
reported previously that the incorporation of eleétron withdrawing groups in the
backbone of PPV can improve the efficiency of the resulting LEDs, the cyano
derivative of PPV shown overleaf, Being a good example of this. The »polymler shown
in fig‘ure 5.5 displays a deep red elect;‘oluminesence and a very high brightness of

colour has been achieved.'>"’
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OCeH, 5

Figure 5.5. The structure of a cyano derivative of PPV,

The idea behind . using 2,3-(tetrafluorobenzo)bicyclo[2.2.2]octatriene as a
starting material was that if a suitable precursor synthesis to a fluorinated arylene
vihylene polymer could be estéblished the resulting material might be of interest as a
" component in LEDs eithér as a light emitting layer or an électron-transporting and hole
blocking layer. Figure 5.6 outlines the potential scheme for the synthesis of a
fluorinated poly(napthylene vinylene). It was proposed that the living ROMP of 2,3-
(tetrafluorobenzo)bicyclo[2.2.2]octatriene  would produce the naphthalene-vinylene
derivative as shown in figure 5.6. This ring opened polymer contains two hydrogens
which are both tertiary and allylic (indicated as H in figure 5.6) and, as a result, they
should be-relatively weakly bonded to their respective carbon atoms. By using a
suitable oxidising agent such as p-chloranil, it may be possible to remove these tertiary
f_)rotons and produce the novel poly(arylene vinylene), as illustrated in fi gure 5.6.

Efforts directed to the synthesis of this fluorinated poly(napthylene vinylene) by

the route described in figure 5.6 are reported in the following sections of this Chapter.
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Fluorinated derivative
of PPV

Figure 5.6. A possible synthesis of a fluorinated poly(arylene vinylene) by living -

ROMP.
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5.3.2. Results and discussion.

ﬁsing' 'H NMRl spectroscopy it has been shown . that 2,3-
(tefraﬂuorobenzo)bicyclo[2.2.2]octatriene undgrgoes living | ring  opening
polymerisation on reaction with the well-defined initiators, Mo(CHCMe,Ph)(NAr)-

(OCMe;), and Mo(CHCMe,Ph)(NAr)(OCMe(CF;),),, as shown below in figure 5.7.

ROMP n

\j

F F
F—F

Figure 5.7. The living ROMP of 2,3-(tetrafluorobenzo)bicyclo[2.2.2]octatriene.

The lﬁ NMR spectrum shows the presence of a peak éttributable to the propagating
aik&lidene species, an;l also fhere are signs of polymer growth with t&ee broader
peaks preseht due to the three different proton environments (H;, H,, H) in the

polymer as illustrated below. The chemical \sh'ifts are H], 5.4ppm, H,, 5.9ppm, H;,

4.05ppm, with the relative intensities in the required 1*1:1 ratio.
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HoWever, there was one niajor drawback with this poiymerisation, the fact that the
polyrner precipitated diliing_the couiee of 'tl'ievreaction; This p’resented‘ two major
probleins; it'lrstly, due to the iack of the solubility of the polymer, it 'was difficult to
fully characterise the rnaterial byv conventienal analytical tecimiques. Furt}ienndre;-as
regaids the'idng term aim te eyntnesise a tiuorinated poiy(aiylene_ vinyiene), a soluble
piecnrser po’lymer‘was necessary,’ and this p()lymet was not soluble, meaning this geal
" would be difﬁeult to acnieve. | '. |
A soiulaility study \'zvas»undertaken;to. try and find a suitable soli.'ent syetem for
s this pélyrnerisation. | As desif_ribe_d in the Experimental Section, the eoliibility of the
mon’ome.r,i 2,3-(tetraﬂuoiobenio)bicyclo[2.2.2]_octatriene, vizas aSseseed | for a wide
- fange of selvents. It‘:was found to be rnost solubie in chiqrofoii:n,_ tetrahydrofuran,
benzene, di.chleiometnane_ and“ teluene, ‘and _subsequent polymerisation studies were
conducted in these.’.soli/en't syetems.- ‘However, none of the selvente tried were able to
solve the problern of the poiymer piecipitating, alt}iough a living ‘polymerisation was
ebset\)ed in each case. This solubilityi preblem also acceunted for the lack of success
achieved in the dehydrogenation ieaction of this polymer using the oxidising agent, p- .- --
| chloranil, ae des‘cribed'in the_Experim‘enta‘l‘v Sectibn.

' Attention was ttimed to attempts to synthesise a modified menomer, which
would hopeﬁlily ovetcdme the problem' of the pollymer precipitating ‘oitt of solution.
It :was decided to attenipt to 'syntheéise 2 3-(tetiaﬂuorobenzo)liicyclo[2'2 2]octatriene

: .' carrying a long alkyl chain, (-C OHZI) which would hopeﬁ.llly act as a solubilising
substltuent in the resultmg polymer The attempted synthesis of this monomer was.'
similar' to that of the monomer eontaining no alkyl chain; name_ly, addition_ of

tetraﬂilorobenzyne fo phenyldecane, only one isomer of ‘the possible products would
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be useful. It was hopéd,that'th'is monomer would undergo ring opening-to produce a

soluble polymer, -as"éh"o,wn in figure 5.8.

F igﬁre 58. . Prbposed scheme for thé ROMP of 7-decyl-2,3- - -

(tetraﬂuorobenzo)bicyclo[2.2.2]octatriene.

Uﬁfortuha_tely, attempts to -s4ynt'hesise this rflo'r;oméf .wefe unsuccessful. Possible
reasons include the fact thét t};e butyllithium used in the reaqtioﬁ would probably
‘extract"a proton f;rom the benzylic methyléne of the_phgnyldecane rather than the
pentafluorobenzene as this is_ prébably more easily‘;éfﬁovable.‘ In this case the
reaction would be unsuccessft_ll as the removal of a p-rotqn ﬁom bentaﬁuorobenzéng to
form the reactive inté@ediate, t?traﬂuorobehzyne,’is- the nécesSary first step for this .
reaction to proceed.

The next aﬁempt to produce a sbluble' polymerisation system involved the
attempted synthesis of 2;3-(t’fiﬂubro-de_:cyl-benébjbiéyé}ot2..2’.2]o§tatﬁene, as shown

next.
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“This -“involved ~the: use  of the - Grignard ‘reagent, ‘decylmagnésium’ bromide

(CioHMgBr). 1t has- been reporte'd tﬁat fluorinated aromatic compounds undergo

nucléophilic attack with Gn‘gh‘ard reagénts,zo .so it was thought that the substituiion' on
a fluorine by a CyoHyy ‘éropp in 2_;3-_(tetfaﬂuorobenzo)bicyélo[2.2.2]octat1ieﬁe by usihg
ClonlMgBr.w‘ould be pc')s;:it.)‘let ‘.Howev'er in the event, this was.not achieved and this
synthesis was un'successlfu'l. .V | |

The final effort to prbducé a éoluble polymer system; involved the attempted

synthesis  of an  AB block co-polymer incorporating a solubilising -block.

Poly(bis(triﬂuoromemyl)norbomadiené) is known to be a polymer soluble in range of -

solvents, and vfhe idea was that a block- co-polymer combining a block of this polymer
and a 'tiiock.of poly(tetr'aﬂuOrobenzo)bicyclo»[2.2.2]b,ctatriexie) might provide a soluble
system. . However, this idea did not come. to fruition and on additibn of
‘2,3(tetrafluorobenzo)bic'yclq[2.2.2_]octatﬁene o living poly(bis(triﬂhoromethyl)-
norbornadiene), a'precip‘itate formed zAllm.os.t immediately making the synthesis of a

soluble block co-polymer unattainable.
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533 Ex’periment:{l details
5.3.3.'1 Syntﬁesis g;f 2,3-(tet;aﬂuorobénzo)biéyclo[2.2.2]0ctatriene.
The pr¢paraﬁon 6f this monomer was similar 'to that. described in the
o littzraturer:h21 _.
| To é stining. solution of pentafluorobenzene (20.7g, O.-1'23méle) and’ benzene
(ZOOm_l, 2.23mole) a so‘lutién of héb;tyﬂidﬁum 1n hexane (81.25ml, 1.6M) was added
d'r.opwise at 0°C. The reaction mixture was stirred for 5 hours at 15°C and wgshed
-with 2M H;S‘O‘;.‘(SOml) and water (3x50ml), the organic layer was -separated, dried
MgS0y) ahd £he solvents evaporated to yield an oily prbduct.
.Van'ous methods were employed 1 in - an attempt | to extract 2,43-
'-(tétl'aﬂuofoi)enzs)bicyclo[2.2.2]octatn’ene .‘from the oil, 'thev -most effective approach

involved the use -of a temperature gradient vacuum sublimation apparatus (Shinho

insmiments, model Pt100). At a temperature setting of 62.5°C and pressure of ca.10”

mmHg, “white c'rystéls sﬁbliined from theA oil. The product was‘ recovered by
‘ recryétéll}izaiiOﬂ from' hexane :;,md dried in vacuo to yield' a white crystalline rriateﬁal,
‘melting‘point 70-72°C. The synthesis of this monomer was performed several times,
.dnd on each: .o.ccasion low yields wc?e obtained (<30%). The product was
chardctert‘isAed spect’ro‘sc':ppically and key data are recorded below, and ‘the spectra- -are
| shoWn in Appendix 5.5. The,e_videncé is consister%'t with-the assigned structure and m
ﬁgreemenf with ,th:e litél'atﬁré.ZI |
| 'H NMR data (200MHz, CDCl, 298K)

6.91ppm (sextet, 4H, vinylic), 5.3'1ppm (sextet, 2H, bridgehead), reference to TMS.

o
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'”LNMR_data (376 28MHz coct, 298K)

| 149. 93ppm (q,J 8Hz 2F), 162. 61ppm (q,J 4Hz 2F) reference to CFCl3

Infra- red data (KBr disc, cm’ ) o .

3076.9 (w), 3021.5 (w) (oleﬁmc C- H stretch) 2961 9 (w) (aliphatic C-H stretch),
1630 3 (m) (oleﬁmc C=C stretch) 1497 6 (s) (ﬂuormated aromatrc ring), 1400-1000

(s), (C-F stretch), 744.4 (s), (crs-oleﬁn out - of - plane CH bendmg).

5332A sttldy to find a suitable sotvent system for the poly'merisation of 2,3-
| (tetraﬂdoroberrzo)bicyclo[2.2.2]'octat.rie.ne~'

-Alst-udy was' performed using a range of ccmmon solvent systems in an
attempt to find a suitable solvent for the ROM polymeris_ation of _t_his monomer. The -
basic. procedure was as follows: At rccm temperatllre ina sample vial, a saturated .
solution was prepared with the solvent under ‘in\./estigatiorr and the monomer.
Measured volumes of these saturated | solutions (ca.0.51r11) of a series of
moncmer/éclvent combinations were prepared and left for-apprcxima_tely 12 hours, to
'allow the‘svolvent to ‘evaporate. | The 'mass of solid present ‘in the sample vial after
solvent evaporation was recorded and thls enabled‘ the sclubilit};, in grams per litre, to

be calculated for the monomer in the rarrge of solvents listed in table 5.4. -

Table 54 Solubilities of 2,3-(tetraﬂuorobenzo)bicyclo[2.2.2]octatriene in various
solvents.
Sclvent . | Soldbility grams/litre
acetorle ] | ._ ' 842.6
chloroform » , | I 1275.7
hexans T 730
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— Solvéng 'Solu’bility granis)litre
tqlue’ne} ) . 819:1
.methanol ‘106.4 S

' cAli"c'hlor‘onvlethanev 119-5.1"._
pentane 246.4

tet'ra.hydl_roAfuran 8835

. petroleum ether 224.6

diethyl ethe; 586.5
; ethyl acetate. . 7581
ethane diol -127.5

dimethyl sulphoxide 243
etpanol | 164.1
, m-cre§ol' 29.7
pyridine - 7547

N,N-dimethylacetamide '643.6
2-butanone 823.9
ber_lz'ene | ‘ 970.2

chlorobenzene

~772:03

" Table 5.4 (continued)




Subsequent pdlymerisation studies were .perfomied- in the solvents in which
the monomer had the highest solubility. The five solvent systems-chosen from this

study were chloroform, tetrahYdrofuran, benzene, dichloromethane and tdluené.

B 5.3.3.37'“‘H NMR-scale'-polymerisation of 2,3-(tetraﬂuorobeﬁzo)ﬁicyclo-[2.2.2]-
octatricne using Mo(CHCMe,Ph)N-2,6Pr'-CH,)OCMey),.

H NMR scale ’poly-meri'sations of - -2;3=(tetrafluorobenzo)bicyclo[2.2.2]-
| octatriene initiated by Md_(CHCMeZPh)(N-2,6-Pri2-C6H3)(OCMe3)2 were performed in
th¢ solvents _c_hos.en from the solubility study-'describ_ed ére;/iously. The general
pro‘ce.du're was as foiloWs: To a rapidly stirring solution of Mo(CHCMe,Ph)(N-2,6-
Priz-C6H3)(OCMeg)2 (0.01g, 0.0182mrhole) in the solvent under investigation .(350;;1)
was addéd a 'solu»tion. ‘of' 2,3-(tetraﬂuorobbenz‘d)bicyclo[2.2.2]0ctafn'er’1e (0.082g,
0.364mmole, 20 é(iuivélents) in the solvent uﬁder investigation (350pl). Aftér twenty

" minutes the rgaction mixture was injc_ectedv into an NMR tube fitted with a Teflon
stopcock and after 2;¥ hours a '"H NMR spectrum wés recorded ip order to observe if
the A-propagating alky-lidene species were présent. I_n every solveﬁt system used, the

' pale or.ange/brown‘col.our of the initiating solution changed to a deep. cherry red
coléur’, indicative': of the formation of the propagating species.,’ and a precipitate
" formed in the Boﬁom of the NMR -tube. ;The 'H NMR data is reported with the -
spectrum beihg recorded at 4OOMHZ and 298K. A propagating double; yv’as observed
at 10.82ppm duel 'to't'hé presence of the active alkylidene specie4s.4 Three distinct A
énvironments for the protons dﬁe to the growiﬁg polymer ;:hain were observed, and
these were assighé& as fc;llows: 5;9ppm (s,br, 2H), (qyciohexenyl), 5.4ppm (s,br, 2H),

(vinylic), 4.05ppm (§,br; 2H), (bridgehead). The spectrﬁm is shown in Appendix 5.6.
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533:4 H NMR scale »pol;fmerisation of 23- (tetrafluorobenzo)-
bicyclo]2. 2 2]0ctatr|ene usmg Mo(CHCMezPh)(N-Z 6-Pr' 2-C6H3)(OCMe(CF3)2)2
'H NMR scale polymerisatlons of 2 ,3- (tetraﬂuorobenzo)blcyclo[2 2.2]-

.octatriene 1n1t1ated by Mo(CHCMezPh)(N 2 ,6- Pr 2-C6H3)(OCMe(CF3)2)2 were
~performed in the solvents chosen from the. solubilrty study prev1ously described. The
general procedure was as follows: iTo a rapidly stining'soliltion of Mo(CHCMe,Ph)-
(N_Z,6-Priz-C6H3)(OCMe(CF3)2)2' (0.01g, - 0.0131mmole) in the .solvent under
investigation (_350itl) was added a solut'ion of 2,3-(t‘etraﬂuorobenz_o’)bicyclo[2.2.2]-.
octatriene (0.059g, O.26l3mmole, 20 equivalents) in the soli/ent under investigation
(350ul). After twenty minutes the reactidn m_ixtureﬁas injected into an NMR tube
ﬁtted_ with a Teflon stopcock._. After 24 hours, a '"H NMR spectrum was recorded in
order to ohseri/e if the propagating alkylidene protons were present.. As was observed
in the series of experiments performed w1th the molybdennm-t-butoxide. initiator, the
formationﬁof the 'propagating ‘spe'ci_e-s ‘could be - detected by the reaction solution
chanéing"from a pale orange/broni/n colour to a deep cherry red, the presence of a
precipitate in theNMR tube was, also be observed | The 'H NMR data is reported with
the spectrum being recorded at 400MHz and 298K A propagatmg doublet was
obser\{ed at 11.66ppm due to the pr_esence of the active alkyhdene specres Three
distinct environments for the protons due to the growing polymer chain were
observed, and these YWere assigned as folloWs:' 5.9ppm (s,br, 2H), (cyclohexenyl),
5.4ppm (s,br, 2H); (vinylic), 4.05ppm- (s,br, 2H), (bridgehead) and the spectrum is
shown in Appendix 5.7. The _recovered polymer was a'n'alysed' by DSC indicating aTy

of 164.7OC for this polymer. The DSC trace is reproduced in Appendix 5.8.
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5.3.3;5. . Thé a"tvte;mpte;l dehy('ifbgénati-on'Of poly(ktetraﬂuorbbenzoﬁbicyclo-
| R22Joctatriene). o |

To a rapidly stirring su‘spenﬂsion_ "of ;poly((tetraﬂuorob‘enz'd)bicslclo[2.2.2]-
octgtriene) (0.366#) in' tolﬁené ('25ml-), waé adc_ied p-chlorahil, (0.025g, O.IOImmole),
previously purified by vacuur;l sublimation at'a temperatﬁre of 80°C. The reaction
mixture was rcﬂﬁ*ed under ‘nitrogenj for 12 hours. The i’nifial pale yellov\} colour of
- the reaction mixture rémained .aft»e_r 12 hours, ’but.aft‘er. ;his time a yellow/brown
precipitgte, (0.234g), was present in thé. reaction vessél. The pufiﬁcation of this
precipitate was attempted by the» technique of di"ssolving‘and repre‘cipita'ting ofitina
suitable; solvent/non-solvent combination but, due to its insolﬁbility iﬁ the wide range
of common solvents, this puriﬁce;tion technique vproveAd ﬁnsuitable. ' This lack of
solubility inhibited most analytical procedures'- and the only characterisation data
obtained was from FTIR studies. The FTIR spectrum of thé Pprecipitate waé compared
. to the FTIR spect;ufn of a sample of poly((tetraﬂuorobeﬁzo)bicyclo[2.2.2]oc'tatriene)
c+and as the spectra‘ were virtually identical suggested that no dehydrogenation had
taken.blace. The attempted dehydfogenation reaction _.waé performed on both the
poly((tetréﬂuorobeﬁzo)bicyclo[2.2.2]60tatriené) samples‘ produced by initiation with
Mo(CHCMe,Ph)(N-2,6-Pr',-C¢H;)(OCMe;), and Mo(CHCMeZPh)(N-z,6-Pri2-c6H3j-
(OCMe(CF3)§)2 described previously in this section. The evidence from.the FTIR data
suggested tl_lat no dehydrégenation of pdly((tétraﬂuorobenzo)bicyclo[2.2.2]0cta’t;iene)
had occured in éither’ case. Appendix 5.9 compareg samples ‘of pbly((tetraﬂuoro-

benzo)bicyclo[2.2.2]octatriene) before and after the attempted dehydrogenation..
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'5.3'.336."»'  The attel;lptea synthesis of '7-(.iecyl-2,'3-(tetra>ﬂuorob_e'n'z:o)biqyclo-
_ ‘[2.‘2‘.2]0ctatriéné. | | |

| T(l) a 'st.irring. gélutioh of péntaﬂﬁorobenzene : (2g, 6.012molc) and
‘phenyidecaﬁe‘(IGg, b.Q73rﬁolé), "(dried over benzophenone and sodium wire, and
vacuum distilled ixl;mcdiétely lprior to use) Was ﬁdded dropwise a solution of n-butyl
lithium in hexﬁhc ( 1.5ml; 1.23M) at OOC. The reaction mixture was stirred at 15°C for
6 hours and washed with H2$O4 (2M, 30@1) and water (3x30ml). The organic lbayer
was seﬁarated, dried (MgSO4) and tﬁe solvents evaporated to yield a yellow oil, (4.5g,
-‘44% yield). This yellow oil was analyséd by iH, >C NMR spectroséopy and the
vspectr-a for thé stlartiné_.méteri‘als and .the r’eaqtion product, were almost identical,
suggésting the attefnpted "synth'esis of 7-decyl-2,3-(tetraﬂuoroben@)bicyclo[2.2.2]-

octatriene had been unSuccessﬁJI,,theSé spectra are recorded in Appendix 5.10.

5.3.3.7. Reaction of 2,3f(tefr#ﬂuorobenzo)bicyclb[2.2.2]0ct_atriene with decyl-
mﬁgnesium bromi'de.‘ . |
Firstly the -Grignérd reagent, deC);lmagnesium broﬁide wés prepared: A two-
An.ecked 500cm’ round bottomed flask was connected to a reflux condenser and an
- addition funnel, both cappédv with CaCl, guard tubes. Into .the 500cm’ RB flask were
" placed dry magnesium turnings (O.42é, 0.0173mole) in dry ether (50ml), and the
~ addition funnel was ch&ged with 1-bromodecane (3.89g, .0.0173mole) in dry ether
' (201ml). To Vini'tiate theA ;eac;tior.1, a c;rystal_of iodine was introduced onto the surface of |
the magnesium without stirring and ai)proxir;latel}; Sml of the i-bromodecane solufion
was added ciropvﬁse. ‘ Geptlé heating was applied to the flask and the formation of the

Grignard reagent could be observed by the disappearance. of the iodine colour and the
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appearance of a gloudy :grey 'cdlolir with small bul;bIES arising from the area around
the original site of the 10d1ne grystal. Stifriﬂg of tﬂe solution- was then started ;md the
re;ction'was allowed to prgceed at suéh a rate fhat gentlé reﬂuxing of the ether took
' place. Thé rate was conﬁolled by the addition of 'sfnall volumes of the l;broihodecane
bsolution to maihtéir_l thé reaction. 'Whén all theA' l-bromoaecane solution had been
added the ;eaction mixture was- reﬂﬁxed gently for'g further 2 hours.

After this péﬁgd, ‘- the additfon. A'furinel wés cha_rgedA with  2,3-
(tetraﬂuorobenzo)bicyqlé[2.2.2]octatri¢ne (4g,‘0.0175rr-101e) in dry ether (3-Oml). This
soiﬁfign was then added slowly td the Grignard reagént solution and a steady reflux
was maintained for 12 hours. After 12 hours, the reaction mixture was cobied in ice
and hydrochloric acid (SOml, 10%) was added to the solution. The ofga_mic lgyer was
separated, dried (NaZSO4) and the solvents evaporated._to give a colourless liquid
(3.93g, 64 % yield. This colourless liquid was analysed by 'H, Y NMR
spectroscopy and the spectra recorded v;fertze compared with the spectrg for pbly(fetfa—
Aﬂuorobenzo)bicyclo[‘2.2-.2A]'o.ctatriene, the two se-ts. of..s;’)ectra were vir—'tualrly'.identical,
suggesting this reagtic;g had ‘been unsuécessful.- ”fhe spectra are recqrded in Appendix: ‘

511,

5..3.3.8.' Attempted' Synthesis. of pq!y(bis(t‘rifluoronfgthyl)norbprnédiene)-bloc_k—
poly((tetraﬂudrobenzo_)bicyclo[2.2.2]0ctatfiehe). |

The attempted synthesis of the above AB"block co-polymerWasAperﬁ.)rmed on

an NMR-tube scale. To a rapidly 'stirrin.g solution of lMo(CHCMeg)‘(N-2,6-Pri2-

C6I-.I3)(.6CMe3.)2" (0.01g; 0.0éO@ole) in CeDg (350ul) was added a solution of 2,3-

. bis(triﬂuoromethyl)norbgrnadiene (O.468g, 2.05mmole, ca. 100 equivélénts)' m CqDy
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(350ul). The reaction rﬁixtﬁre_waé 'stirré"d_,for :twenty'n.l‘-it.lﬁte‘s, after ‘v.vAhich the solution
had éhénged ﬁom a pale-orangé/brd;wn colduf to a. deepicherliy red indicative of the
formation of the pro;;agating alkylidene- spécfcé. -The reécti(;n m‘igt'ure was injected
into a NMR tube and a 'H NMR sbectrurh-(400MHz, CgDG, 298K) was obtained, .the.
presehce of a doublet at 11.289-11.269ppm confirmed the(presenc'é of the propagating
~alkylidene Aspecies, (thé ép;:ctmrr; is réprodu;:ed in 'Apperidix, 5.12). |

| To the stir_ring solution of this reactionmiﬁ(ture was added 2,3-(tetrafluoro-
_benzo)bicyclo[2.2.2]0cé1triene_ (0.093g, 0.41mmole, ca.20 equivalents) in CgDs
(350pl). The resultant reaction mixturé was then stinéd for twenty minutes. After
- this time the reaction contents had, be'come-a. 'solid‘gel. This indicated that the
proposed éynthesis of a,sqluble block co-poljmér had not beén achieved and thus

further analysis was not carried out.
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5.4_. -Concillis”ignsf

The puﬂjosé of this Chapter was to -describe efforts directed to the ring opening
polymexjsaﬁon , of “the ﬂuqrinatéd | fn’onomers,l 2,3-bis(trifluoromethyl)-
biéyclo[~2.2.2]oct'a-'2,5-diehe | and 2,3-(tétraﬂﬁorobenzo)bicyclo[2.2.2]octatx‘iene.‘
Udfortdﬁately, these éffofts' ha\:ie iny been moderately successful. Atiempts to 1ihg'
_ open fhe first monomer';used a. 1'ar;ge of well-defined initiators and also the classical
initiatingvs‘ysterr.l bgsed.oﬁ. .A\:)VCIG‘ and Me4“Sn., Bowéver all these attempts were
unsucce}ssful and no ring-openéci polymer was ob‘tained.

) Thé rilAlg-openéd‘pc‘)lyr'ne‘r of 2,3-(fetraﬂﬁorobenzo)bicyclo[2.2.2]octatriene was
obt;ainéd ‘using the Well—deﬁned initiafots, Mo(CHCMezPh)(NAr)(OCMeg)z and
' Mo(CHCMezPh)_(NAr)(QCMé(CF;)z)z. Howe\./er,vthe polymer precipitated from the
reaction mixture upon fonnation. ‘This- has present.ed ‘problems as regards fully
ch_aractgrizi“ﬁg .this‘matérial and jfu'rth‘ertmore prevented its use as a precursor polymer
for the syﬁthesis of t‘hé ‘ﬂu‘ofinﬁted boly(napthylene vinylene), Which was the
r'rvlotivAaticl)}n for the attefnpteci synthésis. ) Varidu‘s methods have beep employed to try
and ciréumve'nt this prdblem. These-;'includ.é;‘ varying the solvent system for the
'polymerisat;ic'm and '_thelat’tevmpité,d ;nodiﬁcadon of the monomer tb incorporate a
solubilising alkyl chain in its s&‘ﬁcture. - However, these lattempts were unsuccessful
and a ﬂuoﬁnz.lted'poly('alyle‘né vinyle;e) via ROMP of 2,3-(tetrafluorobenzo)bicyclo-
[2.2.2j6ctafﬁene and dehyd;ogendtion has not been rcaliséd;

Thel_'e is a great deal of interés’t in poly(arylene vinylene)s and reiate’d pdlymérs
at presvent Which has centred on their ﬁpplicgtion as‘ cofnponents in' light emi;ting
dioaes. A great deal of research at th¢ preseﬂt time isi directed to'estabhéhing suitabie

precursor routes to such polymers and living ROMP provides a possible entry in to this
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"lihe_ of research. “Future studies which the author believe_:sAcould reasonably be
undertaken in applying livinghROMP systems to this area of work will be discussed in

Chapter 6 of this thesis.
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6.1. Conclusions.
In Chapter 3, Athe :synthcsis. .iand act1v1ty 6f some noyel well-defined ROMP
'initiators was ,reportéd.' Thesé initiators .incorporated vaﬁaﬁdné.in both the ancillary
alkoxide and imido ligands and"iﬁeir vsynthesils. and ﬁse as initiators was directed
towards hﬁprévihg ihe tacticity “of poly(bis(uiﬂuoromethyl)norbgmadienc). | 'fhe
choice of anciHary alkoxide and imido ligands around the transition metal centre in the
| ix{iﬁatbr and pfopagating chain end active{sitev is known to havé a dxgamatic effect on
the microstructure of this polymer and thisprovided_the motivation for this work. -

At present, the best result achiévable is»a high trans 92% syndiotéc.ti.c'matedal
synthesised using the initiator, Mb(NAr)(CHCMezPh)(OCMegjz. An_increase in
tacticity approaching IOO% could. be of great interest commercially as the pyroelectric
.respons.e of poled films of this polymer would be exp;acted to improveé significantly.
The work reéortézl Ehows that the well-defined initiatofs, Mb(NAr)(CHCMezPh)-
(OB(mes)y), and Mo(NA_r)(CHCMezPh)(vulkano:;)(CchN) give polymers in which
“the cis-cis. vinylene sequencés are accompaqied. almost .exclusively, by stereoregular
monomer incﬁrporétion, in a syndiotactic sense. This was an ihteresting result but not
really useful, Since the main aim of this study was té‘produce a microstructure in which
the whole of the polymer backbone was ’on a highly stereoregular nature.

The practiczil limits of the well controlled synthesis. .of poly-(bis- |
(trifluoyomethyl)norbom_adiene were studied in Chapter 4. The de'tﬁils of the syntheses
of a range of | high trans and high cis, “highly tactic. samples of ~poly(bis-_
(trifluoromethyl)norbornadiene) were described. 'It was sh(;wn that by varying the
initiator:monomer ratio, a fange of diffefent molecﬁlar weights could be attained, and

furthermore in the majority of cases, narrow molecular weight distributions were
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o‘btained.- As described in this chﬁpter, one '(.)ftthe reasons for undertaking this program
| of work-\;v;ﬁ to provide a sex‘iesrlof well-defined samples for further study by other
‘workers in the IRC_iising tecimiqu_es' such as moleqular modeliing a_nd light séattering,
and this is Wo'gk ilflA progress alt tﬁe tim.e of writingr |

A éecbnd aim was the investigAati‘on into the applicability of living ROMP to the
synﬁhesis of well deﬁnéd‘ﬁigh mqlgculér weightb samples of polyrﬁers. In this work it
- was eétablis’hed that high ménor_rier:initiator ratios (ca. 4000:1) Vcovuld‘ be effectively
uséd to make high molecular weight polyrpe;s. A sample with a polystyrene equivalent
molecul& wéight of around 960;000 was produced.

Chaptef 5 dc_iscribed efforts di_;ected to the ring opening polymerisation of the
fluorinated monomers; 2,3-bis(uiﬂuoromeﬂ}yl)bicyclo[2.2.2]o;:ta-2,5-diene and 2,3-
(:tetraﬂuorobenzo)bicyélo[2.2.2]0ctatﬁene. However, these efférts proved only
moderately successful, Attempts to rihg' open the ﬁrst-vm_onomer. usin‘g a fange of well
deﬁned initizitors and -aiso tﬁe classical hﬁﬁaﬁng system based on WClg and Me,Sn
_ proved unsﬁccessful é.nd no‘ﬁng_opepéd polymer wés obtainéd.

' 'The:ring obened polymer of '2,3-(tetraﬂuorobenzo)bicyclo[2.2.2]octatﬁene was
obtained using well defined Slchr-ock-type' initiators. Howéver problems were
encountered with’.th-is polymeﬁsadon; namély, the polymer precipitated from the
reacfion _m'ixtﬁre upon formatiép. This hindergd the complete characterisation 6f the
maten'zﬂ and furthermore prevented its use as a-precursor polymer for the synthesis of
the flqorinat_ed 'poly(aryléne vinylene), which was the -motivation for this .woik.
Vaﬁous methods direcfed towards_broduéing a-soluble polymerisatidn system were
~tried.  These included varying the solvent éystem for the polymerisation and the

attempted modification of the monomer to incorporate a solubilising alkyl chain in its -
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structure. Unfortunately, these attempts .prdVed unsuccessful and the synthesis of a
ﬂuon‘na@d poly(arylene vinylene) for potential use as a component in thi.emitting

diodes was not achieved.

-6.2.  Suggestions for future work.
The scope for modifying well-defined initiators of the _geneml structure shown

-in figure 6.1, for use in ROMP, remains vast.

Ro= Mo
RO’ CHCMe,Ph

Figure 6.1. General structure of four-coordinate “Schrock” initiator.

The choice of ligand to be used exérciscs the imagination of the worker in the
field. Two irhportant_ cn'tériq in c_bnsidéring a suitable ligand system are the electronic .
and. steric ‘properties as fhege have been shown to- greatly influence the resultiﬁg
polymer microstructﬁ_re.

With  particular feférenée to | the improvement of tacticity -in
poly(bis(triﬂuoromethyl)norbornadiené.). Possible routes to a material of higher
tacticity could include the use.-of modified t-butoxy ligands. Two examﬁles of such

ligands are shown in figure 6.2;
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"OH OH " oM oM

Figure 6.2.- Examples of modified t-butoxy ligands.

AThe possible advantages which these ligandé may confer, are similar electronic ‘-
properﬁes to the t-butoxy ligand (i.e. high trans) and also, as they are. relatively buﬁ<y,

' they ma)-' provide"a higﬁ degrée df steric protecﬁon for the initizx.fo.r and living chain
ends. The combinatioh qf these two factors mayllela.d to an fﬁnprovement in the
tacticity of the pc;lymér.

o ’I"hére are al;so. fuﬁhér studies possible using some of tﬁe novel initiators
 described in Chapter 3. Firstly, in the case of the molybdenum alkylidene complex

- utilising the pyridiné diolate ligand, whose structure is shown in figure 6.3.

Mo
| ScHome, ph
N

Figuré 6.3. Schematic diagram of the molybdenum-pyridine diolate initiator _ |
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Stﬁdieé weré 'ciifected,to the .the_rr:r.la‘l actiyation of this 'initiator. for use in
R'C)M.P»re'ac'tions.; -Of parﬁcﬁlﬁr interest with }this initiator system was the f_ac,t that it
was air stable énﬁ‘,lv:tﬁéf.de\’/elc')pment of an-air ‘stzﬁnle ROMP initiator would be a major
' brea‘kthrough.' "';U‘n.f‘b'rt_uhately, attempts‘ to therrﬁally ‘activ'atq_'t.his initiiator were

'unsuccelssful.f Further .;,tudieé which: may . be v:vo.rth considerihg in an 'attempt to
- activate mis;initiatc)?r'tc:)wa.rds ROMP in.CI‘l.ldCZ‘ In§t§ad of using a pyridine diolate
-ligand which is co;)fdin;itéd at the ‘V2 and 6 pbsitioné, the 3,5 analogue could be used
which may produc_c_; é_ more _favoufable oriéntaiionv “:lhd allow the nitrégen-molybdenum
bond to be cleaved..:m'oré eésﬂy, thus acﬁvaﬁng'fhe-iniﬁatdf.». Another fnethod of
. activation which coﬁ_ld be attémpted is thé use .of Aultra—violet h'éﬁt. It is evident that
the use of heat 'only serves to decompose the init_iator and perhaps.the initiator may be
activated by light. i
| Sec-ondly, ;t:he; use of _“quasi-é.lkoxidesf’ in ROMP initiators was described in
Chapter 3. A nerl initiator was developed incorporating fhe boroalkoxide ligands,

the initiator is shown in figure 6.4 - -

(mes) éBO'";-"’MO N . o
' mes,p6 CHCMe,Ph

Figure 6.4. Schematic diagram of the four coordinate boroalkoxide initiator.
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N ¥3C"- NMR 'V;slpgctro_s-c':gpy ‘;'féveaigd- "_t_hat.vthis. '_’initia.tdr_ produced a
poly(bis(uiﬁuc;i'omeithyl)norbo'r.nadiéne-) sa'mp_r_le_ containing.'85%' cié vinylenes, and
ihéée cis'vinylenes érje';in,af;’_;:yndiotz'tcﬁc'_:_arrangerr-xe‘nt:in'the ‘,p'ollymer chain. Poésible.
irﬁ provements 'Which- co‘uld;be;-m'ad'e 10’ ﬂiiS»?»miﬁaﬁor could involve the exchange of the
~methyl groups on thé benzyl rmg 6f the-boroalkoxide ligand fqr. tn'flﬁoromethyl groups
'A(CF:;), this may incréase.the__'clectr(')n Qi;hdfawing efféét of the -boroalkoxide ligand
even fui'thér. ThlS may' prdduge’ a .polym-er contéining a highef ,pl‘ogénion~»of cis
vinylenes.which‘_c.o'ul‘d improve the tactiCity of the pvol‘ymer.

The developr;lent ﬂéf a ﬂulorina't‘e-d‘ poly(afylgne yinylene) in Cﬁapter 5 "has
provéd to be a difficult ts.is.k.l Future,'stﬁdies will need io 'develop a soluble
polymerisation system. Péfhaps an :altematiAvc soiubilising fragment to the alkyl chain
need; to _bé,; considered; foxf examplé; it is knownj thaf vinylié phenyl subéﬁmdon.
solubilises some‘pﬁoly('zirylene viny.lene:)s.l Furthermore, a variation in th'e'type of .
fluoﬁne group incorporated in the monomer rﬁ_ay Muenée solubiﬁty. Perhaps the use
of triﬂuororﬁ‘ethyl gréups 6r even longér chain ﬂuqroalkyls, such ag -(CF,CF,CF),
could aid ;he solubility prdblem zﬂthough,- from the point_‘o,f view of the opto-electronic

properties of the material, it is presumed that at least some of the fluorines should- be

directly attached to the sp” carbon framework.
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Appendix 1

General procedures, equipment and instrumentation



Ap.pendix 1: General experimental procedures
| The glove .box used in the studies described in this thesis was a modified
Miller Howe dry box V\;ith a fitted freezer (-4'00C), the inert gas was ongen-free
nitrogen and the nofmal working conditions were 3-10 ppm oxygen and 10-15 ppm
. water. The apparatus Was transferred in and out of the bog via two vacuum/nitrogen
ports. All materials were thbroughly dried befo;e use in the glove box and all solvents
deoxygenated immediately prior to use in the glove Box.
The vacuum / nitrogen line was fitted with Yomés valves and greaseless joints
.’to permit the handling of materials either under nitrogen or under vacuum. The
vacuum was provided by an Edwards 5 Two Stage pump and dry oxygen-free -

nitrogen was supplied viaa H,SO, bubbler and a double P,05 column. -

Instrumentation -

lyy 13, 1 . -
—&_‘LC and *°F nuclear magnetic resonance spectra

These were recorded on a Varian VXR 400 NMR spectrometer at 399.95MHz -
(‘H), 100.58MHz ("°C) and 376.29MHz (°F) and a Varian Gemini 200 NMR

spectrometer at 199.53MHz ('H) and 50.29MHz (BC).

Gel 'Permeation Chromatography

Measurements using this technique were carried out using a Waters Model 590
refractometer, (column packing Pl 5, mixed styrene-divinyl benzene beads, solvent:
Chloroform) and a Viscotek Differential Refractometer/Viscometer Model 200,
(column packing Pl l'OLl mixed styrene-divinyl benzéne beads, solvent:

Tetrahydrofuran).



Infra-red spectra

Measurements using this technique were recorded on a Perkin Elmer 1600
series FTIR.

Differential Scanning Calorimetry

This was perfdrmed using a Perkin Elmer' DSC 7 differential scanning

calorimeter.

Thermogravimetric Analysis

This was carried out using a Stanton Redcroft TG760 thermobalance.

Elemental Analysis

CHN analysis was performed using a Carlo Erba 1106 elemental analyser.



Appendix 2

Miscellaneous data for Chapter 1



Table A2.1 The names of the common fluoropolymers, named in abbreviated form

ure 1.11, Chapt 1
Abbreviation Full name
PTFE. po]ytetraﬂuoroef.hylene -
FEP . | tetrafluoroethylene/hexafluoropropylene
copolymer
PFA/Kalrez tetrafluoroethylene/perfluoroalkylvinyl-
” ether copolymer
Nafion tetraﬂuoroethylene/perﬂuc;rovinylether
copofymer containing sulphonyl fluoride
grc;ups
Teflon AF polytetrafluoroethylene
/2,2-bistn'ﬂuoromethyl-4,S-diﬂuord-1 3-
dioxole
PCTFE 7 polychlorotrifluoroethylene
PVDF polyvinylidenefluoride
PVF : polyvinylchloride
CM-X } hexafluoro-iso-butene/vinylidene fluoride
copolymer
Vitén-A ' vinylidcné fluoride/hexafluoropropylene
éopolymer
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Appendix 3.1a. 'H NMR spectrum of Mo(NAr)(CHCMe,Ph)(2,2"-CH;-(4-Me,-6--
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¢ .0 i- i cq. ‘el N

Appendix 3.1b. ®C NMR spectrum of Mo(NAr)(CHCMe;Ph)(2,2"-CH,-(4-M
t-BuCsH,0),)(CH,CN) initiator.

.

e,-6-

.........



11.680
SN

11.85 11.75 11.65 11.55 ppm j ‘ - A | -

(- - (] oy R - L - I e
0.90 0.37 . 2.86 37.97
200.16 2.78 98.29 . 18.77
Appendix 3.2a. 'H NMR spectrum of Mo(NAr)(CHCMe,Ph)(OB(2,4,6-
MesC¢H,),) initiator. " ~



_ /~278.888
\—278.79¢

AN,
: 280 275 270 265 260 255 250 245 ppm
. ' - ' LUl ILJ_J‘. . . | m.H_J‘A L

'llll1ﬁll1|lll'ﬁlﬁ[ll!l'lllr|lllITT]1rI“IIIfIII]IIrII‘]ll['ilIl'Tll[llﬂIITI'll""l'Tl'[1lnlllll]lll‘l'Tl'["rr[lrll]l'lln"'lll"]l"Tl[ll]lll

‘300 2680 260 240 220 200 180 160. 140 120 - 100 80 60 40 20 ppm

Appendix 3.2b. C NMR spectrum of Mo(NAr(CHCMe,Ph)(OB(2,4,6-
Me;CgH,), initiator ’

ITT‘!




12.188

lllllll‘ll’lllIlllllll’[,erIIlll[llllllll -

L T ] 1 l L] L1 ¥ 1 I 1 L T i l ¥ T 1 T l v ¥ Ll T I i ¥ 1 ¥ [ T T T ¥ l T ¥ T ¥ I L) |' 1 LI l L) L1 L] L I 1 L] T ¥ I L] T 1 ] I T ¥ 1 ¥ l

12 11 10 9 8 7 6 5 4 3

2 1 pPpm
e et —_— gy
17.53 122.70 . 401,883 15.01 B
272.14 . . ) 97.084 . 92.47 © 169,04 .
Appendix 3.3. 'H NMR spectrum of Mo(N-2,6-Me;-

CeH,)(CHCMe,Ph)(OCMe(CFy),); initiator.



11.318

S
(;
- ILRLL) LALAL LLLL) N , /
12.8 12.6 12.4 12.2 12.0 11.8 11.6 11.4 11.2 ppm ( -
—_ L T d /
0.95 ] —
: W 45.14 / =
R, —— " e pu—
, \ W R § o L
rlllIIIIlllﬁl|]]1"lll‘llllj—lllllllll".lllllj'lllﬁllllljllllT’llIhllll
14 13 12 i1 10 9 8 7 6 5 4
l_'_J Lﬂ.__l [N T f] —_ . J L T 1 r 13 L;la I Y 1. T Ip?m
0.14 192,24 13,15 1.77 - 83.27
4.59 . 11.54 22.38 36.33 ' 4.39
Appendix 3.4, 'H NMR  spectrum  of  Mo(NAr)(CHCMe,Ph)(2,6-

(OCPh,CH;),CsH;N) initiator.



4 ~
T g e ’ -ye | At e
]"lllll'l'll!llllll]llll'lIl'[ll'l‘lrllTlll]lllllllV'll'l"Illl']IIIIIIIIII'IIIITTII

T . — N L .l . H .A J

IIlll]lll'lll’l'[lllllll’ll]llr'lllllllllllllll[lllllll'l]llm

280 260 240 220 200 180 160 140 120 100 80 60 40 20 ppm

Appendix 3.4b. PC  NMR  spectium  of Mo(NAr)(CHCMe,Ph)(2,6-
(OCthCHz)zCsH;N) initiator '



12.347

12.405

12.154

TIIIIIIIIIlIlllIlllIlllllllIlllllllllllllllllllll]

12.7 12.5 12.3 12.1 ppm

T
3.79

-

| l | ¥ L] L I 1 ¥ T ] l T T T ¥ I 1§ T ) T I L) T l ) l ¥ T ) L] l T 1 1 1 I 1] T L L] I ' T ] L] l T T T ] I | ¥ ) 1 3' 1 1 L] L] 2' L4 1 L] L] 1' L} 1 lpp"ﬁ
6" 5 4 ‘
14 13 12 11 10 9 8 7 UL ) ¢ . ' (S - o
e ) 133..28 87.45 ’ ©og7.2¢
3.79 . ~ 135.88 ) 123.69 143,10
Appendix 3.6. 'H NMR © spectrum ~of living
poly((bism'ﬂuoromethyl)norbomadiene)

initiated by Mo(N-2,6-Me,-
C6H3)(CHCM82Ph)(OCMB(CF;):):.



l T I T 1 ] ¥ i l L] T L] 1 I T L] ] ¥ I 1 1 T | l L] T T T I T ¥ 1 ¥ I L] L ¥ ) [ 1 1 L L] l 1
10 8 7 6 5 ' 4 3 2 1 . ppm
— - T d L — —_— — T L Y b - T T T
0.80 162.62 69.89 8.71
0.68 11.44 159.94 102.13 82.07 2.27

Appendix 3.7a. 'H NMR “spectrum  of poly((bistn'ﬂuorome(hyl)norbomadiene)
initiated by M0(N-2,6-M62'C6HJ)(CHCMezph)(OCMe(CFJ)z)z.



ol
%
i
-4
<
@
-
7 2
o
Eg 8 & 8 -
; g] S - n "
g"‘ : ~ T 3 ) g'“
3 ] oo B
© o ~
& ~ L"! o
- : j

AL MO AL LA AL LA LA UL LA LR § ALLLAA RO LU LLLU LA SR LA WAL ALLU LN by L) LU L W"Tﬂﬂﬁwmﬂfqmnmﬂf-ﬂ}mmﬂmﬁmﬂmﬂnrmnm[mnmmm

144 142 140 138 136 134 132 4130 128 126 124 122 120 ppm B0 58 56 54 52 50 48 46 44 42 40 38 36 ppm
Appendix 3.7b. BC NMR spectrum of poly((bistrifluoromethyl)norbornadiene) '
initiated by Mo(N-2.6-Mez-CsH3)(CHCMezPh)(OCMe(CEg)z)z._



—60.084
0.277

0
[>]
o
[+ ]
"]

—_——f2.666

I#I‘llllllllllllll'llrllIl"lll'l]rl‘rlllllll|llf|rl[lllll|

-58.5. -59.0 -59.5 -60.0 -60.5 -61.0 - -61.5 -62.0 -62.5 ~63.0 -63.5 pPpm

—
196.42
1.89

Appendix 3.7c. YF NMR spéclrum of poly((bistriﬂuoromethyl)norbomadicne)
initiated by Mo(N-2,6-Me;-CsH3)(CHCMe,Ph)(OCMe(CFs)2),



(mW)

"HEAT FLOW

.75

.25

‘T Tg from: 140.31 - ’ S T
to: 147.05

Onset= 140.88
J/gxdeg.= B.46E-02
Tg= 143.94

{0000 10,00 12000 190,00 1000 1000 000 0000 1000 19.60—3%5.00
Temperature (C)

Appendix 3.7d. DSC trace of

poly((bistrifluoromethyl)norbormadicne) initiated by
Mu(N-2,6-Mez-C5H3)(OCMe(CF3)2)z : :



——11.693
- ——11.€685

=

'llllllflllllllllIIllIl‘ll,IllllIlll_‘lfhl

. 11.85 11.80 11.75 11.70 11.65 11.60 ppm ‘
A
T ) T T I T T T T I ] T T I—I T ] T L4 [ ] T T IT T T T T
12 11 10 9 8
hr._J L
0.20 .
124.13 126.26 112.28
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poly((bistrifluoromethyl)norbornadiene) initiated by Mo(NAr)(CHCMe,Ph)(OB(mes),)
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E NMR spectrum of poly((bistrifluoromethyl)norbornadienc)
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* Analytical data for Chapter 4.
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Appendix 5'2  'H NMR speclrum of the attempted polymensatmn of 2'3-
'bns(mﬂuoromethyl)blcyclo[2 2 2]octa 2 S-diene _ A uuuatcd - by
Mo(NAr)(CHCMezPh)(OCMc(CF;)z)z. (‘H NMR spectra are identical for all the

reaction times, see text).
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~ times, see text).
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'(tetrafluorobenzo)bicyclo[2.2.2]octatriene initiated by
‘Mo(NAr)(CHCMe,Ph)(OCMe,),. (The lHNMR spectra are similar fqr the various

solvent systems used).
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Appendix 57 'H NMR spectrum of the polymerisation of 2,3-

(tetfaﬂuorobénzo)bicyclo[2.2.2]0ctélriene B initiated | by

MO(‘NAr)(CHCMC:Ph)(OCMC(CF:)z)z. (The '"H NMR spectra are similar for the ‘ : : . 4 K‘ -

various solvent systems used).
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Appendlx 5.10¢. . H NMR spectrum of the attempted synthes1s of 7-
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Appendix 5.11d. F NMR spectrum of the attempted syntﬁesis of 2,3-(trifluoro-

~ decyl-benzo)bicyclo[2.2.2]octatriene -
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Dr. H E. Bryndza Du Pont Central Resealch

-Synthesis, Reactions and Thermochemistry of Meral (Alkyl) Cyanide

Complexes and their impact on Olefin Hydrocarbon Metathesis

Prof A. Dav1es Umver51ty College, London.
The Ingold-Albert Lecture The behaviour of Hydrogen as a

| . vPseudometal :

o Oetober 28 :
October 29
Novemher»'{l‘»
) November 5
November 11
November 12
_ November 18
November 25

N ovember2‘5

November 26

'- Dr J. K. Cockcrofﬁ Universityr of Durham.
Recent Developments in Powder Diffraction

'Dr. 1. Emsley. Imperial College, London.
The Shocking History of PhOsporus

Dr. T.P. Kee Umversuy of Leeds.
Synthesw and Co ordmauon Chemlstry of leylated PhOSphlteS

Dr. C.I. Ludman. University of Durham.

) ExplosionS' A Demonstration Lecture

Prof D. Robins. Glasgow University,
Pyrrol1z1d1ne Alkaloids: Biological Activity, Biosynthesis and Benefits _'

Prof. M. R.'Truter. Umversxty. College, London.
Luck and Logic in Host-Guest Chemistry-

Dr. R. Nix. Queen Mary College, London.

Characterisation of Heterogeneous Catalysts

Prof. Y. Vallee. University of Caen
Reactive Tricarbonyl Compounds. . -

Prof. L.D. Quin. University of Massachusetts, Amherst.
Fragmentation of Phosphorus Heterocycles as a Route to Phosphoryl

Specres wrth Uncommon Bondmg

Dr. D. Humber. Glaxo Greenford.

‘AIDS The development ofa Novel 'Semes of Inhibitors of HIV.



December 2 |

'December 2

DecemBer 3

December '9 .
o The structure of Perﬂuormated Inonomer Membranes

1993

* January 20

January 21 -

January 27

January 28

February 3 -

Febmafy 10
February 11
' February 17

February 18

February 22

February 24

P’r.‘ef.' A.F. Hegarty, University College Dublin
~ Highly Reactive Enols Stabilised by Steric Protection

' Dr.RA. Aitken, ~Univer’si.ty of St. Andrews

The Versatile Cycloaddition of BusP.CS,

~-Prof. P:Edwards, Bimiingham University
"The SCI Lecture: What is Metalv"

Dr A N. Burgess ICI Runcom

Dr. D. C. Clary, University of Cambridge
Energy Flow in Chemical Reactions

Prof; L: Hall; Cambiidge * .
~NMR- Window to the Human Body

Dr. W. Kerr, University of Strathclyde

Development of the Pauson-Khand Annulation Reaction:
Organocobalt Medlated Synthesis of Natural and Unnatural Products

Prof J. Mann University of Readmg
Murder, Magic and Medicine

Prof. M. S. Roberts, University of Exeter
Enzymes in Organic Synthesis

Dr. D. Gillies, University of Surrey
NMR and Molecular Motion in Solution

Prof. S. Knox, Bristol University

 The Tiden Lecture: Organic Chemistry at Polynuclear Metal Centres

Dr. W.R. Kemmi.tt, University of Léicester

Oxatrimethylenemethane Metal Complexes

Dr. I. Fraser, ICI Wilton
Reactive Processing of Composite Materials

Prof. D. M. Grant, Universityof Utah
Single Crystals, Molecular Structure and Chemical-Shift Anisotropy

Prof. C.J. M. Stirling, University of Sheffield:
Chemistry on the Flat Reactivity of Ordered Systems




March 10
March ll- -

March 17

Dr. P. K. Baker, University College of North Wales, Bangor

R ‘Chémistry of Highly Versatile 7-Coordinate Complexes

Dr. R. A. Y. Jones, University df East-Anglia -
The Chemistry of Wine Making -

" Dr.R.IK ‘Taylor, University of East Anglia

' Adventures in Natural Product. Synthe31s

March 24 |
May l3 |
May 21
June 1

June 2

June 7

June 16
June 17
September 13

| Septernber 13

September 14.

September 28

~ October 4

Prof. I. O. Sutherland Un1ver31ty of L1verpool

- Chromogenic Reagents for Cations

Prof. J. A. Pople, Carnegie-Mellon University, Plttsburgh, USA

The Boys-Rahman Leture: Applications ©of Molecular Orbital Theory

Prof. L. Weber, Umversrty of Blelefeld
Metallo -phospha Alkenes as Synthons in Organometalhc Chemrstry

Prof. J.P. Konopelskl, Umversrty of California Santa Cruz
Synthetic Adventures with Enantiomerically Pure Acetals

Prof. F. Ciardelli, Umversxty of Prsa ‘

Chiral stcnmmatmn in the Stereospecific Polymerisation of Alpha
Oleﬁns

Prof. R. S. Stein, University of Massachusetts
Scattering Studies of Crystaline and Liquid Crystalline Polymers

. Prof A. K. Covington, University-of Newcastle

Use of Ion Selective Electrodes as Detectors in Ion Chromatography

- Prof. O. F._Nielsen,H. C. Drsted lnstitute, University of Copenhagen

Low-Frequency IR- and Raman Studies of Hydrogen Bonded Liquids

Dr A. D. Schluter, Freie Universitat, Berlin, Germany
Synthesis and Characterisation of Molecular Rods and Ribbons

Dr. K. J. Wynne, Office of Naval Research, Washington, USA

-Polymer Surface Design for Minimal Adhesion

Prof. J. M. DeSimone, University of North Carolina, Chapel Hill, USA
Homogeneous and Heterogeneous Polymerisations in Environmentally
Responsible Carbon Dioxide

Prof. H. Ila, North Eastern Hlll University, India :
Synthetic Strategies for Cyclopentanoids via Oxoketene Duithioacetals

Prof. F. J. Feher, University of California, Irvine, USA

" Bridging the Gap Between Surfaces and Solution with Sessilquioxanes

1



o ‘October'l4"'

Dr. P Hubberstey, Umversrty of Nottmgham

* Alkali Metals: Alchemlstsnghtmare Biochemist’s Puzzle and |

. .,“.Technologxst § Dream

" October20
" October 21
" October 27

* November 10

" ‘Dr P. Quayle Umversrty of Manchester
ASpects of aqueous ROMP Chemistry -

”-Prof R Adams, Umversrty of South Carolina, USA
o Chemxstry of Metal Carbonyl Cluster Complexes: Development of

Cluster Based Alkyne Hydrogenatron Catalysts

 Dr. R A. L Jones, Cavendlsh Laboratory, Cambndge
- Perambulating Polymers

Prof M.N. R Ashfold University of Bristol

"High Rsolution Photofragment Translatronal Spectroscopy A New

o Way to Watch Photodlssocratron

* November 17

Dr A Parker Rutherford Appleton Laboratory, Didcot
Applications of Time Ressolved Resonance Raman Spectroscopy to

N Chemlcal and Biochemical Problems

~ November 24

November 25

_ December 1

December 8

Dr P G Bruce, Umversrty of St. Andrews

Structure and Properties of Inorganic Solids and Polymers
Dr.R.P. Wayne, University of Oxford

The Origin and Evolution of the Atmosphere

Prof. M. A. McKervey, Queen’s University, Belfast

~ Synthesis and Applications of Chemically Modified Calixarenes

Prof. O. ,Meth-Cohn; University of Sunderland )

* Friedel’s Folly Revisited- A Super Way to Fused Pyridines

_ December 16

Prof. R.r F. Hudson, University of Kent

~Close Encounters of the Second Kind

199,

J anuary 2l6
February 2

| February 9

Prof. 5 Evans, Uruver31ty of Southampton .
Shmmg Light on Catalysts

' Dr A. Masters University of Manchester
o Modellmg Water Without Using Parr Potent1als

Prof D. Young, Umversrty of Sussex -
- Chemical and Biological Studies on the Coenzyme Tetrahydrofohc '

Acid



: .February '16 “

February 2"3

March2

March 9 .

March 10

“Prof. K. P. Theopold, University of Delaware, USA
B Paramagnetw Chrormum Alkyls Synthesrs and Reactmty

Prof P.'M. Maitlis, Umversxty of Shefﬂeld

Across the Border: From Homogeneous to Heterogeneous Catalysis

_‘ Dr C Hunter Umversrty of Shefﬁeld ,
Noncovalent lnteractlon between Aromatlc Molecules

_ Prof R. erkmson Loughborough Umversrty of Technology '
_ Nanosecond and Pecosecond Laser Flash Photolysrs

" Prof. S. V. Ley, Umversxty of Cambndge

- New Methods for. Orgamc Synthesrs

March 25
 April28
May 12
October 5
October 19

October 26.

November 2
| Nov_em’ber.9
November 16

' November 23

» Dr ] Drlworth Umver31ty of Essex -

Technetium and Rhemum Compounds with Appl1cat10ns as Imagrng
Agents : v . :

Prof.R.J. Gillespie, McMaster University, Canada
. The Molecular Structure of some Metal Fluondes and Oxofluondes

Apparent Excepuons to the VSEPR Model

Prof D. A. Humphreys, McMaster Umver31ty, Canada :

, Brmgmg Knowledge to L1fe

Prof N. L. Owen, Bngham Young. Umversrty, Utah, USA

‘ Detenmmng Molecular Stuctrure-The INADEQUATE NMR Way

Professor N. Bartlett, Umversrty of California .
Some Aspects of (AglI) and (AgIIl) Chemrstry -

Dr. G Rumbles Irnpenal College
Real or Imagmary 3rd Order Non Linear Optxcal Matenals

‘Dr. P. G. Edwards, Umversrty of Wales Cardlff

The Manipulation of Electronic and Structural Diversity in Metal
Complexes - New Ligands for New Properties. :

Dr. G. Hogarth, University College, London -

New Vistas in Metal Imido Chemistry. L

Professor M. Page, University of Huddersfield -

Four Membered Rings and B- Lactamase

Dr J erhams Umversrty of Loughborough
- New Approaches to Asymmetric Catalysis.



November 30 Professor P Parsons Umversrty of Readmg

1995 -

" January 25

AFebruary 1

' Febmdry 8

‘February 15

March 1
April 26

May 3

May 24 .

: ‘,Apphcanons of Tandem Reactlons in Orgamc Synthesis. .

: Dr D. A. Roberts Zeneca Pharmaceuticals

The Desrgn and Synthesrs of Inhibitors of the Remn Angrotensm . |

. -System

Dr.T. Cosgrove antol Umversrty

Polymers do it at Interfaces ,

Dr D.O Hare Oxford Umversrty o
" "Synthesis and- Sohd State Propertles of Poly- Ohgo- and Mulndecker

Metallocenes

ProfessorW Motherwell Umvers1ty College London

- New Reacuons for Orgamc Synthesrs

Dr. M. Rossemsky Oxford Unxversrty
Fullerene Intercalation Chemistry.

Dr. M. Schroder, University of Edinburgh
Redox Active Macrocychc Complexes Rings, Stacks and Liquid

Crystals

Professor E.W. Randa.ll Queen Mary and Westfield College
New Perspectrves in NMR i unagmg g

Dr.P. Beer, Oxford University -

Anion Complexation Chemistry. -



"The author has zilso-at;endéd the following lectures in the IRC in Polymer Science and

Technology Internationial Seminar Series.

1993

_ March 16

April 1

June 2

’ June 8

" Prof. J'.M._G: Cowie (Heriot-Watt University), at'Bradfo.rd- University
'High Technélogy in chains : The Role of Polymérs in Electronic

: Applicatio;-ls. and Data Processing.

Prof. H;W. Speiss (Max Planck Institut for Polymerforschung, Mainz),
at Durham ,Unive’rsity. .

Multidimensional NMR Studies of Structure and Dynamics of Polymers.

Pio_f. F. Ciardelli (University of Pisa), at Durham University

Chiral Discriminatioh in the Stereospecific Polymerisation of c-olefins.

‘Prof. B.E: Eiéhinger (BIOSYM Technologies Inc. San Diego), at

Leeds Unive‘réity.

Recent Polymer Modelling Results and a look into the Future.



' Conferences, meetmgs and courses attended by the author

January 1993
: -March '1993
June1993

© April 1993

- September 1993

~April 1994

_ Apnl 1994

B .September 1994

April 1995

| Septemher l-995 g

; IRC Polymer Engmeermg Course Umversxty of Bradford

‘ , IRC Polymer Physws Course UﬂlVClSlty of Leeds

| ISOM 10, Tlhany Umversuy of Vesprem Hungary
"Macro Group (U.K) Famlly Meetmg, Umversuy of Lancaster
'.IRC Club Meetmg, ~Un1ver51ty of Durham
| “Macro Group (U K) Famlly Meetmg, Umversuy of Blrmlngham |
| 7 New Electromc Matenals Royal Socxety of Chemxstly, London |
A IRC Club Meeung, Umversny of Leeds

" Macro Group (U K) Fam1ly Meetmg, Loughborough Umversrty

‘ :of Technology

IRC Club Meetmg, Umvers1ty of Durham

* Poster presentauon by the author

Publications, !

L “New Well;Deﬁned Molyhdenum Initiators for Ring-Opening Metathesis

Polymerisation; Their use in the Polymer'isation of 2,3-Bis(uiﬂuloromethyl)-

norbomadlene" W J. Feast V.C.Gibson, C.Redshaw, R.M. Towns W. Cleg,_,

and M Elsegood J Mol Cat, i in press




