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The kinetics and mechanisms of ring apening polymerization and copolymerization of
different cyclic ethers were studied using mainly a cationic sysiem of initiation,
BF40EIy/ethanediol. The cyclic ethers reacted differently showing that ring strain and
hasicity are the main driving forces in cationic ring opening polymerization.

Tn most cases it was found that the degree of polymerization is controlled kinefically via
(erminations with the counterion and the monomers, and that the contribution of each
type of reaction to the overall termination differs markedly.

The Gel permeation chromatography studies showed that the malecular weight
distribution of the samples of polyoxetanes were bimodal. This was in accordance with
previous work establishing that the cyclic tetramer is found in much higher proportions
than any of the other cyclic oligomers. However the molecular weight distribution of the
copolymers made from oxetane and THF or from oxetane and oxepane were shown o
be unimodal. These observations could be explained by a change in the structure of the
growing end involved in the cationic polymerization.

In addition crown ethers like dibenzo-crown-6 and compounds such as veratrole are
believed to stabilise the propagating end and promote the formation of living polymers
from oxetane.
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INTRODUCTION

1.1. General introduction

Since the pioneering work of Wurtz on the oligomerization of ethylene oxide published
in 1863, investigations on the synthesis and the possible use of polyethers have heen
studied more or less consistently in the timed. The progress of the petrochemical
industry, enabling the production of ethylene oxide and propylene oxide, has allowed
chemists to imagine new compounds and new routes of polymer synthesis.

Opening rings to make polymers was reporied by Levene in 1927 and Staudinger in
1929, Meerwein in 1937 polymerized tetrahydrofuran when at the same fime polymer
science gave birth to new organic synthetic materials which have transformed the
industry in a similar revolution that occurred a century ago with metallurgy.

Polyethers made by ring opening polymerization have been studied for the last thirty
years. Their intrinsic properties have led to a relatively wide range of applications from
the manufacture of elastomers and foams to the more specific design of liquid-crystals

or energetic materials.

In 1929, W.H. Carothers, the future inventor of Nylon, sub-divided synthetic polymers
into two main groups so that a distinction could be made between polymers prepared by
stepwise reaction of monomers and those formed by chain reactions. These he called:

_Condensation polymers, which involves elimination of small molecules such as water
or carbon dioxide during the reaction.
-Addition polymers, where no such loss occurs during the polymerization.

It was soon found that this type of classification was foo restrictive and the first group
was renamed step-growth polymerization including the synthesis of polyurethanes
which occurs without elimination of a small molecule.

To the secand group were added ionic polymerizations, including ring Dpening process.
These types occur via three distinct stages, first an active site is created on the monomer




by the action of an initiator, then g chain gros ypmpagauon of the active
centre, and eventually the terrmnatmn stage v S
Tonic initiated polymerizations, where the active site is a stabxlxsed anion or cation,
largely depend on the nature of the monomer and its substituents. Cationic initiation is
limited to monomers with electron donating groups which help to stabilise the growing
positive charge. As these ions are associated with a counter-ion, the choice of the

reaction solvent is of great importance, for a successful propagation step.

1.2. Cationic Polymerization

The term ionic polymerization is in most case ambiguous, it depends on the polarity of
the medium used for the reaction. The reactivity of the active site needed for the chain
growth step can be affected by the position and type of the counier ion. By varying the
dielectric constant (€) of the solvent a large change in the kinetics of polymerization can
he obtained? as shown in table 1.1 for a perchloric acid initinted polymerization of
styrene in several media.

Table 1.1 Cationic polymerization of styrene in media of varying dieleciric
constant £
Solvent £ k,,/dm"3.mol“1,,s;'1
CCly 2.3 0.0012
CCl4+CH,Cl, (40/60) 52 0.40
CCl4+CH,Cl, (20/80) 7.0 3,20
Initiator HC104

The various stages of the ionisation producing carbonium ians can be represented in
scheme 1.1 followed:

RX & R¥YX- & RYX Rt ¢+ X
covalent intimate solvent separated free ions
ion pair jon pair




Increasing the polarity of the solvent affects the distance between ions, Free ions
propagate faster than tight jon pairs consequently an increase in kp is observed with
increase in € and the result is an increase in the polymer chain length.

The same result was observed by changing the solvent on the cationic polymerization of
cyclic ethers such as THF3-5 or oxepaneﬁﬁ. In the polymerization of THF using
CH3NOy it was found that the propagation rate constants of various macroion pairs are
independent of the structure of the anion3:8,

1.3. Ring opening Polymerization

Ring opening polymerization has become increasingly important fo large segmenis of
ihe chemical and polymer industries?. The synthesis of polyesters using lactones as
monomer, polymerization of e-caprolactam to give Nylon-6, metathesis palymerization
of cyclopentene, and polymerizaiion of miscellaneous heterocyclic compounds such as
epaxides, acetals, cyclic amines, cyclic sulphides are various examples of the scope of
ring opening polymerizations V1L, Tn addition, there hus been a considerable interest in
inorganic or partially inorganic  polymers such as polysiloxanes12 or
polyphosphazenesl3 synthesised from cyclic monomers. Biodegradable and
biocompatible polymers made from ring opening polymerization of phosphorus or
sulphur containing cyclic esters14:15 have been studied for use in drug delivery
systems.

The mechanism of ring opening polymerization is governed by different thermodynamic

or kinetic factors.

1.3.1. Factors affecting the ring opening polymerization of cyclic ethers

The tendency toward polymerization of a cyclic monomer depends upon the existence
and the extent of ring strain, the initiator being used, and the reactivity of any
substituent group within the ring.




1.3.1.1. Ring strain of the monomer

In the cationic polymerization of cyclic ethers, a cyclic tertiary oxonium ion is proposed

as the propagating species.

+ (N 4
snnnren ) [P AASRAARAA O\)
- .

The tendency for a cyclic monomer (o undergo ring opening palymerization is greatly
dependent on the ring size and the principal driving force in small rings is to relieve this
strain. Ring strain is a thermodynamic factor which is caused hy the presence of hond
angle distorsions, conformational sirain, and non-bonded interactions heiween hydrogen
atoms in the eclipsed conformation 1617,

The ring strain energies of some common cyclic ethers are presented in figure 1.3.2.

Ficure 1.3.2. Ring strain (/ kJ mol.-1) of eyelic ethers

?QQQQQ

114 107 23 5 33 42

The less stable cyclic ether produces, in general, a more strained and therefore a more
reactive oxonium ion. From the above values, the most stable oxonium ion is derived
from tetrahydropyran, the six membered ring, 8 compound that does not polymerize,
The sirainless chair conformation, in which it is similar to cyclohexane provides a
thermodynamic stability for this monomer. Although the homopolymerization of
tefrahydropyran has not been reported, it has been known fo undergo copolymerization

16




with other reactive monomers18, Under applopnatﬁcendztmnsthe polymerization of
tetrahydrofuran proceeds without appreciable chain transfer-or termination, indicating
that the propagation proceeds via a stable oxonium species. The driving force of the
polymerization of four membered rings is probably the angle ring strain.

The unsubstituted rings containing less than five or more than six atoms are invarably

polymerizable.
1.3.1.2. Basiciiy of the monomer

The basicity of the monomer is also an important factor controlling iis reactivity. Ii is
reporied that the basicity of a monomer plays an important role in the initiation step,
when the monomer is facing the acid type initiator.

Relative basicities of deuterated cyclic ethers have been determined by several infrared

speciroscopic methods19:20, recording the shifi values of the characteristic streiching

bands. Table 1.3.1. shows a few of the resulis obtained from the investigation.

Table 1.3.1.  Basicities of some cyelic ethers

Cyclic Ether pKa
oxetane 3.13
THF 5.00
Tetrahydropyran 5.42
Propylene oxide 6.94
Epichlorohydrin 8.84

The order of basicity of cyclic ethers is as follows (figure 1.3.3)




In cationic polymerization, the basicity of the monomer strongly affects the modes of
the reactions of growing species, since various nucleophiles other than the monomer,
which may cause chain growth to compete with various side reactions, are also present
in the present in the reaction system. Such nucleophiles are the linear ether group in the
polymer chain end and the counter-anion at the growing end. The basicity of the

monomer is also of importance in the cationic copolymerization of cyclic ethers.

Important factors affect the basicity of a cyclic ether, methyl substitution onto the ring
increases the positive inductive effect whereas chloromethyl substitution decreases the
busicitymfz2. The ring size affects the basicity in various ways: a decrease in the angle,
involving a heteroatom associated with a decrease in the ring size, results in less steric
hindrance to interaction; changes in its valence angle result in a variation of the electron

density on the heteroatom.
1.3.2. Type of initiation

[nitiation of the cationic polymerization of cyclic ethers can be accomplished in muny
ways. The ether group is characteristically basic in a Lewis sense and the implication of
this is that ring opening polymerization of cyclic ethers is initiated by cationic species.
The epoxides are the exception to this generalisation, as they can be polymerized by
both anionic and cationic initiators.

Different types of initiators are of interest and are described below:
1.3.2.1. Group A: - Superacids type initiators
Superacids such as concentrated sulphuric and fluorosulphuric acids initiate the

polymerization of THF via the formation and the propagation of oxonium jons2d:24,
Figure 1.3.4. shows the initiation of tetrahydrofuran with triflucromethane sulfonic acid

th CF3803H

Hw.
CF;804




1.3.2.2. Group B: - Lewis acids initiators

Lewis acids BF3, BF30Et, SnCly, SbClsAlCI3, FeCly, PFs have been used
extensively for the homopolymerization of oxetanes25-30. Using BFy for the
polymerization of oxetane, traces of water react as a cocatalyst. Other cocatalysts can be
used (ROH, MeCOsH, HBr,Cl3CO2H, etc) as a source of this proton. The use of a
cocatalyst is necessary because polymerization does not occur without it.

The action of this type of initiator is the protonation of the oxygen atom crealing &

secondary oxonium ion.(figure 1.3.5)

Figure 1.3.5. Formation of the secondary oxonluim ion

BF, + R-OH R HT {BF,OR}"
d PANEE
e sy e — S
HT{BF,OR}™ + O \ == ¢ (O-H [BF;0R}

N NS

In addition a combination of a Lewis acid, a cocatalyst, and a reactive ether (promotor)
can initiate the polymerization of less reactive ethers31-34. The promotor is generally a
cyclic ether, usually an epoxide, having a higher ring opening activity towards the
Lewis acid compared with the monomer itself.

The interaction of the promotor and the Lewis acid provides the initiating oxonium ion.
An example of this type of polymerization includes the initiation of bischloromethy!
oxetane (BCMO) in either the presence of BF3, AICly or SnClg with promator
molecules such as c%:pic:hlorohydrin32 or propylene oxide. This is illustrated in figure
1.3.6.
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Fisure 1.3.6. The use of a ''promotor'' molecule for the initiation of BCMO
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1.3.2.3. Group C: - Oxonium ions salts

Oxonium ions salts, R3OTA~, where A~ is a complex metal halide (MtXpy]7), are of
interest. With triethyloxonium salts , the initiation reaction is the simple alkylation of
the monomer23, as shown in figure 1.3.7. The first addition reaction was studied for the

polymerization of tetrahydrofuran.

Figure 1.3.7. Initiation of THF with trialkyloxonium salt

+
(CyHs);0* SbFg™ OG Csz_OG +  (CyHs),0

SbF6‘

1.3.2.4. Group D: - Photoinitiators

In recent years, photoinitiated cationic polymerization, also called UV curing, has
become an important technique. Many different types of monomer and oligomers,
including vinyl ethers and epoxide compounds, have been polymerized using this
technique35'39.

Crivello reported the polymerization of difunctional oxetanes38 using phenylsulfonium
or phenyliodonium salts. These salts decompose upon UV and visible light irradiation to
form cations ready for initiation. The rates of polymerization of the various monomers

were measured by recording their gel times, the shorter the gel time the more reactive
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the monomer in cationic UV curing. The results show that these difunctional oxetane

monomers are more reactive than epoxides with similar structures.(figure 1.3.8.)

Figure 1.3.8. Photoinitiators for the polymerization of difunctional cyclic ethers

@) O

(‘)>\/0\/\/\O/\<]

Difunctional monomers

SbF- SbF,~

Photoinitiators salts

1.4. Mechanism of the ring opening polymerization of oxetane

14.1 Active Chain End Mechanism (A.C.E.)

This section will discuss the cationic polymerization mechanism of oxetane, though it

must be emphasised that the general principles apply to other cyclic ethers as well.

The cationic polymerization of oxetane, first recorded by Farthing27 in 1955, gave
linear polymer of high molecular weight. Rose28 extended Farthing's work and reported
that cationic polymerization would not occur under absolutely anhydrous conditions

when BF7 is used as an initiator. Water was the essential co-catalyst. Furthermore he
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observed the rate of polymerization of oxetane initiated by BF3 was proportional to the

amount of water added.

Kinetic chain polymerizations are characterised by three main stages, initiation,
propagation and termination. Rose proposed the following mechanism for the
polymerization of oxetane, based upon a detailed investigation of the kinetics of the
BF3 catalysed system. This mechanism is called the active chain end (ACE) mechanism
because the active site appears at the end of the polymer chain and the attacking

nucleophile is the uncharged monomer.

1.4.1.1. Initiation

Figure 1.4.1. shows the initiation step for the polymerization of oxetane. The complex
role of water as a co-catalyst required the postulation of a two-step initiation process.
The complex formed between BF3 and water, proceeds to initiate the reaction by acting
as a protonic acid. Protonation of the oxygen atom in the ring results in the formation of
a secondary oxonium ion (I), which a second monomer molecule then attacks at one of
the o-carbons to create the propagating end(II).

The secondary oxonium ion (I), which exists as an ion pair, is much less active than the

tertiary oxonium ion (II).

Figure 1.4.1. Cationic initiation of oxetane

H,0 + BF; ~——=  H¥{BF;OR}"
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H*+(BF;OR}" 4+ OQ L C(ﬂ{ (BF,0R}"
I
o& .
s Ho-(CHz)3~O<> {BF;0R}"
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1.4.1.2. Propagation

The chain propagates by a nucleophilic attack of the oxygen atom of the monomer on
the o - carbon of the propagating tertiary oxonium ion. The propagation step is thought
to occur by an SN2 type mechanism. {BF3OH}", the counter ion presumed to be formed
in initiation, maintains its integrity during propagation. It should be noted however that
similar inorganic complexes are known to be unstable. Under the reaction conditions,

{BF30H}" may disproportionate or it may react further with BF3 to give BF4™.

Ficure 1.4.2. Propagation step of the propagation of oxetane

k
H(O'(CHz)y,)n"JCrJ{};/—\ :o<> _
SN2
{BF;0R}"
_I_
H<O~<CH2>3)n+1~O<>

{BF;0OR}-

1.4.1.3. Termination

Some cationic polymerizations of cyclic ethers have stable propagating species that do
not terminate and which are characteristic of living polymers.

In other cases termination exists and can occur by an array of different reactions.

Chain transfer to the polymer is one possible way by which the propagating chain may
be terminated . This involves alkyl exchange between the propagating oxonium 1on and
the ether linkage of the polymer chain. Such reactions result in the formation of open

chain tertiary oxonium ions of lesser reactivity. Figure 1.4.3. describes the chain transfer

reaction to the polymer.
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Figure 1.4.3. Chain transfer to the polyvmer
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The greater the extent of polymer formed during the course of the polymerization, the
greater 1s the probability of this transfer reaction occurring. On deactivation of the open
chain tertiary oxonium ion (1), one of the carbon oxygen is cleaved. This results in a
statistical redistribution of the chain lengths in the system and results in an increase in
the polydispersity index.

Figure 1.4.4. shows the mode of termination by chain transfer with the co-catalyst.

Figure 1.4.4. Chain transfer with the co-catalyst

+
H(O-(CH3)3)y— O + ROH — »ww(O(CH,);0H 4+ {BF;0R,}
{BF;0OR}"

The propagating oxonium ion may also be terminated by combination with either the
counter-ion itself or an anionic fragment derived from the counter ion, resulting from

anion splitting.
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Figure 1.4.5. Combination with anionic fragment derived from the counter ion

+
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The tendency of an anion to transfer is different for various counter ions and depends on
the stability of the counter ion. Counter ions such as SbFg~ and PFg~ have little
tendency to bring about termination, whereas anions derived from aluminium have

greater transfer tendencies, because in this case the counterion is from a weaker acid.

1.4.2. The Activated Monomer Mechanism (AMM)

Under certain experimental conditions, particularly when addition of the monomer was
slow, the polyethers obtained by the polymerization of oxiranes exhibited a narrow
molecular weight distribution and the molecular weight increased with conversion.
Penczek44 explained this observation by proposing a mechanism for the cationic ring-
opening polymerization of epoxides. The mechanism known as the Activated Monomer
Mechanism (AMM) and shown in figure 1.4.6, consists of the step-by-step addition of a
protonated monomer to the growing chain, which has a terminal nucleophilic hydroxyl

group.

Figure 1.4.6. The activated monomer mechanism
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It 1s important that by its very nature AMM leads to a reduction in back-biting and
consequent formation of cyclic oligomers.

Penczek considered the initiation of polymerization of an oxirane, catalysed by an
alcohol in the presence of a protonic acid, to take place by the mechanism shown in
figure 1.4.7. Superficially these polymerizations of oxirane would appear to be under
identical conditions but this is not the case. The conventional ACE mechanism would
apply if the protonic acid catalyst were added to a solution of oxirane. In this case the
added alcohol would act as a transfer agent during the course of the polymerization.

In the AMM polymerizations, monomer is admitted slowly into the reaction solution so
that at any instant its concentration is only of the order of that of the initiator. The
proton from the acid catalyst preferentially protonates the monomer, as would be the
case in the ACE mechanism. However because the concentration of the monomer is so
low the only nucleophile present, capable of attacking the hydroxonium compound, is

the alcohol.

Figure 1.4.7. Comparison of the AMM and ACE mechanisms

Ly

R-O/YOH + HY
F/\ﬁ HO )\/67‘

H

Because there is a difference in the structures of the chain ends, the ACE mechanism
leads to approximately 40% of cyclic tetramer formed by either back-biting or by chain
transfer, whilst with AMM tetramer formation is less than 1% when slow addition of the
monomer takes place. Side reactions that do appear are the direct result of some ACE

propagation which is an inherited property of AMM.
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1.5. Formation of cyclic oligomers

Formation of cyclic oligomers in the polymerization of the heterocyclic monomers is a
phenomenon very often encountered. Macrocycles hava been observed in the cationic

polymerization of cyclic ethers#3-51 acetalsS2,53 siloxanesS4,55.

1.5.1. Back-biting process

The polymerization of cyclic ethers frequently gives not only polymer but also cyclic
oligomers. The polymers are the desired products but since the discovery of the
usefulness of crown ethers, interest in cyclic oligomers has increased greatly56'64.
Macrocyclic polyethers behave as highly selective complexing agents for cations
especially alkali metal 1ons and have potential significance in analysis and separation of
various ions. Crown ethers are cyclic oligomers of cyclic ethers, and are named in the
form of x-crown-y, where x is the total number of atoms in the ring and y is the number
of oxygens. 18-crown-6 shows a high affinity for K+, 15-crown-5 for Na¥t, and 12-
crown-4 for Lit. Measurements of molecular models of these three molecules reveals
that the "cavity size", is in each case a good match for the ionic diameter of the cation

most strongly bound by the molecule (figure 1.5.1.).

Figure 1.5.1. Crown-ethers and their '"cavity size'

18-crown-6 15-crown-5
(\ O/§ Ionic Diameter, A
O 125i5A
k/e K+ 2.66
O\) Nat 1.80
12-crown-4 Lit 1.20
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Aiming at the polymer Rose27 observed that, using BF3 and water as a catalyst system,
and working at 50 OC, up to 40% of the product was a cyclic tetramer (16-crown-4). In
later work aiming at the synthesis of cyclic oligomers, Dreyfuss and Dreyfusss1 ‘
reported that only trimer and tetramer were found with no higher cyclic oligomers. The ;
tetramer was predominant for polymerization initiated by triethyloxonium
tetrafluoroborate, whereas trimer was more important, if the polymerization was
initiated by ethyl trifluoromethanesulfonate (table 1.5.1.). This tendency is enhanced by

changing the solvent from |,2-dichloroethane to benzene.

Table 1.5.1 Formation of cyclic oligomers in the polymerization of
oxetane at 70 OC.

Counter anion Solvent Trimer/Tetramer™
BF4~ CICH»CH»Cl 0.5
CF3S03- CICH,CH,Cl 1.83
BE4- CeHg 0.18
CF3S07- CgHg 3.50

*Intensity ratio of GLC peaks for trimer and tetramer
Concerning the homopolymerization of 3,3-dimethyloxetane, tetramer was found to be
the most predominant cyclic oligomer64 but in contrast, higher oligomers were also

found to be present in small quantities in oxetane homopolymerization.

Figure 1.5.2. Tetramers of a) oxetane and b) 3.3-dimethyloxetane

M O
OO XX
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[t is thought that the tetramers (figure 1.5.2.) and other cyclic oligomers are not formed

from the degradation of the polymer but concurrently with the polymer, and that once
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formed, the products do not change. As soon as the monomer is completely consumed
the oligomer formation ceases.

This stability of the tetramer is due to conformational restrictions and its formation can
be attributed to the fact that in the preferred conformation of the polymer chain the third
oxygen atom is placed in the best position to perform an intramolecular SN2 reaction.

This mechanism of formation is called a back-biting reaction (figure 1.5.3)

Figure 1.5.3. Formation of the tetramer by back-biting process
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1.5.2. The Jacobson Stockmayer model

A theory was developed to describe the dependence of the equilibrium concentration of
macrocyclics on the ring size65. The model developed by Jacobson and Stockmayer
states that above the equilibrium concentration for polymer formation, the relative
concentrations of the oligomers are independent of the initial concentrations of the
monomer and the catalyst; only a slight dependency on the temperature is observed, and
above the equilibrium concentration of monomer, the polymer/oligomer ratio increases
with increasing concentration of monomer. The equilibrium between open chain

polymer and each cyclic oligomer (My) may be summarised as:

A‘My‘B A‘My.__x“B + MX

Chain —_— Chain + Ring
The equilibrium constant Ky for the formation of the oligomer (M) may be written as

_ [A‘ My— x“B] [MX]
X [A-My-B]

The distribution of cyclic structures has been shown to obey to the relationship that

demonstrates ring - chain equilibrium. In such cases:
[My] = Ky X-5/2

where X is correlated to the ring size of the macrocycle, and equals 2 for a dimer, 3 for a

trimer, etc.

Plots of In[My] against InX for a series of different ring-size cyclic monomers should
give linear relationships with gradients of -2.5. The intercepts of such plots also show
the predicted dependence on the ring size. Many systems obey this type of independence
but it should be noted that the concentrations of certain oligomers, particularly
tetramers, appear to deviate from predicted behaviour in the polymerization of cyclic

ethers such as oxetane.

30




1.5.3. Discussion

The presence of cyclic oligomers can be detected in a GPC profile of a polymer sample.
They are eluted according to their size, and so they can be identified. NMR
spectroscopy is also a useful technique for the determination of the ring structure®6. The
chemical shifts of the protons and carbons of cyclic oligomers are slightly different from

the corresponding chemical shifts for the atoms in a polymeric chain.

1.6. Cationic copolymerization of cyclic ethers

Copolymerizations between pairs of cyclic structure have been studied 10,16, Numerous
reports have been published on the copolymerization of cyclic ethers, mainly with
cationic initiators. These are concerned with the kinetics of the reaction, the relative
reactivities of the comonomers. In general, the basicity and the ring strain are the main
factors which govern the reactivity of the cyclic ethers. Copolymerizations have been
achieved between closely related types of monomers such as cyclic ethers and cyclic
acetals or lactones67,68, Copolymerizations involving oxiranes have been widely
reported.

The tendency of a cyclic ether to undergo a copolymerization is not related to its ability
to homopolymerize. A few cyclic ethers have been found to be significantly more
reactive in copolymerization reactions than they are in homopolymerizations. For other
monomers the opposite has been found.

The copolymer composition has been determined by assuming that the reactivity of the
propagating chain is dependent only on the nature of the growing end, and independent
of the chain composition. The copolymerization reaction of two monomers M| and M,
results in the formation of two propagating centres. One of which has M| at the
propagating end and the other with My. The consequence of this is that there are four
possible propagation steps. The kinetics of copolymerization of cyclic ethers are

described by the Mayo-Lewis equations10 (figure 1.6.1.).
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Figure 1.6.1. The Mavo-Lewis equations

Mt + M > M+ ki1
Mt + My — Myt kyz
Mot + My — Myt ko>
Mp* + M} - Mt ko

Propagation proceeding by the addition of the same type of monomer is known as
homo-propagation, whereas propagation by the addition of the other monomer is
referred to as cross-propagation.
The monomer reactivity ratios are defined as:
rp=kp/kp2 r =kpo/ko|
The rate of consumption of M| from the initial reaction mixture is then:
-d[Mlde=kyj [IM[]IM*] + kpp [M}] [Mp*] (D

and My by

-d[Mp)/dt = koo [Mp] [MpT] + k1o IMp] [M1+] (2)

The copolymer equation can be obtained by dividing (1) by (2) and assuming that
ko [M2*] [M{]=kjp [M*][M2]
for steady-state conditions, so that
diM1/d[M2] = (M V[M2}]) {(r{[IM1]+ [M2]) / (IM ] + rp[M2]}
The monomer reactivity ratios and the copolymer composition equations are

independent of many reaction parameters, such as differences in the rates of initiation

and termination and the absence or presence of inhibitors or transfer agents.
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Depending on the values of the monomer reactivity ratios, the following copolymers

result from polymerization.

riy=rp=1 Random copolymer

rp=rp=0 Alternating copolymer

ri>1, rp>1 Block copolymer

ri>1, <l

orrl<l, r2>1 Copolymer rich in one monomer

The rate constants for the four propagation reactions are said to depend on the reactivity
of the propagating end and the nucleophilicity of the attacking monomer.

As the reactivity of cyclic ethers is partly related to the basicity, then the nucleophilic
attack of cyclic ethers on the propagating chain end is assumed to be one of the driving
force in such copolymerizations. Reactivity of the monomers in cationic
copolymerization is commonly affected by the reaction conditions, solvent, counter ion
and temperature. Marked changes in the rate of copolymerization are observed when
different solvents and counterions are used, because the structures of the propagating
species In 1onic polymerizations are sensitive to the nature of the solvent used.
Displacement of the equilibrium, scheme 1.1, is caused by changing the solvent and / or

temperature of polymerization.
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1.7. Living polymerization

1.7.1. "Living" polymers concept

First described by Swarc69 living polymerizations are polymerizations in which
propagating centres do not undergo either termination or transfer. In the case of cationic
polymerization, one could imagine the positively charged site still "active" and ready to
react whith more monomer molecules if they were reintroduced into the medium. Such
properties of the system are full of interest for polymer chemists in order to increase
chain length, have access to a better control of the molecular weight distribution and

design new ranges of block copolymers.

One of the first living polymerization was achieved in the anionic polymerization of
styrene initiated by sodium naphtalene (figure 1.7.1.). The initiator for this type of
polymerization is formed by adding sodium to a solution of naphtalene in an inert polar
solvent, such as tetrahydrofuran.

The sodium dissolves to form an addition compound and, by transferring an electron,
produces the green naphtalene anion radical. Addition of styrene to the system leads to
electron transfer from the naphtlyl radical-anion to the monomer to form a red styryl

radical-anion.

Figure 1.7.1. Living polymerization of styrene

Na + —_— Na+
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red ion
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It is thought that a dianion capable of propagating from both ends, is formed.



Na*- [PhCHCHyCHpCHPh] “Na*

The living character of the polymerization was demonstrated successfully by adding
more styrene and by another monomer (isoprene) to increase the chain length and form

a block copolymer, respectively.

1.7.2. Characterization of "living polymers"

The living nature of such systems is apparent in several ways. The added monomer is
polymerized quantitatively, a plot of Mn versus % conversion is linear. If the initiation
is fast the molecular weight distribution is narrow. The concentration of the propagating
chains remains constant and only propagation reactions take place. No termination or
transfer reactions occur.

If the rate of initiation is slow, the molecular weight distribution is broader than that
obtained with a rapid initiation system. Living polymerization may be terminated by the
addition of a reagent such as a protic acid, water or an alcohol depending on the nature

of the active end.

1.7.3. Living cationic polymerization

Carbocationic polymerizations are an area of growing interest in polymer synthesis.
many types of monomers such as isobutylene, vinyl ethers, cyclic ethers, N-
vinylcarbazole, p-alkostyrenes, oxiranes, and formaldehyde can be polymerized through
cationic routes. Because of the inherent instability of the propagating ion, carbocationic
polymerizations were believed for many years to be uncontrollable processes dominated
by chain transfer and termination. However, since 1984, when Higashimura first
reported the living cationic polymerization of isobutyl vinyl ether’0, much work has
been done in selecting the proper counteranion, temperature, and solvent conditions to
allow for the living polymerization of many different monomer systems71'73. Much of
the work focussed on the selection of a counteranion which was nucleophilic enough to
stabilise the cation but still active enough to permit propagation. Such balances between
stabilities and reactivities will be seen to be extremely important in living cationic

polymerization.
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The living cationic polymerization of cyclic ethers was first observed for the
polymerization of epichlorohydrin in the presence of ethylene glycol’4. THF
polymerization can proceed as a living system75,76_ Smith and Hubin77 reported that a
bifunctional initiator, trifluoromethanesulfonic anhydride (CF3S09)20, can be used for
the living polymerization of THF. Recently Hsiue and co-workers78 synthesised THE
and 3,3-bischloromethyl oxetane (BCMO) triblock copolymers having a narrow

polydispersity via a living system, using this bifunctional initiator (figure 1.7.2.).

Figsure 1.7.2. Svnthesis scheme of triblock copolymers
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The use a bifunctional initiator system of bis-1,4-(chlorodimethylsilyl) benzene
(BSB)/AgSbFg in dichloromethane to prepare triblock copolymer via living cationic
polymerization was described by Talukder’?. The purity and dryness of the system is of
importance in the success of the living polymerization of 3-azidomethyl-3-methyl-

oxetane (AMMO) (figure 1.7.3.).
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Fisure 1.7.3. Polymerization of AMMO with BSB/AngFf initiator system
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Recently polyethers of low and medium molecular weight containing stable 1onic
groups (phosphoniums ions) at both ends, were obtained by living cationic
polymerization of tetrahydrofuran initiated by trifluoromethane sulfonic anhydride,
followed by termination with triphenyl phosphineso. The synthesis of diionically
terminated polyethers was based on the conversion of hydroxyl end-groups of polyether
diols, which can be obtained by the cationic Activated Monomer Polymerization (see
section 1.5) of oxiranes and THF, into phosphonium ion end-groups. The transformation
of the end groups was carried out by bromination in the presence of triphenylphosphine
(figure 1.7.4.).

Figure 1.7.4. Transformation of the end groups

Br2 . Ph'{P - + + -
HO www QH — Brwwww» Br ——» Br, PP wwww PPhy ,Br

It was reported that intramolecular aggregation of the ionic terminal groups in such low
molecular weight polyethylene oxides leads to cyclic structures resembling crown ethers

and showing comparable efficiences for complexing cations (figure 1.7.5.).
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Figure 1.7.5. Intramolecular aggregation of polyethers through the ionic end

groups
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This approach differs from the direct use of terminating agents such as tertiary amines
providing stable cationic end groups in the polymerization of THF or for ionenes of
polyTHF81'83 (figure 1.7.6.).

Figure 1.7.6. Tertiary amine end group of living polyTHF
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1.7.4. Immortal polymerization

The concept of immortal polymerization introduced by Inoue for the ring opening
polymerization of epoxides and B—lact0n6384'86 using catalysts such as
metalloporphyrins  of particularly  zinc, aluminium and manganese. Living
polymerization does not ensure immortality as termination can take place by addition of
protonic reagents. A "coordinate anionic mechanism" was proposed87a88, in which the
monomer was coordinated to the catalyst and activated towards nucleophilic attack,
providing orientation of reacting molecules, and leading to stereospecific

polymerization.
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Fisure 1.7.7. Coordinate anionic mechanism of immortal polymerization of

ethvlene oxide
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It is believed that the polymerization takes place by firstly coordinating the monomer at
the electron-deficient aluminium atom, which then allows attack by the activated
chlorine atom on the oxirane ring. Nucleophilic attack of the chloride ion on the o-
carbon of the monomer follows and the ring then opens to form the propagating
structure. During propagation further coordination of the monomer occurs in a similar
way. However nucleophilic attack at the a-carbon is thought to occur by the ethereal
oxygen atom which is directly linked to the Al atom.

Using the chloro-aluminium porphyrins (figure 1.7.8.) for the polymerization of
propylene oxide, it was found that the reaction still continued even in the presence of a
protic acid. This is remarkable considering that the growing polymer is of a nucleophilic
nature and compounds such as water, chloric acid, alcohols were unable to terminate
polymerization. The reaction gives a polymer with a narrow molecular weight
distribution and, unlike living polymerization the number of polymer molecules is
greater than that of the initiator. The immortal polymerization can be accounted for by

the unusual reactivity of the aluminium atom-axial ligand bond (Al-Cl).
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Figure 1.7.8. (5.10,15.20-tetraphenylporphinato) aluminium chloride (TPP) AICI

When propylene oxide was polymerized using (TPP)AI-CI, a living system was
observed. Addition of HCI should have terminated the living polymerization, but
instead it actually assisted the polymerization as further addition of propylene oxide was
1)olymerized86.

The reaction scheme (figure 1.7.9.) indicates how the protic reagent might participate in

the polymerization:

Figure 1.7.9. Immortal polymerization of propylene oxide

(TPP)ALOR  + HClI ===  (TPP)AICl + H-OR

CHy

(TPP)AI-(O-CH;—CH, )ﬁ Cl

(TPP)A-CI + nCHy~ CHy~CHy

CH,
|
(TPP)A(O-CHz—CH, )-Cl+ H-OR ===== (TPP)AL-OR + H-(O-CH;~CH,)-CI
i

The addition of HCI generates the original catalyst which can be utilised to polymerize a

further batch of monomer re-introduced into the system. The chain transfer reactions
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shown above are reversible and occur much more rapidly than chain growth. The
consequence of this is that narrow molecular weight distribution polymers are obtained.
With immortal polymerization the number of polymer molecules is not limited by the

amount of initiator but can be increased if required by the addition of a protic acid.

The polymerizations of oxetane and substituted oxetanes have been carried out with
catalyst derived from the reaction of 5,10,15,20-tetraphenyl 21H, 23H-porphine and
aluminium  diethyl chloride89:90.  This immortal polymerization leads to a
polymerization that is slower than the corresponding polymerization of oxiranes but
high conversions of monomer to polymer occur and the polymerization shows the
properties of a living polymer; the molecular weight average of the polymer increases
with conversion of the monomer to polymer closely correlating with conversion of the
monomer polymerized to initiator used. The polydispersity indicates a narrow molecular
weight distribution. The possible mechanism of the polymerization of oxetane
(figurel.7.10) was shown to involve two molecules of (TPP)AICI taking part
simultaneously during chain growth, and a single monomer molecule reacting with one

active centre.

Figure 1.7.10. Mechanism of the polymerization of oxetane using (TPP)AICI

O
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1.8. Applications of polvethers

1.8.1. Liquid crystals polymers

Liquid crystal (LC) behaviour is due to molecular rigidity rather than intermolecular
attractive forces. A typical liquid crystal polymer is a rigid-rod macromolecule, the
rigidity of which results from having rigid groups either within the polymer chain or as
side groups on the polymer chainl® These two types of LC polymer, referred to as
main chain and side chain LC polymers are depicted in figure 1.8.1. The rigid groups
are referred as mesogens or mesogenic groups.

A large number of side-chain liquid crystal polymers have been synthesized in the last
ten years. The influence of parameters such as the molecular weight of the polymer, the
nature and the length of the spacer group, the nature of the mesogenic group and the
polymer backbone had been studied91-94. Linear polyethers are selected for backbones
because of their low Tg and hence flexibility95’96. Recently, molecular design of novel
side chain liquid crystalline polymers was reported using cationic ring opening
polymerization of oxetane derivatives?7. It was the first time that polyoxetane was used
as the main chain. Cyclic oligomers of epichlorohydrin can be used as a backbone to
create liquid crystal crown ethers, combining the capability to complex metal cations

and LC properties98.



1.8.2.

Solid propellant rockets have a long history, which is interwoven with the development
of gunpowder, artillery, and pyrotechnics. The propellants needs to have high energy
components, which, on combustion, give rise to low molecular weight gaseous products
in order to produce a high specific impulse. It is essential that the propellant has a low
vulnerability and the need for a propellant which is safe to make and to handle, has a

long safe life without loss of performance and safety, and is cheap to make are

Ficure 1.8.1 Main chain and side chain liquid crystal polymers
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fundamental requirements.

Recently, energetics and non chlorine containing compounds, for clean storage, binders

were developed using polyethers99,100. The synthesised polymers should incorporate

the following properties:

1- Molecular weight control
2- Low molecular weight polydispersity
3- Low glass transition temperature

4 -Energetic characteristics



Therefore polyethers made from cyclic ethers, tetrahydrofuran, oxetane and their
derivatives have attracted interest for these above desired properties78,101'103.

1.8.3. Scope of this project

Monomers, like 3,3 bis (azidomethyl) oxetane (BAMO) or 3-methyl-3-nitratomethyl-
oxetane (NIMMO) depicted in figure 1.8.2., can be polymerized or copolymerized

cationically using Lewis acid such as BF3 in dichloromethane 104,105

Figure 1.8.2. Oxetane derivatives monomers

N3H2C CH2N3 H3C CH2N02
O O

3,3-bis (azidomethyl) oxetane 3-methyl-3-nitratomethyl oxetane
BAMO NIMMO

Their respective polymers could be of interest in the synthesis of energetic and stable
materials. It 1s known that intramolecular reaction, which produces cyclic oligomers
notably tetramers and trimers, often occurs during the polymerization process.

The scope of this project is to collect informations concerning this phenomenom,
studying and modelling the reaction of ring opening polymerization of oxetane using

cationic species.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 High vacuum techniques

The high vacuum technique is one of several types of experiment techniques that can be
employed to obtain a controlled experimental environment. The most usual reason for
wanting this is the necessity to exclude oxygen and water and, less commonly, carbon
dioxide from the reaction being studied. The intermediates involved in ring opening
polymerizations, such as oxonium ions (cationic) or alkoxide ions (anionic), are known
to be very sensitive to moisture and impurities. For this reason the distillation and
purification of solvents or monomers were carried out using either high vacuum
techniques or an inert atmosphere of argon in order to exclude these impurities from

reactions.

2.1.1. The Vacuum line

A typical vacuum line is shown in figure 2.1. For laboratory scale operations, a vacuum
line is almost always suitable and efficient. It is constructed from glass and consists of a
manifold fitted with PTFE taps connected to a system of two vacuum pumps placed in
series. The latter is the most important part of the system, a mercury diffusion pump, in
which mercury is heated so that it boils vigorously to produce a stream of mercury
vapour, accelerated by the Venturi effect in a narrower tube section, then condensed on
the walls of the water condenser. The second pump is an Edwards rotary pump which
generates a pressure of approximately 102 mm Hg. The whole system could provide a
good working vacuum up to 10-3 mm Hg in the best cases.

The purpose of the two cold traps is to trap volatile materials from the line on their way
to the pumps, thus to protect the pumping system, and to trap as well the vapour and any
pumping fluid before it can enter the line by back diffusion. The coolant used for the
traps, liquid nitrogen (b.p. -195.8 °C) which condenses the oxygen , has the advantage
of being inert to combustion and of many uses in a laboratory.

In order to measure the absolute pressure in the vacuum line, and to check whether the

system is free of leaks or ready to use, different gauges can be adapted. Electric gauges,
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Figure 2.1 The vacuum line
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such as Pirani type, or simple mercury Mac Leod gauges are the most common and easy

fo use.

2.1.2 Freeze - thaw degassing of solvents

Most liquids contain dissolved gaseous components such as oxygen, carbon dioxide or
hydrogen, which need to be removed before vacuum distillation. The traditional method
of removing such components is the "Freeze - Thaw degassing" and proceeds as
follows:

A solvent tlask (figure 2.3.) is attached to the vacuum line with the main tap closed. A
Dewar vessel, filled with liquid nitrogen, is placed around the flask. When the liquid is
frozen, the space above it is pumped by opening the main tap. After a while the main tap
1s closed and the solvent allowed to thaw. The same cycle is repeated until the bubbling
ceases and a high vacuum is reached in the system. The duration of this process depends
on the quantity of solvent to be distilled and, of course, on the amounts of gas dissolved.

This procedure prevents "bumping" and "flashing over" during distillation.

2.1.3 Flasks

The use of high vacuum techniques requires specially designed flasks for drying and
storage of monomers and solvents. These flasks must be fitted with PTFE taps and
joints which allow connection to the vacuum line. Two types of flasks were designed, a
drying flask in which monomer was left over drying agent before distillation (figure
2.3.a), and a monomer solution storage flask, with both male and female greased joints,

which could be connected to a polymerization vessel or distillation still (figure 2.3.b).

2.14 Trap to trap distillation

Once degassed the solvent or monomer could be transferred to another storage flask by
a trap to trap technique using the vacuum line, as shown in figure 2.2. This receiver
flask is attached to the vacuum line, evacuated and then immersed into a Dewar filled
with liquid nitrogen. By closing the main tap and opening the appropriate taps, the

contents of the monomer flask are distilled into the receiver flask.



Figure 2.2 Yacuum line distillation
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Figure 2.3.a  Monomer drying flask

Stopper

Monomer over

calelum hydnde

Figure 2.3.b Monomer solution storage flask
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2.2. Treatment of glassware

All the glass apparatus was cleaned thoroughly with a Decon solution and acetone. If
necessary, for a deeper cleaning process, glassware was left soaking in a chromic acid
solution for a period of 24 hours in order to get rid of particularly residual high vacuum
silicon based grease and traces of polymers. Finally syringes, flasks, and all the reaction

vessels were kept in an oven at 240 °C for few hours prior to use.

2.3. Manipulation techniques

2.3.1. Inert gas techniques

Many of the reactants used in ionic polymerization are sensitive to the presence of
oxygen and moisture. Lewis acid-type catalysts are inefficient if "wet". A number of
inert gas techniques were used to prevent decomposition, though in each case the inert
gas was argon. Since argon is denser than air it provides a protective layer of inert gas
above the liquid solution. In most cases argon was introduced into the flask via a needle
through a rubber septum (see figure 2.4. The argon line). Dry argon was supplied by
BOC with a purity guaranteed less than 3 vpm moisture and less than 3 vpm oxygen and

no further purification carried out.
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Figure 2.4. The argon line
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2.3.2. Glove box techniques

Glove box techniques were used for manipulation, (and in some cases storage), of air
and moisture sensitive reagents, such as initiators and polymerization solvents. A
Miller-Howe box complete with a recirculation system was used with argon as the inert
gas. The box was operated under positive pressure with a constant argon flow of 45
litres per minute through a series of columns containing 3 A molecular sieves, BASF
R311 catalyst and BDH activated charcoal. These columns were reformed periodically
in order to attain moisture levels below 5 ppm and oxygen below 1 ppm (as confirmed
by the manufacturer). An indication of dryness was given by measuring the length of
time required for freshly exposed sodium metal to become tarnished. Flasks, syringes
and equipment were introduced to the box by means of a port which was evacuated and
purged with argon three times before opening the main door. The port was evacuated
using an Edwards rotary vacuum pump which was vented to a fume cupboard in order

to remove potentially harmful vapours.



2.4. Preparation and purification of materials

2.4.1. Monomers

2.4.1.1. Oxetane

Oxetane, trimethylene oxide was obtained from Lancaster Chemicals Co. Before each
distillation a fraction of 20-25 g was placed over calcium hydride for 48 hours in a
stoppered flask (figure 2.3.a) with the tap slightly opened to allow hydrogen from the
reaction with moisture to escape. The liquid was then degassed using the freeze-thaw
technique described in section 2.1.2.

For a deeper and final drying, the monomer was transferred by trap to trap distillation
(see section 2.1.3.) into another flask containing a mixture of benzophenone and slices
of sodium metal previously degassed. It was apparent that oxetane was dry when a deep

blue solution was produced by the mixture. (Scheme 2.1)

Scheme 2.1. Sodium and benzophenone drying procedure

Ph\ Sy
Na + Ph—ﬁf—Ph —_—> C-O Na
| /
e} Ph
H,0
Ph P
NaOH + I C.O4f —> h\C:O
ph" “I2Hy

The blue colour resulted from the production of a sodium benzophenone complex which
is only observed in a completely dry environment. Immediately after this "colour test"
the oxetane was distilled by the trap to trap method into a final dry storage flask (figure
2.3b). This was carried out because a reaction between sodium and oxetane took place if
the mixture was allowed to stand for sometime at room temperature. This reaction was
accompanied by the evolution of a gas, presumably hydrogen and the consumption of

the monomer.
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2.4.1.2. 3,3-Dimethyloxetane

3,3-dimethyloxetane was generously supplied by the Defence Research Agency, the

same drying and distillation procedure was carried out as for oxetane.

2.4.1.3. Tetrahydrofuran (THF)
THF (hplc grade) was obtained from Fisons Chemicals Ltd. The purification procedure
described for oxetane was adopted. In addition to the blue colour observed with sodium

and benzophenone being an indication of dryness, it is also indicative of the absence of

peroxides.

2.4.1.4. Oxepane

Oxepane (hexamethylene oxide) was supplied by Phase Separation Co. This cyclic ether

was dried and purified following the procedure described in 2.4.1.1.

2.4.1.5. Propylene oxide

Propylene oxide (epoxy-propane) was supplied by Aldrich Co, dried and distilled using

the procedure described in 2.4.1.1.

2.4.1.6. Cyclohexene oxide
Cyclohexene oxide was obtained from Aldrich Co and placed over fresh calcium

hydride. The monomer was then degassed by freeze thaw technique and transferred to

another dry flask by the trap-to-trap distillation method.
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2.4.2. Catalysts

24.2.1. Boron trifluoride etherate
Boron trifluoride etherate, BF3OEty is a self drying agent. It gives toxic fumes on
hydrolysis and has to be handled at all times in the glove box. The required solution of

BF30Ety was prepared in dried and distilled dichloromethane and kept in the glove

box.

2.4.2.2. Ethanediol

Ethanediol was dried over fresh calcium hydride, degassed and distilled on the vacuum

line. It was kept in the glove box as a solution in dichloromethane.

2.4.2.3. Tetrafluoroboric acid - diethyl ether complex 85 %

HBF4 O(CyHs)y was obtained from Aldrich Co, and used neat for terpolymerization
between cyclic ethers.

2.4.2.4. Triflic acid

Triflic acid (trifluoromethane sulphonic acid), was obtained from Aldrich Co. in a 10g

ampoule. Very hygroscopic, it gives toxic fumes with moisture. A solution in dry

dichloromethane was kept in a storage flask in the glove box.
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2.4.3. Solvents

2.4.3.1. Dichloromethane

The polymerization solvent, dichloromethane (high purity grade) was obtained from
Fisons Chemicals Co and placed over calcium hydride for a few days. It was then
fractionally distilled under an inert atmosphere of argon. The distillation apparatus 18
shown in figure 2.5. The distillation was carried out in a closed system to prevent
moisture contaminating the solvent. Before starting the distillation the system was
purged with argon and a reflux was carried out for a few hours. A monomer storage

flask was connected to the still before the distillation was started.

Figure 2.5. Distillation apparatus used for the purification of dichloromethane
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2.4.3.2. THF (gpc solvent)
The Gel Permeation Chromatography solvent (hplc grade) was obtained from Fisons, no

particular treatment was made. Solutions of polymers samples were prepared in this

solvent and injected for analysis.

2.4.4. Drying agents

2.4.4.1. Sodium metal

Sodium metal was supplied in paraffin oil by BDH. The oil was removed by washing

with hexane and tarnished surfaces cut away before use.

2.4.4.2. Benzophenone

Benzophenone was supplied by Janssen Chemica, no particular treatment was made

prior to use.

2.4.4.3. Calcium hydride

Calcium hydride was obtained from Aldrich Co. A 40 mesh powder was found to be the

more efficient to dry monomers and dichloromethane.

2.4.4.4. Sodium sulphate

Sodium sulphate was supplied by Aldrich Co., it was left in a furnace at 350 °C for few

days prior to use.
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2.4.5. Other chemicals

2.4.5.1. Veratrole

Veratrole (1,2-dimethoxybenzene) was obtained from Aldrich Co. A solution was made

in dichloromethane and kept in the glove box.

2.4.5.2. Dibenzo-18-crown-6
Dibenzo-18-crown-6 (2,3,11,12- dibenzo- 1,4,7,10,13,16- hexaoxacyclooctadeca-2,11-

diene) was obtained from Aldrich Co.. A solution in dry dichloromethane was prepared

and kept in the glove box.

2.4.5.3. 12-crown-4, 15-crown-5, 18-crown-6

These three crown ethers were obtained from Aldrich. A solution of each was made in

dry dichloromethane and kept in the glove box prior to use.



2.5. Polymerization techniques

2.5.1. Calorimetric Techniques

The ring opening polymerization of cyclic ethers is an exothermic process. Therefore a
system capable of measuring the increase in temperature while the reaction is taking
place under adiabatic condition could be used to measure rates of reaction for the system
under study. For this reason the use of a calorimeter was employed.

The system used was a modified form of that used successfully for monitoring the
cationic polymerization of cyclic ethersl, developed by Biddulph and Plesch106. The
increase in temperature associated with the ring opening was measured using a GL23 2
kQ thermocouple (supplied by RS Components Ltd.). The change in resistance as a
function of temperature was measured by a Knauer auto potentiometer bridge itself
linked to a Serviscribe IS Chart recorder. After calibration the apparatus was found (o

have a linear sensitivity to increases in temperature.

In a typical experiment the calorimeter (figure 2.6.), containing a magnetic flea both
previously in the oven, was attached to the vacuum line through (A) with the monomer
flask (figure 2.3.b) connected to (B). Tap (C) was closed and the whole system
evacuated. After evacuation, tap (C) was closed and the required amount of monomer
solution was poured into the bulb by opening (D). The calorimeter was placed on a
magnetic stirrer and the thermistor was connected to the Knauer auto-potentiometer
bridge. To ensure that ambient temperature did not have an effect on the experiments,
water from a thermostated bath at 35 ©C was continually passed through the double
jacket. The balancing bridge was connected to chart recorder and the whole system was
left to equilibrate at 35 OC for 15 minutes.

When the bridge was adjusted to zero and a stable line was obtained on the chart
recorder, the required amounts of the co-catalyst first and then catalyst were injected

through the rubber septum using syringes.

Discussion

[\"]
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The trace of deflection against time was converted to 0C.s~1 by means of the calibration

curve described above. The rate of increase in temperature during the reaction, measured
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in 9C.s~! could then be used to estimate the rates of polymerization from the slopes of
the lines obtained. A linear relationship between the maximum temperature increase and
the concentration of monomer used in that experiment was observed. Figure 2.7. shows

a typical thermogram of the homopolymerization of oxetane.

Fisure 2.6. The calorimeter

Thermocouple

Double jacket

Magnetc flea

59



Figure 2.7. A typical thermogram
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2.6. Analytical techniques

2.6.1. Gel Permeation Chromatography

Gel Permeation Chromatography (GPC), also known as Size Exclusion
Chromatography, was used to determine the molecular weight distribution of polymers.
The determination depends upon fractionation of polymer molecules in the sample
according to their sizes. This is achieved by passing the sample in a mobile phase
through a series of columns containing swollen cross-linked polystyrene beads. This
stationary phase is constructed so that when swollen occurs, pores are produced in the
beads, which are of different sizes and each pore allows only polymer chains of
sufficiently small volume to enter it. This effectively slows down the passage of small
molecules since they may occupy a larger pore volume, permeating the gel structures
and taking a longer path through the column than larger polymer chains which are
excluded from a greater fraction of the gel and elute more rapidly. Thus the large

molecules leave the column first followed by progressively smaller molecules.
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Figure 2.8. The Gel Permeation Chromatography

A- Injector system  B- HPLC pump C- Guard column

D- Gel column E- RI detector F- UV detector

G- DCU R- Solvent Recycler P- Pressure gauge
2.6.1.1. Experimental

The eluent used for GPC in this project was THF (hplc grade). It was deliver at | ml per
minute by a Knauer high performance liquid chromatography pump (A). Samples of
polymer made up in THF (1-2% w/v) were introduced into the column using a 100 pl
valve and loop injector system (B). The solution passes first through a short guard
column (C) designed to filter the solution and then prevent blockages in the rest of the
system, before entering then the main column set (D), supplied by Polymer
Laboratories. Four columns were used with size exclusion limits between 102 to 109 A.
The eluted fractions from the column were analysed by a Knauer differential
refractometer (E) and an ultra-violet spectrometer (F), connected in series. The
differential refractometer monitors continuously the refractive index (RI) of the eluted
solution and compares it with the refractive index of the eluent. Any difference owing to
the presence of polymer in the eluent generates a deflection which is proportional to the
concentration of the eluting polymer at that time. The UV detector only responds to
polymers containing chromophoric groups, (which absorbs at a given wavelength) either
attached to, or part, of the polymer back-bone (e.g. polystyrene). The output of each
detector is recorded by a data collecting unit, (DCU), (G). The DCU is monitored by a

PC computer running the software PL Caliber (from Polymer Laboratories). This



software allows the user to follow the analysis or to reanalyse previous chromatograms.
At the end of the analysis calculations of molecular weight parameters are made

according to the calibration equation of the column.

2.6.1.2. Calibration of the GPC column

To estimate the number and weight average molecular weights of a polymer it is
necessary to determine how the molecular weight of the eluted polymer varies over the
range of elution volumes. For this purpose polystyrene or polyTHF samples of narrow
molecular weight distribution and of known molecular weights were injected in turn
into the column. The volume of the solvent pumped through the column required to
elute the polymer of specific molecular weight was measured and a calibration curve
plotted, as shown in figure 2.9.

The system was calibrated with Polymer Laboratories polyTHF standard samples of
known peak molecular weights ranging from 1600 to 258000. The calibration curve for

the column used in these measurements is shown in figure 2.9.

Figure 2.9.  GPC calibration curve (PolyTHIEF)
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2.6.1.3. Calculations of average molecular weights

The data obtained from the chromatogram may be used to calculate number and weight
average molecular weights, thus polydispersities and to gain information about the
molecular weight distribution. Average molecular weights are calculated by the

following equations:

— Zwi
Mn=—""1_ (1)
2 (ﬂ)
Mi
—  XWiM
W= 2)
Zwi
where
Mn = number average molecular weight
Mw = weight average molecular weight
wi = weight fraction of polymer of molecular weight Mi in a given sample
Mi = molecular weight of a given sample

Since the detector response is proportional to the concentration of polymer in solution,
wi may be replaced by hi, the height of the trace at a given elution volume. A typical

size exclusion chromatogram is shown in figure 2.10.

Mo = 3)
5P
( Mi)
2hi

63



Figure 2.10. A typical GPC trace

RI Response
20 -
15 High Nw matenal
104 f,f
Low Mw matenal

{
5 / R 5{\’ )
IR NA k
Z -

0 5 10 15
Elution Volume /ml

0 A

If the deflections obtained for a polymer sample across a range of elution volumes are
measured and these elution volumes converted to molecular weight data by reference to
a calibration curve, number and weight average molecular weights and polydispersities
may be calculated. In practice these calculations were processed using the software PL
Caliber run on a PC computer.

Some samples were also processed using a Gel Permeation Chromatograph located at
the DRA site in Fort Halstead. This system consisted of a Waters 510 pump passing
THF through an ERC 3522 degasser and into four PL gel columns having exclusion
limits of 10, 104, 103, 102 A. Samples were introduced to the column by a Waters 717
auto sampler and the output from the columns was detected by a differential
refractometer and a Viscotek viscometer. The column were calibrated with polyTHF
standards and molecular weights were calculated, using a software (TriSEC) run on a

PC computer.

2.6.2. Nuclear magnetic resonance spectroscopy (NMR)

Fourier transform high resolution NMR was used to characterise and determine the
structure and the composition of monomers and polymers. 13C and 1H spectra were
carried out using a Bruker AC 300 spectrometer. Solutions of the samples were made by
dissolving the solids in deuterated chloroform (CDCl3) with a small quantity of
tetramethyl silane (TMS) as reference to each solution. For the 13C analysis, a pulse
technique, P.EN.D.A.N.T. 13¢, spectroscopy was used. This involves some noticeable

differences on the conventional 13C spectrum. The signals corresponding to the carbon
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are edited positively or negatively according to their types of substitution. Methyl and
methine carbons peaks appear as positive peaks, whilst methylene and quaternary
carbons appear as negative peaks. The P.EIN.D.A.N.T. spectrum slightly differs from

one made using a D.E.P.T. sequence where signals belonging to quaternary carbons do

not appear.
Both 'H and 13C spectrums were integrated and edited on a PC computer using

software called WinNMR from Bruker.
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CHAPTER 3

CATIONIC HOMOPOLYMERIZATIONS OF CYCLIC ETHERS

3.1 The cationic ring opening polymerization of oxetane

3.1.1. Introduction

So far the collective work by Rose28,50 and Farthing27 has indicated that the
polymerization of oxetane using BF30Etp-HpO system includes three main stages:
initiation, propagation and termination. The mechanisms have been discussed in chapter
I; the propagation step was considered as an SN2 step which is of second order type
kinetics. Termination was considered to take place either by a transfer or a process of
back-biting.

The initial objective of this project was to establish the kinetics of polymerization of
oxetane using BF30Ety as initiator in conjunction with a cocatalyst. Amongst the
different cocatalysts tried in a previous researchl, a difunctional cocatalyst such as

ethanediol gave good results concerning the molecular weight of the polymer.

3.1.2. Effect of the molar ratio BF30Ety:ethanediol on the rate of polymerization

and on average molecular weights

The aim of this work was to establish the dependence of the rate of polymerization on
the catalyst:cocatalyst molar ratio and hence to determine the optimal ratio of
catalyst:cocatalyst for the polymerization of oxetane. A series of experiments was
carried out in which the concentrations of BF30Et) and monomer were kept constant
and the concentration of ethanediol was varied. In this series constant volumes of
monomer and catalyst solutions were added to the calorimeter and because the volume
of cocatalyst used was varied, amounts of CHpCly were added to the solution to
maintain the volume at 25 cm3. The rate of polymerization was recorded according to
the procedure described in 2.5.1. After polymerization, the samples were recovered by

allowing the solvent to evaporate from the solution. Polymer samples were then

66



parameters on molar ratio of BF30Ety:OH is shown in table 3.1 and figures 3.1 and

3.2.
Table 3.1. Effect of the molar ratio BF1OEt>:OH on the rate of
polymerization, Mn, Mw_and Pd
Molar ratio Rate Mn Mw Pd
BF30Ety:OH 0C.s-1 g.mol-1 g.mol-1

1:0.5 1.4 2220 3680 1.66

1:1 3.7 2930 4810 1.64

1:2 3.2 2460 4180 1.70

1:3 2.8 2280 3830 1.68

1:4 2.5 1960 3630 1.85

[OX]=2 M, [BF30Et]=0.02 M, T=35 °C
Figure 3.1. _ Effect of the initiator system ratio on the rate of polymerization

initial= 35 °C. [OXTipjtial= 2M
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Fisure 3.2.  Effect of the initiatior system ratio on Mn
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The results shown in table 3.1. and figure 3.1. would indicate that the rate of
polymerization is a maximum when the molar ratio [BF30Etp]:[OH] is 1:1. That the
rate of polymerization reaches a maximum at this ratio suggests that the species
responsible for initiation of the polymerization is a 1:1 complex of BF30E(t and an
hydroxyl group. Before this maximum the concentration of active catalyst is strictly
dependent on the concentration of ethanediol, the excess of BF3OEL() is probably not
involved in the protonation of the monomer.

When the concentration of OH groups exceeds that of the catalyst a steady decline in Rp
is observed. This decline can attributed to protonation of excess ethanediol in
competition with the monomer.

Thus:

-+
BF,0Et, + ROH =—== ROBF; H

H* X~ + ROH === ROtH)X" Ko
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with:

—O—H
Ox+ H = _J Ox = (gj X- = ROBF;—

However, if the total concentration of protons is given by [BF30Ety] (their source),

then:
[BF30Et)] = [Ox*tH] + [ROTHjp]
and

[Ox* H] [Ox* H]

[RO*THy] [BF30E] - [Oxt HJ
K; [Ox]
Ky [ROHJex

where  [ROH]oy = [ROH] - [BF30EL]

It can then be shown that

I I K7 [OHlex

[OxTH] [BF30Ety] i [BF30ER] Ky [Ox]

Since Rpmax = [BF30Etp] and Rpec [Oxt H]
Then
R K2 [OHlex
= +
Rp Rpmax  Rpmax Kj [Ox]

Figure 3.3. shows a plot of 1/Rp against [OH]sy which is linear and shows that the
value of K1/Ky, which can be estimated from the slope, is 0.06. This value shows that
the protonation of the excess of ethanediol is predominant when the ratio
[OHJ:[BF30Etp] is greater than 1, therefore the polymerization of oxetane is less
favoured, the rate of polymerization decreases.
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Figure 3.2. shows the variation of the average molecular weights as a function of the
initiation system ratio. Like the rate of polymerization, it appears that Mn and Mw
reach a maximum for the ratio 1:1. Increasing the concentration of ethanediol seems to
decrease steadily both Mn and Mw. It can therefore be argued that the excess diol not
only removes active catalyst from the system, but at the same time causes a reduction of

molecular weight probably by increasing the rate of transfer.

Figure 3.3. Dependence of 1/Rp on the [OH]qy
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3.1.3. Effect of the concentration of oxetane

Several polymerizations were carried out using the system (1:1) BF30Et):OH as
catalyst and in which the initial concentration of oxetane in the feed was changed. The
concentrations of the catalyst, cocatalyst, and the total volume were kept constant.

Table 3.2. summarises this study.
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Table 3.2. Homopolymerization of oxetane, effect of [OX] on the rate , Mn,
Mw_and Pd
[0X] Rate Mn Mw Pd
mol.L-1 0C.s-1 g.mol-1 g.mol-1

1 1.6 2010 3220 1.61

1.5 2.1 2340 3931 1.68

2 3.7 2930 4810 1.64

5.2 3660 6770 1.85

4 6.7 3940 7090 1.80

[BF30E] = 0.01 M, Tjpiga= 35 °C

Figure 3.4. shows the effect of monomer concentration on the rate of polymerization. A
linear relationship is observed which is characteristic of a first order dependence. The
effect of the monomer concentration on Mn and Mw is shown in figure 3.5., it appears
that the effect follows a linear relationship. This can be explained by the fact that the
degree of polymerization is probably kinetically controlled, thus:
_ R
Dby, =
R¢

kp [P*olIM]
ki [P*][OH]

The degree of polymerization is proportional to the monomer concentration. In addition
the increase of monomer concentration has no significant effect on the polydispersity

index.
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Figure 3.4.

Dependence of rate of polymerization on [OX]

<Hn> <Mw>

Rats [C.8"-1

Figure 3.5.
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3.1.4 Effect of the concentration of catalyst on the rate of polymerization and on
the average molecular weights

Using a ratio catalyst:cocatalyst ratio of 1:1, a series of experiments was carried out to
study the effects of [BF30Ety] on the rate of polymerization of oxetane. After the
reactions, the polymers were analysed by GPC in order to measure the average

molecular weights. The results are shown in table 3.3.

Table 3.3. __ Effect of [BF30Et>] on Mn_and Mw.and on the rate of

polymerization
103.[BF30Ety] | 1/[BF30Ety] | Rate Mn Mw Pd
mol.L-1 mol-1.L oCs1 | 4 morl ¢.mol"1
6.4 156 0.42 4210 7310 1.74
7.6 131 0.60 3910 6920 1.77
9.4 106 0.86 3580 6350 1.77
12.1 83 0.95 3120 5680 1.82
17.6 57 1.20 2500 4050 1.62
(0X]=1.8M

The dependence rate of polymerization on [BF30Ety] is linear as shown in figure 3.6.
This would indicate that the kinetic is of first order in catalyst. The plot in figure 3.7.
shows that Mn is proportional to 1/[BF30Ety].




Figure 3.6. Dependence of the rate on [BF30Et,]
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Figure 3.7. _Dependence of Mn_on 1/[BF30Et;]
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It has been shown that the rate of polymerization is dependent upon the concentrations
of BF3, OH and the monomer. Furthermore the dependence is first order with each
reagent. However it should be noted that the polymerization is only possible when both
BF3 and OH are present. In addition the rate of polymerization is dependent on the ratio
of the concentrations of these two components, being a maximum when the ratio of
their molar concentration is 1. If we consider that the initiation specie is a complex 1:1

between BF30Et and OH, we can simplify the equation:
Rp = k[BF3:0H][M]
This give overall second order kinetics for the propagation reaction.
The dependence of the degree of polymerization on 1/[BF30Ety] can be explained by a
kinetically controlled termination step involving the gegenion BF3OR". The reaction is

shown in scheme 3.1.

Scheme 3.1. Termination involving the gegenion

Pyt + BF,OR™ —— PLOR + BFj3

— R,
PP, = ——
R
kp [PH,l[M]
k¢ [P*](BF30R"]

3.1.3. Molecular weight distribution (MWD) in homopolymerization of oxetane.

It is known that the homopolymerization of oxetane leads to the formation of cyclic
oligomers but particularly the cyclic tetramer (see section 1.5.1). A typical GPC
chromatogram of polyoxetane with a cyclic tetramer peak is shown in figure 3.8. This
oligomer is found in much higher proportions than any of the other cyclic oligomers,
but studies carried out by Riat! suggested that such unusual effects are reduced when a
monomer such as oxetane is copolymerized with tetrahydrofuran. The statistical

copolymer formed appeared to reduce significantly the proportion of the cyclic tetramer

~J
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and it was suggested that the chain-end was in some way complexed as a crown-ether.
This will be discuss in details in chapter 4.

Figure 3.8. A typical GPC chromatogram of polvoxetane - Bimodal distribution
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3.1.3.1. Effect of added salts on the MWD

Knowing the affinity of crown ether to complex small cations by template effect, the
polymerization of oxetane was carried out in the presence of lithium chloride. This salt
is slightly soluble in dichloromethane and it was added to the monomer solution so that
the molar ratio monomer:LiCl was 100:1. Using the initiation system
BF30Et):ethanediol described in section 3.1.2., the experiments were made following
the usual procedure.

Figure 3.9. shows a GPC chromatogram of the polymer sample resulting from this
experiment. When compared with the chromatogram from a normal polymer sample
(figure 3.8), the oligomer peak corresponding to the tetramer ring has increased in
intensity. It seems that the addition of lithium chloride has boosted the tetramer
formation. It can be argued that in the polymerization of oxetane, the chain-end exists
as a crown-ether complex in equilibrium with free crown-ether (tetramer). Addition of
Lit to the polymer displaces the equilibrium to the direction of crown formation
because the free crown also complexes with the Lit ion. Scheme 3.2 describes the

equilibriums between crowned chain-end, tetramer and the crown-ether/Li* complex.
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Scheme 3.2. Equilibrium between the different forms of crown-ether

: . Lit .
Crowned chain-end === Free crown ==== [i*+/crown complex

(Tetramer)

The lithium ion is thought to complex to the polymer via the etheral oxygens. It is
thought that with the homopolymer of oxetane the chains bend around to adopt a
configuration in which four oxygens atoms are able to complex with the lithium ion, in
a pseudo crown ether structure, then a tetramer ring can be formed as shown in figure
3.10.

Figure 3.9. GPC chromatogram of polvoxetane with LiCl
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Figure 3.10. Lithium ion complexation of the polymer chain and the tetramer
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3.2. Homopolvmerization of 3.3-dimethvloxetane DMOX

3.2.1. Introduction

This section will discuss the homopolymerization of a substituted oxetane, 3,3-
dimethyloxetane (DMOX). The objectives of these studies were to investigate the
effects of the substitution on the kinetics of polymerization and the molecular weight
distribution. The polymerization could be compared with that of oxetane and the elfects

of dimethyl substitution on the cyclooligomerisation process determined.

3.2.2. Kinetic studies

The homopolymerization of DMOX was carried out using the same reaction conditions
as the oxetane study. Following the procedure described in 2.5, polymerizations were
carried out using the catalyst system BF30E(tp/ethanediol. DMOX is a four membered
ring, therefore its ring strain 1s equivalent to that of oxetane. The reaction associated
with the ring opening is likely to be quite exothermic, so the rate of polymerization can
be recorded calorimetrically. Using a catalyst:cocatalyst ratio of 1:1, several
experiments were attempted changing the concentration of catalyst in the feed. The

results are depicted in table 3.4.

Table 3.4. Homopolymerization of DMOX, effect of [BF30OLEty] on the rate,
Mn, Mw and Pd

103.[BF;0Et,] Rate Mn Mw | Upisore] | Pd
mol.L"! 0C.s-1 gmoll | g mol-! mol-1.L

7 0.30 1300 2145 143 1.65

10 0.62 2010 | 3660 100 1.82

13 0.85 2220 3860 77 1.74

20 1.20 3110 5220 50 1.68

[DMOX] =2 M, T=35°C
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Figure 3.11. Effect of initiator concentration on the rate of polvmerization
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Figure 3.12. Effect of initiator concentration on m,_Mw

8000
~igi-- <Mp>
“ <Mw>
)l
5000
E
=,4000 -

/
5

N
=
z o
53000 — /
= s
v e
7
” s
2000 — J
;
o
1000 T ] T T T
0 10 20 30

10"3.[BF30Et2] /mol.L"-1

30




Figure 3.13. Dependence of Mn on 1/[BF10Et>]
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Figure 3.11. shows a linear dependence of the rate of polymerization on the catalyst
concentration, this is characteristic of a first order kinetic in [BF30Ety]. In comparison
with oxetane it should be noticed that the calorimetrically determined rate of
propagation of DMOX is slower than that of oxetane. This can be ascribed to a
difference of reactivity between the two monomers. Although the ring strains are
possibly close in value, it seems that the dimethyl substitution in position 3 on the
oxetane ring slows the rate of propagation. Two factors can explain this. Firstly the
methyl groups can create a steric hindrance for a monomer to attack the propagating
end. Secondly 1if the growing specie has the structure of an oxonium ion, the inductive
effect caused by the methyl group could attenuate the positive charge of the end group.
therefore the propagation step 1s slowed. The difference in reactivity is discussed further

in chapter 4 when copolymerization of OX and DMOX is studied.

The increase of catalyst concentration leads to an increase in number and weight
average molecular weights, as shown in figure 3.12. This unusual phenomenon has to be
correlated with the plot in figure 3.13 showing a linear decrease as a function ol
1/[BF30Ety]. This result is in opposition to that obtained for the polymerization of
oxetane. The increase of Mn could be explained by the removal of active catalyst
needed for the polymerization of DMOX, considering the presence of a side reaction
between BF30Et) and the cocatalyst. Therefore the DMOX monomer which differs

from oxetane by the dimethyl substitution, does not behave in the same way during the
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initiation step. It may be proposed that the dimethyl substitution creates a steric

hindrance

3.2.3. Homopolymerization of 3,3-dimethyloxetane and the formation of cyclic

oligomers

Some samples of polyDMOX were analysed by |H NMR spectroscopy. The spectrum is

shown in appendix 1. Two singlets are normally expected and their assignments are as

follow:

Protons

cr
-(-0-CHy-C-CHy-0-)y
CH,

T
(-0-CHyC-CHy-0-)y-

CH,

Multiplicity 6 ppm
Singlet 3.08
Singlet 0.85

Inspection of the spectrum indicates side peaks appear on both sides of each major peak,

as shown in figure 3.14. This phenomenon was reproducible, appeared in all the NMR

spectra of poly DMOX and even in the spectra of the copolymers made from DMOX

and oxetane. We have attempted to explain in terms of structure the origin of such peaks

in terms of structure.

Figure 3.14. Areas of the 1H NMR spectrum of polyDMOX showing side peaks a)

O-CH2~ (3.05-3.20 ppm) b) CH}- (0.8-1.1 ppm)

B
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COSY 2D spectrum of polyDMOX (shown in appendix 2) shows that there are no
proton-proton couplings through the bonds. The major proton peaks can be surely
identified as singlets assigned as shown. It seems that the unexpected smaller peaks
belong to methyl or oxymethylene groups which are surrounded by different chemical
environments.

The gel permeation chromatogram shown in appendix 2 is characteristic of the polymer
of 3,3-dimethyloxetane. It appears that the polymerization of 3,3-dimethyloxetane leads
to the formation of cyclic oligomers. Previous work04,107 has shown that the cyclic
oligomers are mainly composed of tetramers. In an attempt to characterise the material
giving rise to these peaks, the linear polymer was separated from the oligomers.
Sufficient material of high molecular weight was separated and analysed by I'H NMR.

Figure 3.15. shows the modifications to the spectrum within the particular areas.

Figure 3.15. Areas of the 1H NMR spectrum of polyDMOX after separation from
the oligomers a) O-CH»- (3.10-3.20 ppm) b) CH=z- (0.80-1.10 ppm)
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The spectrum of the higher molecular weight linear polymer separated from the
oligomer is slightly different from the one shown in figure 3.14. The small peaks at
higher fields than the major signals have vanished. At the first sight, it can be concluded
that the peaks in the higher field belong to the methyl and oxymethylene groups of the
oligomer, possibly the tetramer ring. It is known that the chemical shifts of the protons
of a cyclic structure slightly differ from those of a linear structure. Therefore the
following assignments can be made for the cyclic tetramer, on the basis of their
omission from the spectrum of the high molecular weight material. Concerning the low
molecular weight fraction, it must be added that insufficient material was obtained to

give meaningful spectrum.

83




Figure 3.16. Cyclic tetramer of DMOX

HyC CH,
HAC Q o CH,
H:C CH;
Multiplicity d ppm
-CH73 (ring) singlet 0.80
-O-CHp- (ring) singlet 3.05

The small peaks down field remain, they seem to belong to the groups of the linear
polymer. We know that one of the end groups is an hydroxyl group as shown in figure
3.17., therefore the oxymethylene and methyl groups of the DMOX unit adjacent to this
OH end have different chemical shifts. The small peaks at 0.89 and 3.16 ppm, can be
respectively assigned to the methyls and oxymethylene of the DMOX units adjacent to
the OH end group.

Figure 3.17. Hyvdroxyl end group of PolyDMOX

s

HO~CH2—’C—CH2—O
CH»
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3.3. Homopolvmerization of tetrahydrofuran

3.3.1. Introduction

Cationic polymerizations of THF were attempted using the initiator system
(BF30E(p/ethanediol) that was used for the homopolymerization of four membered
rings OX and DMOX. The experiments were unsuccessful, and no exotherm of
polymerization was recorded. The inability of this initiator can be explained by the fact
that THF 1s less basic than oxetane, therefore the initiation step involving the formation
of an active site does not occur. Consequently a stronger acid is required for the
polymerization of THF. Best results were provided by trifluoromethane sulfonic acid (or
Triflic acid CF3SO3H) diluted in dichloromethane. It is supposed that this super acid
reacts by direct protonation of the ring, as described in section 1.3.2.1, and the

propagation step is identical to the scheme of the homopolymerization of oxetane.

3.3.2. Kinetic and GPC studies

Different amounts of a solution of triflic acid kept and syringed out into the drybox,
were used to initiate tetrahydrofuran polymerization following the procedure described
in section 2.5. A series of experiments were made varying the molar ratio between the
catalyst and the monomer. Table 3.5. summarises the results of this study where the
concentration of THF and the total volume were kept constant for all the series of

experiment.

Table 3.5.  Homopolymerization of THF with CF3SO3H

Molar ratio [CF3SO3H] | Rate Mn Mw Pd
[THF]:[CF3S03H] | molL-l | 0Cs1 | gmor! | gmoll
100: 1 0.020 0.40 | 1330 | 2130 | 1.60
200:1 0.010 035 | 1240 | 2140 | 1.73
300:1 0.007 020 | 1260 | 2050 | 1.63
400:1 0.005 0.15 | 980 | 1900 | 2.00
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The rate of polymerization is less than 0.5 °C.s~1, which is indicative of a slower rate of
propagation than oxetane. This can be explained by the lower ring strain of THF in
comparison with that of the four membered ring. However, it seems that the amount of
triflic acid used for the homopolymerization of tetrahydrofuran has little effect on the
average molecular weights. The values of Mn and Mw stay relatively constant, and it
can be argued that there is may be a termination step which occurs via transfer to the

counter-anion CF3S03".

3.4. Homopolymerization of oxepane

The seven membered ring cyclic ether, oxepane, was found to be inactive towards the
catalyst system BF3OE(p/ethanediol. Although it is known that the ring strain of
oxepane is slightly greater than THF (respectively 33 kJ.mol-! and 23 kl.mol-1), this
monomer does not homopolymerize. Like THF, oxepane undergoes copolymerization

with oxetane, but this matter will be discussed in chapter 4.
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CHAPTER 4

COPOLYMERIZATIONS OF OXETANE AND OTHER CYCLIC
ETHERS

4.1. Copolymerization of oxetane and tetrahydrofuran (OX:THF)

4.1.1 Introduction

A cationic initiator, BF3OEt) in conjunction with ethanediol as co-catalyst, has been
used to copolymerize oxetane and THF. This initiation system was found to be inactive
towards the homopolymerization of THF, but active towards a much more strained and
basic monomer than THF. However it was of interest to understand the behaviour of

four and five membered rings cyclic ethers in copolymerization.

4.1.2. Procedure

The copolymerizations were carried out at 35 °C in a sealed vessel (figure 2.6). The
monomers were introduced into the vessel under a dry atmosphere together with the
required volume of solvent necessary to ensure that the final volume of the system was
constant. The required quantities of first cocatalyst and then catalyst solutions were
injected by syringe out through a suba seal stopper. The increase of temperature
associated with the ring opening polymerization was recorded using a thermocouple,
connected to a Wheatstone bridge which was itself linked to a chart recorder. Rates of
polymerization could be estimated from the initial slopes of the thermograms obtained

and then compared with one another to gain an order of magnitude difference.

4.1.3. Kinetic studies

A series of experiments was carried out in which the ratio of the comonomers was kept

constant and equal to 1 and the concentration of catalyst and cocatalyst were varied.
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Table 4.1. depicts the effect of the initial concentrations of catalyst on the rate of

polymerization.

Table 4.1. Copolymerization OX:THF, initial conditions and rate observed.

Ratio 103.[BF;0Lt,] Rate
Monomer: Initiator mol.L"1 oCs°1
400:1 3.8 0.13
300:1 5.0 0.18
200:1 7.5 0.30
150:1 10.0 0.36
100:1 15.0 0.60

[OX]=15M,[THF]=15M

The first observation derived from this series of experiments is that the rate observed
tfor the copolymerization of oxetane and THF is much smaller than that recorded under
similar conditions for the homopolymerization of oxetane (see section 3.1)

The effect of the catalyst concentration on the rate of polymerization at the constant

concentration of monomer, observed calorimetrically, is shown in figure 4.1.
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Figure 4.1.  Copolymerization Oxetane and THF
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The dependence of the catalyst concentration on the rate of polymerization shows a
linear relationship kinetically characteristic of a simple mechanism of polymerization.

This linear dependence is characteristic of a first order reaction to the catalyst.

4.1.4. Molecular weight studies

After evaporation of the polymerization solvent, principally dichloromethane, polymer
samples were analysed by gel permeation chromatography according to the procedure

described in section 2.6.1. The molecular weight averages of the copolymers from the

series are quoted against polyTHF standards and are depicted in table 4.2.
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Table 4.2. Copolymerization OX : THF, Molecular weight studies

103-[BF;0Et,] Mn Mw 104 Mn Pd
mol.L"1 g.mol"! ;z.mol'l g~ Lmol

3.8 2380 4080 4.2 1.72

5.0 2170 3560 4.6 1.64

7.5 1910 3040 5.2 1.59

10.0 1130 1970 8.8 1.74

15.0 1330 2230 7.5 1.67

[OX]=15M,[THF]=1.5M

In order to get more information concerning a mechanism of copolymerization,
different graphs can be plotted. Figure 4.2. shows the dependence of the number
average molecular weight on the catalyst concentration, and Figure 4.3. depicts the

dependence of 1/Mn on the catalyst concentration.

Figure 4.2. Copolymerization OX:THF, Dependence of_@ on [BEF30Ety]
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Figure 4.3  Dependence of 104/@ on [BF30Et;]
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The above figures show that, the averages molecular weights Mn and Mw seem (o be
dependent from the catalyst concentration needed to initiate the copolymerization
reaction. A slight decrease is observed. The explanation of the decrease of the average
molecular weights is probably due to the termination step involving the catalyst. This can
be related to the results obtained in section 3.1.4. for the homopolymerization of
oxetane, wherein the degree of polymerization was controlled by termination with the
gegenion. Figure 4.3 shows a linear relationship between 1/ Mn and [BF30ELty], if one
point is not taken in consideration.

Therefore :
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1

=a.[BF30Ep] +b
P
—_ R
Dpy, = P
Rtl + R[z
kP
k¢ | [PTLI[BF30ED] + b

The presence of the term b shows that another type of termination has to be considered.
The chain growth does not only terminate by a transfer to the gegenion but also to other
species existing in the medium, possibly monomer.

The evolution of the polydispersity index as a function of the catalyst concentration is
stable. The values are stable and around 1.6-1.7 and we can conclude that the

polydispersity index is independent from the ratio Monomer : Initiator.

In another series of experiments, the molar ratio oxetane:catalyst was kept constant and
the molar ratio OX:THF was changed. The effect of this change on the average

molecular weights is shown in table 4.3.

Table 4.3 Copolymerization OX: THF, Dependence of‘_@ and @ Pd on the

OX:THF ratio
[THF] Mn | 104%Mn| Pd Rate
mol.L-1 gamol'! | molgl 0C -1
0.75 2320 431 1.72 1.10
1.50 1910 5.23 1.59 0.30
3.00 1820 5.49 1.62 0.20
5.40 1640 6.09 1.65 0.04

[0X]=1.5M , [BF30Ety]= 0.0075 M , T=35 0C
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Figure 4.4. Dependence of 104/@ on [THF]
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The table shows that increasing the concentration of THF in the feed decreased the
number average molecular weight, the polydispersity index staying relatively constant.
In addition the rate of polymerization recorded calorimetrically decreased with
increasing THF concentration, but it must be noted that the rate recorded is an overall
rate of polymerization and in this type of copolymerization the heat associated with the
ring opening is probably coming in a great part from the polymerization of oxetane.
Such data cannot be treated quantitatively.

Figure 4.4 shows a linear dependence between 1/Mn and the concentration of THF.
Thus

L =4 [THF] +b

DPy,

In this case the degree of polymerization is

_ R
p

DP, =
5 Ry

kP
k¢ [PTpl[BF30EL] + k[P ][ THF]
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Therefore 1t can be proposed that the other termination 1s likely to involve the monomer
THF and possibly also oxetane.

4.1.5. Copolymer composition study

The composition of the copolymer made from the reaction of oxetane and THF, was
determined by 13C and 'H NMR spectroscopy in CDCl3. The NMR spectra are shown

in appendix 1. The signals used for this determination are detailed as follows:

13¢ NMR (CDCl3) assignments

Polyoxetane: O ppm
(-O-CHy-CHy-CH-0-),, 67.9
-(-O-CH»-CH»-CH»-0-), 29.8

PolyTHF:

_(-O-CHy-CHy-CHy-CH9-0-), 70.9
(-0-CHy-CHy-CHy-CHy-0-), 26.4

IH NMR (CDCI3) assignments

Polyoxetane: Multiplicity O ppm
-(-0-CH»-CH»-CH»-0-), Triplet 3.42
-(-O-CHp-CH7-CH»-0-), Quintuplet 1.77

PolyTHF:

-(-0-CH»-CH»-CH»-CH5-0-), Triplet 3.34
-(-O-CH,-CH7-CH»-CH»-0O-), Quintuplet 1.57
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The 13C study shows that the signals belonging to the carbon of the oxymethylene
group (-OCHj») of both oxetane and THF units are in fact divided into three singlets.
This observation leads to the idea of a statistical distribution of THF units in the
copolymer chain.

Therefore at the first sight, considering only the first neighbouring groups, three

different positions in the copolymer chain are possible for a THF unit:
A= THF unit B= OX unit
AAA BAB ABB
The areas of the IH NMR signals can be used to determine the percentage of THF and
oxetane units in the copolymer. Although the feed molar ratio of the monomers was
1:1, it was found that the proportion of THF units did not exceed 25 %. (Figure 4.5.)

Figure 4.5. Copolymerization OX:THF (feed ratio 1:1), Percentage of the

monomers units in the copolymer.

OX:THF (1:1)

] % THF

% OX

0% 26%  80%  75% 100%

% compaosition
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4.2. Copolvmerization of oxetane and oxepane (OX:0XP)

4.2.1. Introduction

Oxepane is a seven membered ring cyclic ether, its ring strain is greater than THF, but
much smaller than oxetane. Using the catalyst system BF30Etp/ethanediol, it was
found that this monomer does not homopolymerize (see section 3.3). Its behaviour in a

copolymerization with oxetane was studied and compared with that for THF.

4.2.2. Kinetic study

The procedure described in section 4.1.2. was carried out for the copolymerization of
oxetane and oxepane. Different experiments were made varying the molar ratio

monomers to catalyst. The increase of temperature associated with the reaction was

recorded. Table 4.4. summarises this study.

Table 4.4. Copolymerization OX:OXP, Initial conditions and rate observed

Ratio 103-[BF30Et;] |  Rate
Monomer:Initiator mol.L-1 0C,s-1
400:1 3.8 0.01
200:1 1.5 0.04
150:1 10.0 0.06
100:1 15.0 0.08

[OX]=1.5M,[OXP]=15M

The effect of the catalyst concentration on the rate of polymerization is plotted in
Figure 4.6. It shows a linear dependence characteristic of a first order on the catalyst
concentration. The same observation was observed previously for the copolymerization

of oxetane and THF.
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Figure 4.6.  Copolymerization OX:0XP, Dependence of the Rate on [BF30Et5]
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4.2.3. Molecular weight studies

The results of the GPC analysis ran for each copolymer samples are presented in table
4.5 and graphically in figure 4.7

Table 4.5 Copolymerization OX:OXP, Molecular weight studies

Ratio | 103.[BF30Ety) | Mn Mw Pd
[M]:[1] mol.L-1 gmoll | pmoll

400:1 3.8 520 1160 | 2.23
200:1 7.5 700 1150 | 1.64
150:1 10.0 640 1080 | 1.68
100:1 15.0 750 1250 | 1.66

[OX]=1.5M, [OXP]=1.5M ,T=350C
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Figure 4.7.  Copolymerization OX:0OXP, Dependence of Erzand ___AZ__E/ on
[BE30KEt)]
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Figures 4.7. shows that relationship between Mn, Mw and the ratio monomer:initiator is
fairly independent. The same conclusion can be drawn for the polydispersity index
which stays constant except for one sample showing a broad molecular weight
distribution.

In this case, it can be drawn that termination involving the gegenion is not likely to
occur in the same way as it does for the copolymerization between oxetane and THF.
Therefore the degree of polymerization is probably not subject to a control involving

this type of termination.

The effect of the variation of the feed molar ratio oxetane : oxepane was studied
carrying out the same procedure as the study made for the copolymerization oxetane and
THF. It is depicted in table 4.6. The ratio [OX]:[Initiator] was kept constant and equal to
200:1.
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Table 4.6. Copolymerization OX:0XP, Dependence of @ and @, Pd on the

concentration of OXP

[OXP] Mn 1/Mn Pd Rate
mol.L-1 g.mol-1 g-L.mol 0C.s-1
0.75 1310 7.63 1.65 0.70
1.50 700 14.28 1.63 0.04
3.00 530 18.87 1.72 0.03

[OX]= 1.5 M, [BF30Et]=0.075 M, T= 35 0C

The average molecular weights decrease when increasing the concentration of oxepane
in the feed. This can be correlated quantitatively to the decrease of the rate of
polymerization recorded calorimetrically. An explanation is the difference of reactivity
of the two monomers in the different steps of polymerization. Subsequent analysis of
the copolymers (section 4.2.4.) showed that the copolymerization was heavily weighted
in favour of oxetane, therefore the heat associated with the ring opening is possibly
caused by the polymerization of oxetane. The dependence of 1/Mn on the concentration
of oxepane is shown in figure 4.8, a linear relationship can be exhibited. Therefore like
in the case OX:THF, the degree of polymerization is likely to be kinetically controlled

by a termination by transfer to oxepane.

—L —.0xP)
DP,,
_ Ry
DP,, =
Ry
 kp PHIM)
ki [PTRl[OXP]

The plot of I/Mn against concentration of THF is also shown in figure 4.8 for
comparative purposes. The contributions of each type of reaction to the overall

termination differ markedly.
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Figure 4.8 Dependence of 104/_@ on [OXP] and [THF]
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4.2.4. Copolymer composition

The samples were analysed by 13C and 'H NMR spectroscopy, the spectra are shown

in appendix 1. The signals used for the determination are listed below.

13C NMR assignments

Polyoxepane:
-(-O-CH»-CH»-CH»-CH»-CH»-CH7-0O-),
-(-O-CH,-CH»-CH»-CHjy-CH»-CH»-0-),
-(-O-CH»-CHjy-CH»-CH»-CH»-CH7-0-),

I1H NMR assignments
Polyoxepane:
-(-O-CH»-CH»-CH»-CH,-CH»-CH»-0-),

-(-O-CHp-CH»-CH»-CH»-CH7»-CH»-0-),
-(-0-CHy-CH»y-CH»-CH»-CHy-CH»-0-),

100

& ppm
71.4
29.6
26.1

Multiplicity & ppm
Triplet 3.67
Multiplet 1.82
Multiplet 1.35




The areas of the 1H NMR signals were used to determine the ratio oxetane : oxepane
within the copolymer. The highest percentage of oxepane units in the copolymer chain
did not exceed 10% (Figure 4.9.).

Figure 4.9. Copolymerization OX:OXP (feed ratio 1:1), Percentage of the

monomers units in the copolymer,

OX:OXP (1:1)

(] % oxp
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f
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4.3. Copolymerizations and cyclooligomerization.

Figure 4.10. shows typical GPC Chromatograms of the products of

a) the homopolymerization of oxetane
b) the copolymerization of oxetane My and tetrahydrofuran Mp (M:Mp = 1:1)
¢) the copolymerization of oxetane Mjand oxepane My (M:Mp = 1:1).

In all polymerizations the concentration the concentration of oxetane was 1.5 mol.dm-3
and the molar ratio oxetane : catalyst : cocatalyst was 200:1:1. All polymerizations were
carried out with an initial temperature of 35 ©C. The different data and characteristics

collected are shown in table 4.7. for comparison.
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Figure 4.10. Typical GPC chromatograms of a) polvoxetane b) copolymer

oxetane and thf ¢) copolymer oxetane and oxepane.
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Table 4.7. Comparison of homopolymerization and copolymerization

characteristics
Monomer GPC Mw Pd Rate MWD %
g.mol-1 C.s1 Composition
0X a 5220 1.5 2.11 bimodal 100/0
OX : THE b 3040 1.6 0.30 unimodal 74/26
OX : OXP c 1150 1.6 0.04 unimodal 90/10

The polydispersities of the polymers are virtually constant around 1.6-1.7, which 1s
indicative of a simple mechanism being applicable to each polymerization. These data
were determinated using only the high molecular weight region of the chromatogram.
Incorporation of tetrahydrofuran and oxepane into the polymerization system has led to
a significant decrease in the molecular weight of the polymer produced. This decrease in
molecular weight is accompanied by a decrease in the rate of polymerization, as
observed calorimetrically. A problem associated with the use of calorimetry for the
measurement of the rate of polymerization is that the heat of polymerization of one mol.
of oxetane is greater than that of one moil. of THF or oxepane. As a result such
measurements may only effectively record the rate of incorporation of oxetane into the
copolymer and not the overall rate of monomer consumption. The initial rates of
polymerization determined from the calorimeter traces are shown in table 4.7.

If a kinetic chain mechanism applies to this type of polymerization then it would be

reasonable to suppose that :

Where DP), is the degree of polymerization, R is the rate of propagation and R the rate
of termination steps.

Consequently it can be argued that the decrease in molecular weight observed in such
systems is in part associated with the overall decrease in propagation rate.

The propagation reaction may be proposed simply as:

PX + M| — P X

n+l

for the homopolymerization of oxetane.
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In the case of copolymerization of oxetane M| with other monomers My one should
postulate at least two types of propagation reaction.

P’X" + M| - P X

n+l

and P'X" + My - P’ X

n+l
The propagation step can be simplified as followed:
Ap + B & C - Apyg

where Ap is the growing polymer chain, B is the comonomer molecule and C is an

intermediate species which could have the following structure:
[P:X"' ’ le

The stability of the intermediate C is of importance because it determines not only the
rate of the propagation step but also the rate of termination

In the copolymerization of oxetane and oxepane it can be argued that the intermediate 1s
more Stable than its oxetane equivalent involved in the copolymerization between
oxetane and tetrahydrofuran. This possible interpretation could explain the difference
between the rates recorded calorimetrically.

The shapes of the chromatograms a, b, and ¢ indicates differences in the molecular
weight distributions. In the homopolymerization of oxetane, cyclic oligomers were
found in a quite large quantity. Their presence was not found in such amounts in the
copolymer samples, and the MWD can be considered as unimodal.

Considering the homopolymerization of oxetane, a possible explanation of this
phenomenon can be due to the incorporation of a tetramer ring at the end of the
growing chain. (see figure 4.11a.)

Hence the positive charge of the cation is stabilised by the presence of the oxygen
atoms arranged as in a crown ether. Therefore the "back-biting" reaction which
produces the cyclic oligomers is aided.

During the copolymerization of oxetane and THF or oxepane, the relative absence of
the oligomer peak can be explained by the incorporation of the comonomer into the
polymer back-bone which disrupts the regularity of the polymer chain and also the
structure of the propagating end (see figure 4.11b.). The positive charge is destabilised

and the cyclooligomerization occurs with difficulty.
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Figure 4.11. Possible structure of the propagating end in a) homopolymerization
of OX and b) copolymerization OX: THF

l/\l o
Linear chain 0] ,
Proct S
O O
Tetramer ring Tetramer destabilised

a b
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4.4. Copolymerization of oxetane and 3,3-dimethyloxetane.
(OX:DMOX)

It was interesting to study the copolymerization between the two four membered rings,
oxetane and its disubstituted equivalent, 3,3-dimethyloxetane. It is well known that their
homopolymerizations lead to the formation of cyclic oligomers notably a significant
amount of cyclic tetramers. Comparisons of the reactivities of the monomers can be
made on basis of the absolute rate constants of polymerization. It was found that
oxetane polymerises more rapidly than 3,3-dimethyloxetane using the initiatior system
BF3OEty/ethanediol. However, for a better understanding of the factors influencing
these "reactivities", rate constants of homopolymerization are not very useful because
two factors are changed simultaneously: the growing species and the monomers (See
section 3.2.2).

Following the copolymerization procedure described in section 4.2 for the system
OX:THF, different experiments were made varying the monomers molar ratio
OX:DMOX, but keeping constant the ratio OX:Catalyst (200:1). The polymers were
analysed by GPC, the composition was determined by I'H and 13C NMR spectroscopy.

The spectra of the three corresponding experiments are shown in appendix 1.

IH NMR (CDCl3) assignments:

Multiplicity & ppm

Polyoxetane :
-(-O-CH»-CH»-CH»-O-)p- Triplet 3.42
-(-O-CHy-CH»-CH2-0O-)p- Quintuplet 1.77
PolyDMOX :
cr
‘(‘O'CHQ”C{?’CHz'O‘)n‘
CHs Singlet 3.13
CH,4

l
(-0-CHy-C-CHy-O-)yr

CH, Singlet 0.85
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13¢ NMR (CDCl3) assignments:

O ppm
Polyoxetane :
-(-O-CH»-CH»-CH»-0-) 67.9
-(-O-CH-CH»-CH3-0-), 30.2
PolyDMOX :
cr
- (-O—CHQ—(;-CHQ—O-)H—
CH, 77.5
g
—(~O-CH2—CEI-CH2-O-)D-
CH, 36.6
i
-(—O-CHZ-(IZ-CHZ—O—)H-
CH; 223

Table 4.8. Copolymerization OX:DMOX, Effect of the feed molar ratio on the

average molecular weights and on the copolymer composition.

Monomer Ratio | [0X] Mn Mw Pd Composition
OX:DMOX | molL-l | gmol! | gmor! %0X - %DMOX
(feed)
1:1 1.5 3260 5740 | 1.76 33 - 67
2:1 3.0 4040 8080 | 2.00 57 - 43
3:1 4.5 6310 11810 | 1.87 76 - 24

[DMOX]=1.5M,T=359C

Table 4.8 shows that the increase of the concentration of OX leads to an increase of
molecular weight as expected. The 13C NMR spectra show a statistical distribution of
the DMOX units in the chain. Three types of peaks are distinctly observed for the
carbons corresponding to the DMOX units. The chemical shifts of the oxymethylene
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carbon and the quaternary carbon show the existence of different triads characterised by
different chemical environments.

A= DMOX unit B= OX unit

AAA -0-CH»-C(CH3)7-CH3-O 77.2  ppm
-0-CHp-C(CH3)7-CHp-0O 36.7 ppm
AAB -0-CH3-C(CH3)»-CH»-O 77.1  ppm
-0-CHp-C(CH3)p-CH3-O 36.6 ppm
BAB -0-CH»-C(CH3)»-CH3-0O 76.9  ppm
-0-CH»-C(CH3)2-CHy-0O 36.4 ppm

Considering the first experiment (feed ratio 1:1) the composition of the polymer shows
an unexpected result that the incorporation of DMOX in the copolymer is greater than
that of oxetane although the rate of polymerization of DMOX in homopolymerization is

lower than oxetane. This can be explained as follows.

Because of the inductive effect created by the substitution of the methyl group in

position 3 on the ring, the nucleophilicity of DMOX is greater than OX.

Nucleophilicity:

- O

%98 ® e

The ring strains of the two molecules are in theory similar (both four membered rings),
but the steric hindrance created by the dimethyl substitution probably lowers slightly
the ease of ring opening. This can explain the difference of propagation rates observed
in homopolymerization.

We have to consider that in the copolymerization OX:DMOX, two types of end groups

are involved. Because of the inductive effect created by the dimethyl substitution, the
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positive charge of the oxygen atom is possibly attenuated, therefore we can establish the
following scheme, that the oxonium end from DMOX is less reactive than the OX end
assuming that the end groups have this type of structure:

The greater presence of DMOX units in the polymer chain (67% versus 33% ol OX
units whereas the feed ratio equals 1:1), can be ascribed to the better nucleophilicity of
the DMOX monomer, which permits, via the SN2 propagation step, a better
incorporation of DMOX.

The GPC chromatograms of the copolymers OX:DMOX (Appendix 2) show the
presence of cyclic oligomers. In contrast with the copolymerization OX:THF and
OX:0OXP, the cyclooligomerization by back-biting is not suppressed. Making
copolymers with oxetane and 3,3 dimethyl oxetane does not modify the overall
structure of the polymer chain which is still constituted of 4-membered units, therefore

the back biting can occur for tetramer to be produced.

4.5. Terpolymerizations between oxetane and other cyclic ethers

Terpolymerizations using specific combinations of 3 membered ring cyclic ether
(propylene oxide), 4 membered rings (oxetane, 3,3-dimethyloxetane), 5 (THF) and 7
(oxepane), were attempted. The catalyst used was a strong acid, tetrafluoroboric acid-
diethyl ether complex 85% (HBF4-O(CoHs)2). The molar ratio in the feed between
monomers was equal to 1:1:1 and the molar ratio monomer:catalyst was 200:1.

Table 4.9. summarises the GPC analyses and the composition of the polymers

determined by NMR spectroscopy.
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Table 4.9. Terpolymerizations, GPC analysis and polymer composition

Terpolymerization | Mn Mw | Pd % Composition
1:1:1 omoll | gmoll
OX:. THF:-DMOX 2180 3590 | 1.65 | OX=51 DMOX=42 THEF=7
OXP:0X:DMOX 3420 | 5330 | 1.56 | OX=43 DMOX=39 PO=18
PO:0X:DMOX 3100 5140 | 1.66 | OX=24 DMOX=44 PO=32
PO:OX:THF 6160 | 9880 | 1.60 | OX=38 DMOX=30 THF=32
PO:0X:0OXP 2480 3580 | 1.44 | OX=41.5 PO=41 OXP=17.5
OX:THE:OXP 1450 2470 | 1.70 | OX=59 THF=34 0OXP=7

Table 4.9. shows that the monomers can be polymerized using this catalyst. The highest
average molecular weight, quoted against polyTHF, is for the combination propylene
oxide - oxetane - THF showing that these monomers are less sensitive to termination.
Surprisingly the composition of this terpolymer is close to the initial ratio in the feed.

Figure 4.12. is of interest to visualise the composition of the terpolymers. It appears that
in terpolymerization the four membered rings are present in a high concentration, and
propylene oxide units are found in a significant quantities (30-40%). This can be
ascribed to the strong ring strain of oxiranes and oxetanes. The last experiment is of
interest and shows the behaviour of unsubstituted cyclic ethers in terpolymerization. It
appears that in the combination oxetane- THF- oxepane, oxetane is found in the largest
quantity, but oxepane is only found in a small amount although it is a bit more strained
than THF. This observation has to be correlated with the results found for the
copolymerizations OX:THF and OX:OXP. It seems that in copolymerization and

terpolymerization oxepane is a bit less reactive than THF.
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Figure 4.12. Composition of the terpolymers
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CHAPTER 5

LIVING POLYMERIZATIONS

5.1. Introduction

In this chapter, the possibility of polymerizing cyclic ethers in a living polymerization
will be discussed. This type of polymerization is described in section 1.7 as a
polymerization wherein the termination step does not occur and the propagating end
remains "active". A living system is of interest for making of polymers of well
controlled chain length. In the polymerization of oxetane, we have described the
propagating end as a dynamic equilibrium between a tertiary oxonium ion and a
carbocation surrounded by a cyclic ether tetramer molecule arranged like a crown ether,
but the kinetics of polymerization suggest transfer and termination mechanisms still
occur. In order to make a living polymer, the positive charge of the active end has to be
stabilised and "protected" to hinder termination. In order to stabilised the carbocation,

an array of compounds was tried.

5.2. Use of crown-ethers

It is known that in the homopolymerization of oxetane, the concentration of tetramer
deviates markedly from the Jacobson-Stockmayer's prediction model. In chapter 4, this
has been explained in terms of a back-biting process that promotes the formation of the
tetramer structure that then complex as a crown-ether with the propagating centre,
effectively stabilising the carbocationic propagating centre. The aim of these series of
experiments is to see the effect of the addition of well known crown-ethers to the
polymerization feed. The different crown-ethers used are based on an open ethylene
oxide unit and shown in figure 5.1. The literature available on the use of such
compounds in cationic polymerization is limited. No systematic investigation of the
effect of crown-ethers on homopolymerization or copolymerization could be found. It
has to be said that the crown-ethers are not likely act as a monomer and to undergo ring
opening polymerization, therefore there is no interference with the linear polymer of

oxetane.
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Experimentally the polymerizations were carried out in the calorimeter vessel, following
the same procedure as for the homopolymerizations. The required amount of crown
ether in solution in dichloromethane was introduced by syringe into the vessel and
mixed with the monomer solution prior to initiator injection. The catalyst and cocatalyst
used in all these investigations were boron trifluoride etherate and ethanediol

respectively. In each reaction the ratio of monomer to catalyst and crown ether was

maintained at 100:1:1.

Figure 5.1.  Crown-ethers added to the feed as complexing agents
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| 8-crown-6 dibenzo 18-crown-6

5.2.1. Effect of the addition of crown-ethers on the homopolymerization of

oxetane

The initial rates of reaction were estimated from the calorimetry traces and GPC studies
were carried out on the samples as described previously. Table 5.1. shows the effect of
the presence of crown-ethers on the polymerization of oxetane. For comparison the
results obtained under the same experimental conditions, for the homopolymerization of

oxetane without crown ether are also shown in the table.
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Table 5.1. Effect of crown ether addition on the homopolymerization of oxetane

Experiment Mn Mw Pd Rate
g.mol"1 g.mol"] oC.s-1
0X 2930 4810 1.64 3.7
OX:12crown4 2650 4400 1.66 3.2
OX:15crown5 3260 5670 1.74 2.9
OX:18crown6b 4210 7370 1.75 3.1
OX:dbl8crownb 10840 19870 1.83 2.6

[0X] = 2 M, [BF30E(s] = [Crown-ether] = 0.02 M , T= 35 °C

From the information shown in table 5.1 and the relevant traces, the following
conclusions can be drawn. The smaller crown-ether (12-crown-4) involved in the study
has no significant effect on the polymerization of oxetane. Only bigger rings have an
effect on the values of Mn and Mw. As expected the size of the cavity within the
crown-ether is of importance. The 12-crown-4, compared with the tetramer of oxetane
(16-crown-4), is too small to accomodate the propagating carbocation. The other crown-
ethers are big enough to stabilise the end, therefore the increases in average molecular
weight observed can be explained by the end capping of the carbocation by the crown-
ether, temporarily preventing the termination step. The propagating end once partially
stabilised, still allows the back-biting process to produce cyclic oligomers such as the
tetramer (16-crown-4) again because there is no disruption of the structure of the chain-
end.

The rates of polymerizations as measured calorimetrically, show that oxetane Is a very
reactive monomer and the addition of crown-ethers affects slightly the rate of
propagation. The values must be treated with caution due (o the accuracy with which the
measurements may be made. However the slower rate of polymerization has to be
correlated with an increase of molecular weight. This is most noticeable in the case in
the last experiment wherein the value of Mn was found to be four times greater than that
found in the first homopolymerization at a rate of propagation of only 70 % of the
original. This reduction in the observed rate, being considered to be a result of this
induced greater stability of the propagating species, must also lead to a species that
slows termination/transfer an even greater factor.

Table 5.1. also shows that the addition of dibenzo 18-crown-6 to oxetane has
significantly increased the molecular weight of the product. From the chromatogram
showed in appendix 3, it was observed that the addition of this crown ether has

apparently reduced the quantity of cyclic tetramer. The implication of this result is that




the back biting reaction is less favoured when such complexing agent is present during
the course of polymerization.

For the two last experiments described, the sizes of the cavity of the crown ether are
identical, however a dramatic increase of Mn occurs when two benzene rings are
present on the crown. It could therefore be proposed that the dibenzo-18-crown-6 offers
a better stabilisation of the positive chain-end via its overall electron density than 18-
crown-6 itself. Figure 5.1 shows that dibenzo-18-crown-6 is, as well as being a crown
ether, also an aromatic ether which was considered to be an important factor in the

determination of the stability of the propagating species.

5.3. Use of Veratrole

Given the results obtained using dibenzo-18-crown-6 as a complexing agent, 1,2
methoxy benzene, (veratrole - figure 5.2.) was used as a complexing agent for the
polymerization of oxetane. It was dissolved in dichloromethane and different amounts

of this solution were added to the monomer solution prior to the catalyst injection.

Figure 5.2. Molecule of Veratrole

CH,

O
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5.3.1. Effect of Veratrole on the homopolymerization of oxetane

A series of experiments was attempted under the same conditions as these described for
the crown-ethers study, but replacing the crown ether by veratrol and using a

monomer:veratrole molar ratio equal to 100:1. The rate of polymerization recorded
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calorimetrically was used to indicate the progression of the reaction. After the injection
of the catalyst-cocatalyst system, the observed rate increased normally and after a short
time a small fraction of the mixture was syringed out for analysis. Then an amount of
veratrole-free fresh monomer solution was injected into the vessel. The resulting
increase of observed temperature indicated that the reaction continued until a second
fraction was taken for analysis. The injection of another small amount of monomer
solution was carried out and at the end of the reaction the final material and the previous
fractions were analysed by GPC.

Figure 5.3. shows the thermogram recorded for this experiment.

Figure 5.3.  Thermogram and procedure of the homopolymerization of oxetane

with veratrole
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This experiment displayed characteristics typical of living polymerization systems.

i) The polymerization started again after addition of fresh amounts of monomer .
ii) The GPC analysis of the fractions show that the chain length increased with adding

of more monomer to a polymerization as shown in figure 5.4.

It could be proposed that propagating end was still "active” during the course of the
experiment, therefore the freshly added monomer can polymerize at the end of the
polymer increasing the chain length. This result can be ascribed to a change in the
structure of the growing species compared with that of a conventional oxetane polymer.

It may be proposed that veratrole is stabilising the positive charge on the propagating
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species, as shown in figure 5.5 favouring propagation over termination reactions and

resulting in the formation of higher molecular weight polymer. This stabilisation may

occur by interactions between the lone pairs of electrons on the oxygen atoms of

veratrole and the positively charged growing end.

Fioure 5.4.

Variation of Mn after addition of fractions of fresh monomer
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Figure 5.5.  Stabilisation of the propagating end
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5.3.2. Effect of the concentration of oxetane on the molecular weight

In order to check the validity of this living system, further experiments were carried out
to see the effect of the concentration of oxetane on the average molecular weights
keeping constant the molar ratio monomer:veratrole at 300:1 and the concentration of
initiator. The results of this series are shown in table 5.2.

It can be seen that the number average molecular weight increased with increasing
concentration of monomer. Molecular weights of 25000 are unusually high for such
polymer systems. In a genuine living system the expected value can be calculated taking
account of the fact that the initiator used was difunctional. Figure 5.6. shows the effect
of the initial concentration of oxetane on the calculated value of Mn and that observed
by GPC. In theory this variation is likely to be linear, but figure 5.6 shows that the
variation of the observed values increased with increase of monomer concentration.
However they were markedly below the theoretical values of Mn. The observed values
of Mn appear to be the half of those expected, but for the last experiment in which the
ratio Monomer:Initiator was equal to 80:1 and the observed value matched the expected.
This deviation could have different explanations, such as the quality of the initiation or
some early terminations occurring by charge transfer if the stabilisation of the end by
veratrole is not completely efficient. The values of the polydispersities indicate a fairly
broad molecular weight distribution. This strengthens the idea that some chains could
have terminated and that the polymerization is not truly living. If the initiation step is
fast the expected polydispersity of a living system is close to 1, this is the case in living
polymerization of monomers like styrene, but it seems that with the natures of an
oxetane molecule and the growing species more or less stabilised by u veratrole
molecule, this value is never reached. It can be argued that the polymer chains undergo
transetherification with the active site as shown in scheme 5.1. This is the reason why
the polydispersities are close to the value of 2, therefore the term pseudo-living

polymerization will be more acceptable.

Scheme 5.1.  Transetherification between the propagating end and the polymer

chain
CH,
O
PurO-Pq + P{D === PwOPn +Pq
@
CH,
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Table 5.2. Homopolvmerization of oxetane with Veratrole
Effect of the variation of [0X] on Mn, Mw_and Pd.

Experiment [OX] [MV/[1] Mneale. Mnobs. Pd
mol.L-1 g.mol”! g.mol-1
| 2.75 367 43000 24920 1.95
2 2.25 300 35000 16380 1.98
3 1.50 200 23000 11490 2.09
4 0.60 80 9300 8670 1.86

[catalyst] = 0.0075 M, T= 35 OC

Ficure 5.6. Homopolymerization of oxetane with veratrole, Effect of [OX] on

Mn calculated and Mn observed
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In addition the overlay chromatograms of the samples related to this study are shown in

appendix 3. The figure shows that the control of the molecular weight distribution is




possible using veratrole as a stabilising end agent. The chromatograms indicate that

cyclic oligomers are still formed in the homopolymerization of oxetane with veratrole.

5.3.3. Effect of veratrole on the homopolymerization of 3,3-dimethyloxetane

The experiments described above were attempted using veratrole in the
homopolymerization of 3,3-dimethyloxetane. No significant change in the average
molecular weight was observed after the addition of small amount of fresh monomer
solution. In addition the chart recorder following the reaction indicated no further
reaction. This suggested that the polymer end underwent termination. For indication
table 5.3. and figure 5.7. show the effect of the variation of monomer:initator ratio on
Mn, the ratio monomer:veratrole remaining constant and equal to 300:1. If this system
is "living" the plot shown in figure 5.7. is expected to be similar to figure 5.6. The
values of Mn do not increase when increasing the concentration of monomer, therefore
it can be concluded that veratrole has probably no effect on the stabilisation ol the
growing species involved in the homopolymerization of 3,3-dimethyloxetane.

This monomer differs from oxetane by the presence of substituents in position 3. The
substitution creates some steric effect which possibly prevents the veratrole to act in the

same way as in the homopolymerization of oxetane.

Table 5.3. Homopolvmerization of DMOX with Veratrole
Effect of the variation of [DMOX] on @, and Pd.

[DMOX] [MJ/1] Mn Pd
mol.L-1 g.mol”!
2.75 370 3490 1.63
2.25 300 3610 1.62
1.50 200 3730 . 1.65
0.70 80 3310 1.56

[catalyst] = 0.0075 M , T= 35 OC

120




Figure 5.7. Homopolymerization of DMOX with veratrole, Effect of [DMOX] on
Mn
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5.4. Pseudo-living copolvmerizations of cyclic ethers

Crown-ethers, like dibenzo 18-crown-6, and compounds such as veratrole were believed
to promote the formation of living polymers from oxetane. Specific combinations of
oxetane and veratrole have shown a good control of the polymerization process. In some
cases the virtually absence of termination enables the formation of polymers having a
well defined chain length. It was interesting to investigate the effect of such additives in
the copolymerizations of oxetane and other cyclic ethers like THF, oxepane and 3,3-

dimethyloxetane.

5.4.1. Copolymerizations of oxetane : THI and oxetane : oxepane

These monomers have already been copolymerized using BF3OEtp/ethanediol as
initiator system and it was found that the incorporation of tetrahydrofuran into the
polymer did not exceed 25% (and 10% for oxepane). The NMR analysis has shown that
the distribution of the THF (or oxepane) units in the chain was statistical. In this section
we have attempted to make copolymers in the presence of dibenzo-18-crown-6 or
veratrole. In each case the molar ratio between the monomers and veratrole or the crown
ether was 100:1. The molecular weights were determined by GPC and the compositions
of the copolymers were determined by IH NMR according to areas underncath the

specific peaks. The results of this studies are shown in table 5.4.

Table 5.4. Copolymerizations OX: THF and OX:OXP with dibenzo 18-crown-6
(dh18¢6) and veratrole (VTL),

Experiment Mn Pd Composition
g,.mol'1
OX:THF 1330 1.56 %0X=75 %THF=25
OX:THF:db18c6 3570 1.70 %0X=72  %THF=28
OX:THF:VTL 10320 1.80 %0X=70 %THF=30
O0X:0XP 3590 1.72 %0X=90 %OXP=10
O0X:0XP:db18c6 4530 1.90 %0X=88 %OXP=12
OX:0XP:VTL 8850 1.70 %0X=91 %OXP=9

[monomers]=2M , T= 35 0C




For the copolymerization between oxetane and THF, no significant changes in the
composition of the copolymers are observed. The percentage of THF units in the
polymer is around 25 to 30. Therefore the use of dibenzo 18 crown 6 or veratrole does
not particularly affect the relative rates of incorporation of the monomers. The main
change observed is for the value of Mn which increases significantly by addition of
dibenzo 18-crown-6 and dramatically increases with veratrole. The polydispersity index
seems to be affected by the use of the additives varying from 1.56 to 1.80 with veratrole.
The same tendencies are observed concerning the composition and the values of Mn of
the copolymers made from oxetane and oxepane.

The addition of small amounts of dibenzo-18-crown-6 and veratrole brings some new
results in the copolymerizations of cyclic ethers. We have found that the average
molecular weights of the copolymers can be increased significantly without significant
changes in the composition. As in the homopolymerization of oxetane, this can be
ascribed to the fact that dibenzo-18-crown-6 and especially veratrole are responsible of
the stabilisation of the propagating end, preventing the termination and therefore
increasing M.

In these cases the molecular weight distributions of the copolymers are unchanged. The
oligomer peak does not appear on the GPC chromatograms of the copolymers OX:THF
and OX:OXP. The incorporation of THF or OXP units disrupts the regularity of the
polymer chain. Therefore the formation of the tetramer, as described in section 4.3, 18

limited.

5.4.2. Copolymerizations with DMOX and other cyclic ethers

Different copolymerizations involving 3,3-dimethyloxetane and four, five, seven
members cyclic ethers were carried out in the presence of dibenzo 18-crown-6 and
veratrole following the same conditions as in section 5.4.1. The results of this study are

shown in table 5.5.




Table 5.5. Copolymerizations DMOX:THF, DMOX:OXP and DMOX:OX with
dibenzo 18-crown-6 (db18¢6) and veratrole (VITL)

Experiment Mn Pd Composition
g.mol'1
DMOX:THF 27700 1.8 %DMOX=87 %THF=13
DMOX:THF:db18c6 4790 2.2 %DMOX=80 %THF=20
DMOX:THF:VTL 2800 3.2 %DMOX=93  %THF=7
DMOX:0OXP 2450 1.7 %DMOX=97 %0OXP=3
DMOX:OXP:db18c6 2660 1.8 %DMOX=98 %OXP=2
DMOX:OXP:VTL 2510 1.9 %DMOX=95 9%OXP=5
DMOX:0X 3260 1.8 %DMOX=67 %OX=33
DMOX:0X:db18c6 3680 2.0 %DMOX=60 %0OX=40
DMOX:0X:VTL 2530 1.6 ZDMOX=64 %0OX=36

[Monomers]=2M |, T= 35 0C

Table 5.5. shows that the veratrole does not seem to have as significant effect on the
copolymers of DMOX as it does on the copolymers made from oxetane. This result has
to be correlated to the inefficiency of veratrole in the homopolymerization of DMOX.

It has to be stressed that steric effects created by the dimethyl substitution seem to be
responsible for the inability of veratrole to take part in the stabilisation of the
propagating end.

In all samples the compositions of the copolymers are not significantly affected.
However in some cases such as DMOX:THF or DMOX:OX, the addition of dibenzo 18-
crown-6 provokes a slight increases of Mn. Therefore it can be proposed that dibenzo
18-crown-6 is probably a better stabilising agent than veratrole for the propagating end
of polyDMOX.




HAPTER

CONCLUSIONS AND FURTHER WORK

6.1. Kinetic studies

The work presented in this thesis investigated the kinetics and mechanisms of ring
opening polymerization of different cyclic ethers using mainly a cationic system of
initiation, BF30Etp/ethanediol. The cyclic ethers studied reacted differently. Four
membered rings, such as oxetane and 3,3-dimethyloxetane, homopolymerized
instantaneously whereas tetrahydrofuran and oxepane were not found to undergo
homopolymerization using this type of initiator. This is in accordance with the fact that
ring strain and basicity are likely to be the driving forces in cationic ring opening
polymerization.

For the homopolymerization of oxetane, the rate of polymerization and the number
average molecular weight were a maximum when the ratio [OH]:[BF30Ety] was 1.
Above this value, when the concentration of OH groups exceeded that of the catalyst, a
steady decline 1in Rp was observed. This is attributed to the protonation of excess
ethanediol in competition with protonation of the monomer. A linear dependence was
found between 1/Rp and the concentration of OH in excess. It was also found that the
excess of cocatalyst not only removes active catalyst from the system, but at the same
time causes a reduction in molecular weight by increasing the rate of transfer.

When the ratio [OH]:[BF30Etp] was maintained at a value of 1, the plot of DPy against
1/[BF30Ety] was linear. This dependence is explained by a kinetically controlled
termination step involving the counterion.

For the homopolymerization of 3,3-dimethyloxetane, Mn increased when the
concentration of catalyst was increased. This unexpected result may be explained by the
removal of the active catalyst through a side reaction between the BF30Etp and the
cocatalyst. However further investigations are required to support this tentative

hypothesis.

Copolymerizations between cyclic ethers gave interesting outcomes. It was found that
monomers such as THF or oxepane could copolymerize with oxetanes using
BF30Ety/ethanediol. The composition of the copolymers determined by IH NMR

showed that the distribution of the units was statistical and the presence of THF units
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did not exceed 25% (10% for oxepane) in the copolymer. In the case of the
copolymerization of oxetane and THF, a linear dependency was observed between
1/Mn and [BF30Elp], and, by increasing the ratio [THF]:[OX], the degree of
polymerization was found to be dependent on 1/[BF30Etp] and 1/[THF]. The
explanation of this is that DP, is controlled kinetically via termination with the

gegenion BF3OR™ and transfer to monomers, principally THF

DP,, =
T R

The copolymerization of oxetane and oxepane led to the same conclusions, namely that
the degree of polymerization is kinetically controlled by terminations. However it was
found that the contribution of each type of reaction to the overall termination differs

markedly. The major part was ascribed to the termination with oxepane monomer.

6.2. Molecular weight distribution

The Gel permeation chromatography studies showed that the molecular weight
distributions of the samples of polyoxetane and poly3,3-dimethyloxetane were bimodal.
This was in accordance with previous work of Rose28 establishing that cyclic tetramer
is found in much higher proportions than any of the other cyclic oligomers. Because of
the affinity of crown ether to complex lithium ion by way of a template effect, the
addition of LiCl to the medium resulted in a significant increase in the production of
cyclic tetramer. On the other hand the molecular weight distribution of the copolymers
made from oxetane and THF or from oxetane and oxepane were shown to be unimodal.
The presence of cyclic tetramers was not found in the same amounts as for the
homopolymerization of oxetane.

The model developed by Rose explained the formation of cyclic tetramer in terms of
"back-biting" reaction, involving the propagating end described as an oxonium ion.
Although being totally acceptable in the case of the homopolymerization of oxetane,
this model of growing end was found to be restrictive for the explanation of the
phenomena observed in the experiments with lithium = salts and in the
copolymerizations.

These observations could be explained by a change in the structure of the growing end
involved in the cationic polymerization. For the homopolymerization of oxetane, it i
proposed that the growing species could be represented as a tetramer ring at the end of

the growing chain. The positive charge of the cation is stabilised by the presence of the
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oxygen atoms arranged as in a crown ether. This allows the "back-biting" reaction to
produce cyclic tetramers in large quantities. Therefore it is argued that the chain end
exists as a crown ether complex in equilibrium with free crown ether (Tetramer). It is
not unreasonable to argue that a cyclic tetramer would complex more readily with a
propagating carbonium ion than a monomer molecule to form an oxonium ion.

During the copolymerization, the regularity of the polymer chain is disrupted by the
incorporation of the comonomer into the polymer back-bone; the structure of the
propagating end is modified, destabilising the positive charge. The production of cyclic
tetramers by "back-biting" process occurs with difficulty. On the other hand, for the
copolymerization of oxetane and 3,3-dimethyloxetane (both four membered rings), the
presence of tetramer is explained by the non-disruption of the polymer chain during the
incorporation of DMOX units. Thus, the cyclooligomerization occurs in the same way

as described for the homopolymerization of oxetane.

6.3. Pseudo-living polymerizations

The work presented in chapter 5, has introduced some new possibilities for the cationic
ring opening polymerization of oxetane, and strengthens the evidence for the model of
the structure of the propagating end. The addition of crown-cthers such as 18-crown-6
to the polymerization is found to increase the number average molecular weight. It is
proposed that the cavity of these crown-ethers is large enough to end-cap the
propagating carbocation, preventing terminations from occurring. This was particularly
noticeable with dibenzo-18-crown-6, and it is proposed that the stabilisation of the
positive chain-end is increased by the high density of delocalised electrons of the
benzene rings supported by the crown-ether. With this stable end created by the strong
interactions between the carbocation and the dibenzo crown-cther, the rate of
propagation is slowed and the formation of cyclic tetramer apparently reduced but not
suppressed.

By adding veratrole to the homopolymerization of oxetane, high molecular weight
polymers were obtained, and evidence of a pseudo living system was found. This 18
ascribed to the stabilisation by interaction of the positive charge of the carbocation of
the growing end and the lone pairs of electrons on the oxygen atoms of veratrole.

It was also found that the use of dibenzo-18-crown-6 and veratrole in the
copolymerization did not affect the composition of the statistical copolymers and their

molecular weight distribution.
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Veratrole was found to be ineffective in the attempts to make living polymers of
polyDMOX. Could this result be correlated to the unexpected dependence of the degree
of polymerization on the catalyst concentration?

It can be argued that the different structures of the propagating ends involved in the
homopolymerization of DMOX and oxetane are responsible for this behaviour. The
dimethyl substitution seems to create a steric hindrance for the veratrole molecule to the
stabilisation of the end, and to the prevention of termination reactions. Thus, this
research throws up an entirely new question: Is the model of the propagating end for the
homopolymerization of oxetane limited by the presence of the substituents on the ring?
The priority in further experiments has to be given to the homopolymerization of
DMOX using dibenzo-18-crown-6. In spite of the existence of steric effects created by
the presence of methyl groups, we could expect this crown-ether to be a suitable agent

for the stabilisation of the propagating end.
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NMR spectra of the copolymers referring to the studies described in chapters 3 and 4
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1H NMR spectrum of polyoxetane

Figure 1.a.
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13¢ NMR spectrum of the copolymer OX:DMOX (feed ratio 2:1)

Figure 1.i.
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APPENDIX 2

Documents referring to the study described in section 3.2.3.
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Figure 2.a  COSY 2D NMR spectrum of polyDMOX
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Figure 2.b  GPC chromatogram of polyDMOX
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APPENDIX 3

GPC chromatograms of the polymers referring to the studies described in chapter5
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GPC chomatogram of Polyoxetane with 18-crown-6

Figure 3.a
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Figure 3.b  GPC chomatogram of Polyoxetane with dibenzo-18-crown-6
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Figure 3.c GPC chomatogram of Poipoétféj

ith veratrole - MWD control
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