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ABSTRACT

The polymerisation of meÈhylmethacrylate (MMA) has

been examined using as initiators Grignard reagenËs and

dialkyl /dLaryt magnesium compounds synthesised from Èhe

following halides: bromobenzene, bromomesitylene (2-bromo-

Z 13 15 trimeEhyl benzene) and bromocyclohexane.

Polymer products formed indicate that discrete,
different active centres exist which propagaËe via an

eneidic paËbway. studies have been conducted with a view

to determining the effects on the nature and proportion of
differenÈ active centres due to variations in reaction
solvent composiEion, temperature, bromide to acÈive bond

ratios and initiator solvent. characterisation of polymer

products rrras completed using Gel PermeaEion chromatography

(GPc) and Nuclear Magnetic Resonance (NMR). stereoregular
polymer is favoured using Grignard reagents in non-polar

solvent and is usually accompanied by broad molecular

weight distributions. The amount of residual THF in de-

eEherated Grignard reagent/toluene iniËiator solutions
seems Èo be an important facEor in determining isotactic
content. Polymer formed by initiators in THF generally
have narrower molecular weight distribuËions and lower

isotacticity than f.or analogous reactions in toluene,
although some anomalies are apparent. DialkyLldLaryL
magnesium compounds also provide polymer products of
narrohTer molecular weight distribution and isoEacticity,
even for polymerisaÈions conducted in toluene.



KineÈic experiments have been conducÈed on polymer-
isations initiaÈed by MsMgBr, phMgBr and ph2Mg in toluene,
using tH NMR spectroscopy to monitor the Ëime dependence

of monomer conversion. Dilatometry has been uËilised to
determine the external order of reaction with respect to
both monomer and acËive bond concentraËion aÈ 250K using
PhMgBr. current theories substantiating a rapid initiaEion
process using Grignard reagents seem îot to apply, with
Ëhe constitution of the iniËiator probably praying an

imporÈant role in the proposed slow initiation process.

Termination -of growing chains is an important facÈor in
kinetic analysis. The tH NMR technique for the determin-
ation of time dependent monomer conversion has been

modified in preliminary experiments using I 3c-carbonyl

enriched monomer, enabling the possibility of observation
of reaction rates, side product formation and time depen-

dent microstructure.

Variable temperature studies on the constituËion of
Grignard reagents in THF and Ëoluene have been undertaken.
The presence of the schlenk equilibrium has been confirmed
and under some circumstances the presence of associated
species has been inferred.
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INTRODUCTION

The objecE of this chapter will be to briefly intro-

duce the problems inherent in anionic and/or pseudoanionic

polymerisaÈions, with emphasis on organomagnesium init-

iated reactions, which will be examined in this thesis. A

more comprehensive revue of material relevant to indiv-

idual chapters witl be found aË the 6eginning of each.

ExÈensive reviews of anionic/pseudoanionic polymerisations

are already well documentedlt2t3t+ and will not be fully

examined here.

The prospect of controlling molecular weight, molec-

ular weight distribution and microstructure of polymethyl-

methacrylates (pMMAs) is desirable for a number of reasons:

( 1 ) The monomer is relaÈively inexpensive and commer-

cially available.

(2) Control of these variables leads to the ability to

produce polymer with well defined physical and mechan-

ical properEies.

,( 3 ) Potential exists for the production of stereoblock

polymer, the physical and mechanical properties of

which are sËill relatively unknown u and requiring of

further study.

(4) The blending of narror^7 distribution pMMAs of known

molar mass and microstructure enables modificaEion of
physical properties for each of the different compon-

1

1
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ents of Èhe blendr so Ehat a mixture can be ilt,ailor-

madett in its response to such parameters as crazing,
fracture and impact resisËance. some narrohr molecular

weight pMMAs produced in this thesis have been used

extensively by Truong t in the sËudy of the mechanical

properËies of these blends.

The varieËy of initiators capable .of polymerising MMA

is diverse, wiËh the choice of iniÈiatorplaying a critical
role in Ehe degree of conËrol over Ehe polymer produced.

Alkyt and aryl metal compounds are useful initiators for
stereospecific polymerisaËion and present the possibility
for control of the above properties of pMMA. For example,

by variation of solvent conditions from apolar to polar,
microstructure covers the range from isotactic to stereo-
block (aE inËermediate polariËy), and finally to distrib-
utions favouring syndiotactic placements in polar solvent.T

other factors such as temperature (chapter 4) and the

presence or absence of supporting electrolyte may be just
as critical. some organometallic initiaÈors allow direct
control of molecular weight and molecular weight distrib-
ution by virtue of the "living'r nature of polymer chains

produced. These reacÈions have been examined by szwarc,s

and are so named because of the absence of termination
effects. under these circumstances molar mass is strongly
dependent upon the reaction time and narror{r molecular
weight distributions arise.

An imporÈant distincÈion to be made among organo-

metallic initiators concerns the nat,ure of the bond formed
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between the growing chain end and the metal. The ionic or
covalent character of this bond in solution is an impor_
tant factor in deËermining whether the terms anionic or
pseudoanionic should be applied Ëo a polymerisation. which-
ever mechanism operaËes, all the evidence indicates thaÈ

stereoregular PMMA is only formed in systems where the
metal atom is sufficiently close to the active site to
influence the mode of approach, aspect of presentation of
the monomer, the mode of double bond opening and rotation
of the active chain end.

The reactive salts of highly electropositive metals
of Group r (NarKrcs) can be considered to participate in
typically anionic polymerisaËion with free ions ( polar
solvent ) , ion pairs and solvent separaEed ion pairs being
present and in equilibrium with each other at the active
chain end. uütter and schurz s represent the growing end

under these circumstances as:

qrw CH z

H3

I
Na'

o
C :.:..:-:-:-:,:.rO

I
OMeFig. t.t

szwarcr 0 and schulr t t h..r" demonstrated that styrene pory-
merisation initiated by aryl sodium complexes in ether is
also a true free ion-ion pair mechanism. stereoregular
polymerisations producing isotactic polymer are enhanced
by the suppression of free ions so that conditions of
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non-po1ar solvenË, 1ow temperature and inert, supporËing

electrolyte favour ion pair formation and stereoregular

growth. The organometallic salEs of these Group I meËa1s

suffer, hovrever, under such conditions due to low solubil-
ity and heterogeneous polymerisations result.

The concept of pseudoanionic polymerisations reflecEs

uncertainty in Ehe degree of ionic or _ covalent character

at the growing chain end. Under Lhe exÈreme circumstance

of covalent character, monomer addition at the growing end

is believed to occur by insertion into that bond. Pseudo-

anionic polymerisations are evident among organometallic

initiators when the metal atom is of inËermediate electro-
positiviËy i.e. , using alkyl and aryL compounds of
lithium, magnesium and aluminium as iniÈiators. However,

the decision as to whether alkyl/aryL metal initiators
produce acËive sites propagating through ionic/covalent

forms is not absoluËely defined by the ionic/covalent
properties of the initiator in soluEion. Those compounds

(".9., benzyL lithium) where the alkyl or aryl group is
stabilised by charge delocalisation will certainly possess

ionic character in solution, particularly in organic

solvents of relatively high dielectric constant. Under

these circumstances initiation of polymerisation may occur

via the carbanion, but thereafter the nature of the inter-
action between the growing end and the metal is dependent

on Èhe nature of the meËal, the dielectric constant of the

solvenË and the ability of the last added monomer residue

to stabilise potential negative charge.
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Using alkyl lithium compounds as initiators for
butadiene polymerisation, Bywater and l,lorsf old I 2 have

defined two ion-like isomeric forms for the growing end:

H HCH

c and
/\HocHz

f

LI

vyv C o 2

aLi'
Fig. L.2

According to Ehese workers, confirmation of this ion-like
end is made by analysis of model compounds of the form:

Me

Me c c
vßc-c
" "'ê'

Li

cl

ç
+Me

Fig. 1.3

calculation of charge 'densities, based upon a comparison

of I tC chemical shifts with Ëhe o , ß and y sites of
hypothetically ionised allyl potassium, indicate that both
o and Ysites possess excess charge density.t'sor" hindered

rotation of the o(c)-ß(c) bond was also noted, in confir-
mation of partial double bond character. care needs to be

taken, however, in implying that chemical shift data

solely reflect elecÈron density at a given site. Factors

such as differences in solvaËion and in intramolecular
effecEs as a result of differences in aggregation complic-
ate such an observation, with Ehe quantitative data being,
sËrictly speaking, only relative to the chosen standard.
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The views of Ëhe above workers are in at leasË

parËial contradiction with the inÈerpretations of Fraenkel

and coworkersrrfwho view the siEe as a covalenË form:

H H

c

tnr"r, CH 2

Fig. !.4

The proposed o bond nature o1.

:6aÈed by examination of

butadiene polymerisation,

nBu

Li

the C*-Li bond

enriched model

the form:

2

I

f^IAS cOrrObOr-

compounds of
of

ôyßo
cccc Li

Fig. 1.5

Predominantly, Lr4 addiEion rrras noted, with a ratio of
cis/trans forms equal Eo 3 found in benzene and cyclopen-

tane. Lithium !r7as concluded to be bound at the o position
with no evidence of y bound lithium, although these workers

could not rule out the possibility of partial ionic
character.

currenË terminology tends to associate pseudoanionic

polymerisations with those reactions proceeding by inser-
tion of the monomer uniË inËo the covalent carbon-metal

bond at the growing chain end. Trialkyl aluminium reac-
tions with l-alkenes are believed to proceed via such a

15.mechanisffir'" based upon Ehe zLegLer-Aufbau reaction16 proÈo-

type:
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A1 CH zCH s

+

CHZ:CHR

A1
\/

CHz

t
+

AI cH2 cH 3

cH2 cH 3

CHR

Fig. t.6

The polymerisation of MMA by alkyllaryL magnesium com-

pounds, subject to study in this thesis, is also believedlT

to proceed via a monomer insertion reaction. This obser-

vation is parEially supporËed by conductance studies on

ethereal soluEions of Grignard reagents, which indicate 18

only trace amounts of ionised material. Anions and

cations, boËh containing magnesium, constitute this trace
ionised material, with extensive association of these

entities into ion pairs and ion tripleÈs likely.tt strong"t
evidence for an insertion mechanism during propagation

lies with the kinetic evidence of Bateup20 and Mair.2t

Complications in the behaviour of alkyl /aryL magnes-

ium compounds in Èhe presence of halide ion arise due to
Ëhe presence of the Schlenk equilibrium:22

RzMg + MgX2 * 2nUgX Equn. 1.1

so that at least two different types of RMg bond exisÈ.

Both forms of the initiator represented in Equn 1.1 are

capable of initiating polymerisation of MMA, with propagat-

ion believed to be occurring by monomer insertion in both

moderately polar (THF) and apolar (toluene) solvenË.'0,"

A definiÈion of the bond character between metal and

growing chain end is useful in attempting to undersËand
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and control the properties of stereoregularity, molar mass

and molar mass distribution of pleß formed. Equilibria
between active sites, such as those present in ionic
systems, affect these properties:

K1

c-,M+=:s. c- I /t"t+

-\ K3
I

C +M'
Fig. t.7

with the model for such equilibria based upon that of
Grunwald " f.ot free ions, contact and solvent separated ion
pairs. rf all these entiËies exist then the position of
the equilibria, their relaxation times and relative reac-
Eivities of each of these polymerisation active states are

importanË in considering the polymer products formed. rf
the time that a growing site spends in each state is
significantly longer than Ëhe time taken for monomer

addition, then thaË portion of the growing chain inherits
the stereochemical features typical of Ëhat state. Rapid

exchange between states would provide polymer chains where

the addition of Ëhe last monomer unit is independent of
prior additions Eo the chain ( i.e. , Bernoullian statis-
tics). Molar mass distributions will be broadened as a

result of these equilibria, with broad unimodal distrib-
uEions arising in the case of rapid exchange.

rn addition to the possibility of equilibrating
active centres, the presence of discrete, non interacting
active centres propagating with their respective rates and
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stereospecificiËies has been noted in some sysËems. Grig-
nard reagent iniÈiated polymerisations of MMA, parËic-
ularly in apolar solvent, have been shownl7,20rz to produce

broad molecular weight distributions as a result of the

operation of such independent centres. similarly, nBuli
initiated polymerisaËions of MMA24 and eËhyl methacrylateã

in apolar solvenË show the presence of independent

centres, with fractionation studies in the nBuli/¡nue

system revealing differences in tacEicity across the broad

molar mass range of the resultant polymer.

Apart from considerations of solvation equilibria
inherent in typically ionic polymerisations (Fig. L.7),
Grignard reagents, by virtue of the presence of the

schlenk equilibrium (Equn 1.1), imply that at least two

differenË potential active centres , RMgx-like and R z Mg-

liker mêy operate. The relative proportion of porymer

products arising at these centres will again be dependent

on the position of the equilibrium, its labitity and the

relative reactiviEies of the two different R-Mg bonds. The

potentiality for anionic systems to produce stereoregular
polymer at 1ow ËemperaEure may not necessarily apply,
particularly Lr. the schlenk equilibrium favours, ât higher
temperature, one or other forms of the initiator which is
highly stereodirecting. This aspect will be expanded upon

in Chaþters 3 and /+.

The formation of aggregaEes in organometalric init-
iator solutions affects both the efficiency of the
initiation process and the properties of the polymer
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produced. Higher aggregates are generally3 of low reactiv-
ity, while the breakdown into less associated species

usually enhances the reacËivity of the organometarlic

compound drastically. " The slow release of potential
active centres from less reactive or inert forms may then

be responsible for considerable broadening of Èhe molec-

ular weight distribution, although, in systems where no

terminaEion is evident, narro$/ distribúËions can still be

attained provided the polymerisation is carried on to
sufficiently high molecular vúeights. 3 rf discrete, indepen-

dent potentiàl active centres, propagating at their or^7n

rates and stereospecificities, are released from these

high order associates then broad molar mass distributions
seem assured. The implications of initiator association
cannot be neglected even at low concentration. rn hydro-
carbon solutions examination of colligative properties
has established that n-butyllithium" and ethyllithium2'rr"
hexameric at concentrations up to .1M, with no significant
breakdown of aggregates at concentrations as low as 10-sM.

Although no examinations r^rere attempLed in this thesis to
determine the degree of association of Grignard reagents/
dialkyl/dLaryL magnesium compounds, the significance of
this result for alkylliÈhium compounds may equally apply

Ëo magnesium systems, parEicularly at low temperature.

The presence of terminaËing chains present another

means by which molar mass disÈributions may be broadened

with consequently greaÈer variation in the physical proper-
ties of the polymer produced. Early work in the field of
anionic and pseudoanionic polymerisations failed to recog-



11

nise the critÍcal nature of trace impuriËies on the occur-

rence of terminaEion, but refined experimenËal techniques

by Szwarc and co-workers I established Èhe presence of
ff livingrt polymerising systems from which narrohr molecular

weight distribution porymers are accessible. Despite all
care in experimental procedure, however, some systems2s are

prone Eo the effects of termination. I¡lhile the possible

terminating mechanisms in the anionic polymerisations of
methacrylic acid esters are well established intra-
molecular cyclisation, reaction of the growing chain end

with Ëhe monomer carbonyl unit and to a lesser extenE

chain grafting reactions - the reasons why some systems

show a tendency to terminaËe at a particular molar mass

remains unsolved. A full discussion of the mechanisms of
chain terminaÈion is found in Chapter 5.

The means of stereochemical, molecular weight and

molecular weight disEribution control in organomagnesium

initiated polymerisations of MMA, where different, indepen-

dent centres are operatirg, r7'30rests ultimately with an

identification of those centres. Direct access to this
information is not possible using currenËly available
experimenEal techniques, due to the 1ow concentration of
active sites, so thaE the properties of those centres must

be indirectly inferred from kinetic examinations and the
variaEions of microstructure, molecular weight and molar

mass distribution as a function of overall solvent constit-
ution, Èemperature, initiator solvent and in the case of
Grignard reagents, Ëhe halide to active bond ratio.
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These indirect observations constitute the objectives
of this thesis, and include a t tc NMR examination of the

phenyl (Ph) and mesitylene (Ms) magnesium initiator solut-
ions as well as a cursory NMR study of the cyclohexyl
(chex) magnesium bromide iniÈiator, in an attempt Ëo

correlate any changes in their consËituËion wiËh the

changes in the Eype of polymer product formed.

1.1 Side ReacÈions

The proceeding chapters of this thesis dear almost

exclusively wiEh the reaction of organomagnesium compounds

and MMA leading to the formation of polymer products,

i.e., the L14 addition at the initiaËion stage¡ âs depic-
ted in Fig. 1.8:

L,4 addition

\+ 3 _ OMË

R
I

c
I

2 I +RMt

t,2 addition
- oMr

Fig. 1.8

The possibility of the L,z addition does have some

consequences on those sites producing polymeric material,
however:

(1) In addicion to the formaÈion of potentially inactive
of organometallic initiator,3 Ehe effic-

R

aggregates

iency of

products

bonds at

iniEiation of sites leading to polymer

is reduced by the consumption of active
the carbonyl group. This efficiency may be
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further reduced in Ëhe reaction of organomagnesium

compounds with an ester functionality, due to the

possibility of a 2-fold t,2 addition at this site:

R

*, -¿-

I

OR

OMgX --> R2- OMgX

R

*, -¿-

I
R

+RMgX

OR
I t

+oRr MgX

Fig. t.9

(2) For o, ß unsaturated esters the side producE of !rZ
addition is the alkoxide group. rn polymerisations of
MMA wiÈh nBuli the methoxide ion has been found to
initiate polymerisaEion in THF3 t buE not in toluene. 3 2

conclusive evidence as Eo whether methoxide ion is a

potential initiator in organomagnesium systems is yet

to be presented.

(3) Hatada and co-workers" have noted in nBuli polymer-

isations of MMA that butyl isopropenyl ketone, r€sul-
tanÈ from L,2 addition, is capable of acting as a

comonomer in the polyrherisaËion. This is also conjec-

tural in organomagnesium systems.

conflicting kinetic evidence is available on the mech-

anism of Grignard reagent addition to saturated carbonyl

moieties. Their addition to ketones has been observed to
be eiEher overall second3h or third3s order. second order
kinetics has been attributed to either a simple bimolec-

ular reacËion or a unimolecular decomposition of their
complex, of the form:
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R

R
,l o

Mg

c

I

R X
Fig. 1.10

Overall third order kinetics, with firsE and second

orders with respect Eo ketone and Grignard reagent respec-

tively, has been inÈerpreted in terms of a six-membered

transition staËe:

I
RR

R

o

Mg

X

R2

Fig. L.tL

The discrepancy between orders of reaction may have

arisen as a result of trace impurities or alternatively
from facËors which may have varied the degree of assoc-

iation of the Grignard reagenË.

The factors determining' the ratio of t,2 to ! 14

addition in o, ß unsaturated systems are not fully defined.
Gilman and Kirby36 and Hauser" halre shown .in the reaction
of phenyl compounds of Group rr and rA metals with ben-

zaLaceEophenone that the preference for mode of addition
is dependent on the polarity of the carbon-metal bond. The

more reactive, êssentially ionic organometallics of Group

I and II metals favour t,2 addition, while the less

14g

I

X



reactive, essentially covalenE phenyl

favour L14 addition. Other important

the nature of Ehe substrate, solvent

ature.
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lithium and PhMgBr

factors appear to be

polarity and temper-

This, then, summarises the relevant material that
needs to be considered in an evaluaÈion of parameters

affecting the naLure of polymer produced. clear definition
of Ehese parameÈers will also provide indication of the

mechanism of monomer addition, which is particularly
important in the case of reactions producing stereoregular
polymer.



CHAPTER 2



PREPARATION OF REAGENTS AND
VACUUM LINE PROCEDURES

Special procedures \^lere required f or the preparation

of reagents used in this thesis due to Ehe extreme sen-

sitivity of Grignard reagents and corresponding dialkyl/
diaryl magnesium compounds, as well as the actual polymer-

ising systems, to the presence of water and oxygen. In
addition, maximum purity of solvents, with regard to other

organic impuriËies, had to be maintained. Szwarc and co-

workers t h"lr" noted that the presence of any impuriEies

may drastically affect the potentiality of living systems

which may be present in alkyl I aryl meËal /t'il¡l polymer-

isations.

2.t Purification of Reactants and Solvents

(a) MeEhylmethacrylate (MMA ; Fluka ; AR)

Stabilised monomer $/as washed 4-5 times with t07" wlv

sodium hydroxide, to remove the stabitising quinol, and

then washed with water until neuÈral to indicator paper.

Removal of water from Ehe monomer was r.acLlitated by an

initial coarse drying procedure over anhydrous MgSO +

Following this, the monomer r^7as placed over calcium

hydride (caHz) for a period of at least one week, degassed

three times using a freeze/thaw cycle and then distilled
in vacuo into storage cont,ainers. The monomer r^Jas dis-
tilled, prior to use in polymerisations, into a vessel

containing a sodium mirror and benzLL.2 The MMA/sodium

benzil solution produced a crimson-purple coloration indic-

16

2
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ative of the absence of moisture and oxygen in the system.

Monomer r^ras lef t over sodium benzil f or 3-4 minuËes

( longer times ü7ere avoided because this organometallic

compound induces slow polymerisation) before distillation
into dispensing containers, which r^/ere kept refrigerated
aE -20'c. subsequenË to any polymerisaËions a small amount

of monomer rdas added to water to ensure no spontaneous

radical polymerisation had occurred áuring Ehe sEorage

period.

(b) Alkyl/aryL bromides (F1uka AR)t

Bromobenzerte (PhBr), bromomesitylene (MsBr; 2-bromo-

1,3,5-trimethylbenzene) and cyclohexylbromide (chexBr)

rÀ7ere ref luxed f or at least rz hours over CaH, bef ore

distillation, the middle fraction only being used for
Grignard reagent preparation. The high boiring point of
MsBr (225"c; 1AT) necessitated its distillation at reduced

pressure. Grignard reagent preparation using these aLkyLl

aryL bromides was aËtempted immediately after distillation.

(c) TeËrahydrofuran (THF BDH AR)

This solvent vüas refluxed over rithium aluminium

hydride (LAH) for a minimum of tz hours, which served the

dual purpose of removing both water and quinol stabiliser.
This \,\ras then distilled, the middle f raction collected,
and Ehen refluxed over sodium benzophenone to produce

either a purple (sodium benzophenone radical anion) or

crimson (radical dianion) coloration after Lz hours. Dis-
tillation, followed by a triple degassing procedure ( 3

freeze/fhaw cycles ) , produced purified THF which was
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disÈilled in vacuo into a storage vessel containing a

sodium mirror and benzophenone. THF vras disEilled from

this storage vessel inÈo dispensing containers prior to

use in polymerisations.

(d) Toluene (BDH ; AR)

Purification of Ehis solvent hras identical to the

method used f or THF, except that CaH2 r^¡as used as the

initial drying agent.

(e) I,4 Dioxane (BDH ; AR)

This reagent hras dried by refluxing for L2 hours over

CaHr. Distillation r^/as aided by the use of an antifrothing
nitrogen stream. The distillate r,rras triply degassed and

then decanted in vacuo on to sodium benzophenone. The

final disÈillaÈion from this drying agent into storage

vessels ready for use viTas made difficulÈ by the formation

of a solid dioxane rrcrustrt at the surface of evaporation,

but was finally achieved by frequenÈ agitation at the

surface.

(f ) Magnesium (BDH turnings: rrFor Gr
Reagentsfr with Fe contenÈ< .0

nard
)

Magnesium turnings \¡,rere refluxed for tZ hours in dry

THF/toluene Eo remove any grease present on the surface of
the turnings. The magnesium r^ras subsequently collected and

dried in a vacuum oven prior to use.

(g) Deuterated Solvent and Solvent for NMR Purposes

i ) Dimethylsulphoxide-d 6, $las used straight f rom the

supplied ampoules in a 30%w/w solution with o-

ofr
c/

i
1



ii ) o-dichlorobenzene (BDH; AR) NMR investigation
revealed that this solvent r^ras quite suiËable f or

use, without further purification, in tH tacticity
determinations. In particular, no major impuriEy

peaks vüere present aË chemical shifts corresponding

to a CH¡ of pMMA, where tH tacticity determinations

IÀ7ere made.

dichlorobenzene, âs a solvent for I

minations at 400K
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H tacticity deËer-

molecular

internal

of micro-

and

\^74 S

de-

iii ) Chloroform

sieves and

CDCI3 was dried over 4Ao

with 37" TMSÌ^/a S used, together

the solvent for determinations

300K, using t 3C NMR spectroscopy.

sEandardr âs

structure at

iv) Tetrahydrofuran -dr , for use in NMR kinetic runs

for investigation of initiator constitution,
dried over LAH with frequent agiÈation, triply
gassed and distilled twice before sËorage in vacuo.

v) Toluene d s, used in a similar manner to THF d r,
rrras dried over CaHz before degassing and distilling
( twice ) into an appropriate storage vessel.

)) PreparaÈion of InitiaËor Solutions

(a) Grignard Reagents

The apparatus used in initiator synthesis is depicted

in Fig. 2.L. All glassvrare, prior to reaction, !úas heated

f or 12 hours at LTo" c to remove traces of adsorbed r^rater.

Grignard reagents Ì^rere iniEially prepared in THF freshly
disÈilled from sodium benzophenone prior to use, and
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placed in the reaction flask of Fig. 2.L together with a

magnetic stirrer and purified magnesium turnings ( in 2-3-

fold excess of the s.toichiometric requiremenË ) . High

purity, dry niËrogen (99.9%) was passed through the

bleeder system, depicEed in Fig. 2.L, and maintained

throughout the course of the reaction Ëo prevent oxid-

ation/hydrolysis of the Grignard reagent. Freshly purified

alkyl laryL bromide l^tas placed in the pressure-equalising

dropping funnel and added dropwise to the magnetically

stirred solution of THF/magnesium turnings. In all cases

some initial heating r^7as required to initiate reacÈion,

but thereaf ter no dif f iculties \,rrere experienced, the

alkyl I ary1- bromide being added Eo maintain a steady THF

reflux. Following addition of a1l the bromide, the reac-

tion mixture r^7as heated f or a further t5-20 minutes to

ensure completion of reaction and then allowed to cool for

10 minuÈes (this cooling procedure r^ras enhanced by in-

creasing the flow rate of high puriEy nitrogen to increase

Ëhe rate of THF evaporation). Particular reference is made

to this cooling period because MaÍ-r, 3 preparing the

terBuMgBr initiator solution, has noted fundamental differ-

ences in pMMAs formed by initiaÈor solutions decanted frorn

residues before and after cooling. These differences are

almost certainly related to the uptake of magnesium

bromide (MgBrr; refer to Chapter 3 for a discussion of the

Schlenk equilibrium) which tends to precipitate preferen-

tially during cooling. After cooling and removal of

condenser and dropping funnel, a porosity 2 (JENA)

sintered glass filter \,rras mated with the reaction vessel,

and, with maintenance of nitrogen atmosphere, this



Fig2.l Grignard Reaction Vessel

Pressure Equalising

Dropping Funnel

HrO out

Condenser

rlo in

Reaction Flask

(zsocm3)

-

N, in

Young TaP

Magnetic Stirrer
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apparatus ( Fig. 2.2) ÌÀ7as inverted and placed on the

general purpose vacuum manifold (Fig. 2.6; described later)
ready f.or transfer Eo the Grignard storage vessel (Fig.

2.3\. The coarse f iltration procedure \,\ras accelerated by

momenËarily exposing the soluÈion Ëo vacuum and was effec-

Èive for the removal of unreacted magnesium and the small

amount of MgBrz -rich material arising from Ehe cooling

procedure. After transfer to the storage vessel the init-
iator r^ras degassed 3 times using a free ze f tlnaw cycle .

FoIlowing overnight standing fine deposits of colloidal

magnesium rÀ7ere evident which vüere f iltered (porosity 4

filter; JENA) in vacuo using the filter stick depicted in
Fig. 2.4, and collected in another storage vessel using

the general purpose vacuum manifold (Fig. 2.6). Initiator/

THF solutions \^/ere wrapped in aluminium foil and stored in
a dark cupboard when not in use.

(b) Diaryl Magnesium Compounds

Preparation of these compounds required the addition

of t 14 dioxane to Ëhe corresponding Grignard reagents,

which precipitated MgBr, âs the bis-dioxane complex. The

bromide concentration of the Grignard reagent vüas deter-

mined using Volhard' s method u ( refer to section 2.4:

CharacÈerisaÈion of Initiator Solutions ) and to this r,.ras

added an amount of Ir4 dioxane in slight excess of L:L, to

ensure complete removal of bromide. The white magnesium

bromide bis-dioxane precipitate was filtered using the

porosity 4 filter (Fig. 2.4). Tests on the resultanÈ

filtrate revealed that bromide r/tras efficiently removed in



lnverted Reaction Flask

of Fig 2'l

Fig2,2 Coarse Filtration

Coarse PorositY2 Filter

Young Tap

Assembly attached to General

Purpose ttønifold(Fig2'6) and

accompanying Storage Vessel

( Fis2.3)



fiig 2.3 Grignard/Solvent Storage Vessel

B 19 Socket with

Delivery Tube

Young Tap

Viton A(upper)& PTFE

' 'o' RingsPTFE'O, R¡ng

( base of piston)

25o cm3 Flask



819 Cone - Grignard

Storage Vessel attached here

B 19 Socket - attached to

General Purpose Manifold

Rotaflo Tap

250 cm3

Glass Bulb

Fig2,4 Vacuum Filter Stlck

Porosity 4 Filter (JENA)

Rotaflo Tap
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the case of PhMgBr, but the MsMgBr system provided persis-
tent trace amounts of bromide despiÈe further additions of
1,4 dioxane. The implications of this resulË on the NMR of
initiator soluEions and polymer products is explained in
Chapters 3 and 4, respectively.

(c) De-etheraÈion of Grignard and Diaryl Compounds

i ) The use of Grignard reagents, in- non-polar solvent,
as initiators for MMA polymerisation, produces stereo-
regular polymer of high molar mass.3 For this reason,

initiator solvent (THF) was replaced with toluene. This

involved the in vacuo distillation, with gentle heating,
of THF from the iniÈiator using the general purpose vacuum

manifold (Fig. 2.6), leaving behind a concentrated slurry
to which toluene hras added. Not all material vras f ound to
be soluble in the predominantly non-polar solvent, and

bromide rich precipitaÈes !{ere filtered from the resultant
solution using the porosity 4 filter stick (Fig. 2.4). The

amount of THF remaining after replacement with Eoluene is
critical in the determinaEion of the bromide to active
bond ratio, which in turn is important in determining the
type of pMMAs formed with these iniËiators. The THF

content of initiator solutions \¡7as determined using a

PERKTN-ELMER F11 Flame ronisation Gas chromatograph using
a 2 metre metal column packed with 107. apiezon on varaport
80-100 wiEh oven Eemperature: 90" c, injector temperature:

40'C and nitrogen carrier gas flow raÈe: 25m1. min-1.

ii ) under normal circumstances, initiator/toluene solut-
ions prepared under the conditions of ( i ) vüere used in
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polymerisations. However, referring to the methods of
Tsvetanovr 5 an extensively de-eEherated phMgBr solution
v.ras prepared by heating a THF solution of this Grignard

reagenÈ for 8 hours at 343K under high vacuum (10- 3 - l0- ''

Torr). The NMR character of this initiaÈor is discussed in
chapter 3. rt has been shownt that extensive heating of
terBuMgBr produces HMgBr and 2 methyl propene, but such

reactions are unlikely for aryl magnesium bromides.

iii ) Diaryl magnesium compounds in toluene were formed by

de-etheration of diaryl magnesium/THF solutions, analogous

to ( i ) above. some precipitation was again evident which

r^/as removed by in vacuo filtration.

2.3 Preparation of Magnesium Salts for
Addition to Polymerisation Reactions

(a) Magnesium Bromide

i ) The preparation of anhydrous MgBr2 in THF was achieved

using the same meEhod and apparatus (Figs . z.L, 2.2) used

for Grignard synthesis. Ethylene dibromide ( 1,z-dibromo-
ethane) was dried over calH2, distilled, and Ehe middle

fracËion of this distillate added to a stirred solution of
excess magnesium turnings in THF, reacting according to
the equation below:

Mg + Br CH2 CH2 Br THF -Initial heal MgBr2 + CH2 CH21 Equn 2.1

ii ) Extensively de-eÈheraEed MgBr2 /Ëoluene solutions uiere

prepared, for additions to initiator solutions Èo sup-
plement bromide content, in an identical fashion to exten-
sively de-etheraEed PhMgBr ( see above ) . The solubility of



MgBr2 in toluene under these conditions

Volhardrs method predicting the bromide

filËrate from a saturated solution, of

Eemperature.
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is very low, with

contenË, for the

.01s M at ambient

(b) Magnesium Methoxide (Mg(OMe)z )

Magnesium rneEhoxide in THF r^ras prepared to test the

effect of possible polymerisation side' product, methoxide

ion, on stereochemical and GPc aspects of pùMA formed with
Grignard reagenÈs.

Methanol (CSR; AR) was dried in vacuo over 4Ao sieves

for a period of one month, with intermittent shaking, Èo

remove v/ater. This $ras then distilled in vacuo, with the

middle fraction being retained for further reaction.
Methanol/rHr (44.9xL0-3 moles of methanol) was added in
vacuo to a solution of PhrMgltlHF' (51.4x10-3 moles of phMg

bonds) to produce a white Mg(oMe)2 precipitate. solvent

was twice evaporated from this precipitate before replace-
ment with THF. rn vacuo filtration of the supernatant THF

through a porosiÈy 4 firter produced a solution showing no

evidence ( I H NMR) of hydroxylic protons of residual meth-

anol. The solubility of magnesium methoxide in THF was

low, buE evaporation of some of the THF filtrate did
reveal the presence of white, solid Mg ( OMe ) 2 in small

amounts. AtLempts to prepare Mg(OMe)2 in toluene failed,
in agreement with other workers. 7
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2.4 Characterisation of InitiaËor Solutions

Determination of the acLive C-Mg bond conËent a of an

organomagnesium sysEem involved the acidification of a

known volume of initiator solution with a standard acid

solution, and back-tiÈrating Èhe remaining unreacted acid

in soluEion with standard base:

or

RMgX + HzO

Mg(oH)X + HCI

RzMB + ZHzO

Mg (OH)z + ZHCL

RH + Mg (OH)X

MgXCI + H, O

2RH + Mg(OH)z

MgClz + ZHzO

Equn 2.2

2.3

2.4

2.5

solution,

the equil-
(refer to

--+.

->and [R-Mg]o ZlRzMglo + Inugxlo for a Grignard

with the individual concentrations dependent on

ibrium constant for the Schlenk equilibrium

Chapter 3 ) .

Halide contenË of initiator solutions r/r7as determined

using Volhard's method, + requiring acidification of the

initiator solution with dilute niËric acid, reacting with
excess standard silver nitrate and back-Ëitrating the

excess AgNO s with potassium thiocyanate, using ferric
ammonium sulphate as an indicator.

2.5 High Vacuum Systems

rmprovement in the design of high vacuum glassriüare

has been made possible by development of high vacuum

greaseless taps and joints which provide excellent sealing
qualities, not only at ambient temperatures, but at low

temperatures as well.
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Greaseless taps provided by YOUNG GLASST^IARE hrere used

constantly on storage vessels for both monomer and init-
iator solutions (Fig. 2.3), and in particular did noE fail
for monomer sÈorage vessels refrigerated at -20"C. This

tap was utilised extensively on high vacuum manifords as

well, and is best illustrated in Figs 2.6 and 2.7. Effic-
ient sealing is reliant upon compression between the glass

surface of the barrel and the PTFE rrOt' - ring aL the end of
the piston. Increased compression t Têquired in storage

vessels at lower temperature, Ì¡Jas f acilitated by further
tightening of the threaded piston in the glass barrel. At

the threaded end of the piston 2 tt}lt rings, PTFE and Viton

A, both insensiËive Ëo solvents used in this thesis,
prevented leakage of air into the system through the

threadr so that the whole tap system could be placed in/on
a vacuum line without leakage.

under ambient conditions RorAFLo taps proved as effec-
tive as YOUNG taps, and lvere frequently used on storage or
reaction vessels maintained at room temperature.

Greaseless viton A I'orr ring cones lvere used on vacuum

manifolds (Figs 2.6 and 2.7) as sites of attachment for
reaction vessels and storage containers. utilisation of

'rorr rings at these joints partially eliminated the possib-

ility of contaminaÈion of reaction components with trace
amounts of water, which is always present in high vacuum

grease. rn some instances the use of high vacuum grease

proved unavoidable.
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2.6 High Vacuum Pumping SysËem

Fig. 2.5 shows the basic pumping system used for all
experiments in this thesis. An EDI'IARDS 3 sEage roÈary oil
pump rÄ7as used in con junction with two in-series, three

stage, glass mercury diffusion pumps to provide high

vacuum in the system. The two diffusion pumps r^/ere capable

of being isolated from the backing pump and the remainder

of the line during evacuation by the inclusion of a

by-pass for the rotary oil pump, faciliEated by the inclus-
ion of the three indicated YOUNG taps. Alternatively, when

high vacuum was required, the backing pump and diffusion
pumps could all be directed to an in-series configuration

by manipulation of the taps. Two liquid nitrogen traps

r^7ere included Ëo protect the diffusion and oil pumps from

contamination by solvent vapours.

The general purpose and reagent dispenser mani-folds

(Figs 2.6 and 2.7, respectively) were attached to this
pumping system using a YOUNG greaseless ball and socket

joint with an accompanying Viton A 'r0rr ring.

2.7 High Vacuum Manifolds

The vacuum manifolds 2.7 ) both exten-

Viton A I'Orr ringsively employ YOUNG taps

cones.

(a) General Purpose Manifold

This manifold (Fig . 2.6) \,úas used continually f or

such procedures as:

(Figs 2.6 and

and greaseless



Young TaPs Ðpass Line

Water Cooled MercurY Diffusion

Pumps

'O' Ring Ball & Socket Joir¡t

Yanng Tap

Vapour Trap

Vacuum Release

Vapour Trap

Rotary Pump

Iì

Fig 2'5 Hþh Vacuum pumping System



Fig. 2.6 (opposite): General purpose Manifold
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Fig. 2.7 (opposite): ReagenÈ Dispenser Manifold





(1) Freeze/thaw degassing

monomer / solvenË .

(2) Transfer of filtered

agenEs from the filter

containers (Fig. 2.3).

procedures for
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purified

Grignard /dLaryt magnesium re-
stick (Fig. 2.4) to storage

(3) Distillation of deuterosolvents where a short path

length is important.

(4) Preparation of sealed NMR tubes for the examination

of Grignard and diaryl magnesium compounds.

( 5 ) Solvent replacement procedures for initiator solut-
ions .

(b) Reagent Dispenser Manifold

This manifold ( Fig . 2..7 ) was interchanged with the

general purpose manifold at the greaseless ball and socket

joint of the high vacuum pumping system (Fig. 2.5) when

required. rt consists of three totally isolable burettes

designed to deliver monomer, THF and toluene from dispen-

sing vessels (Fig. 2.3), at the top of each burette arm,

into the desired reaction vessel (refer to next section)

attached to the manifold at the greaseless joints at Èhe

base of the burettes. Approximate delivery volumes \Àrere

checked by weight before introduction of a nevü component

at Ëhe next vacuum burette. In addition to the vacuum

burettes, a site (Fig. 2.7, far right) is available for
the introduction of initiator solution into the reacËion

vessel.



ExtenE of vacuum in both manifold
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systems LTas meas-

thermo-resisÈivityan EDI'¡ARDS PR10-S sensor withured with

heads.

In common to both manifolds are the YOUNG

release taps, placed near sites of attachment, to
easy release of reaction vessels, etc.

vacuum

enable

2.8 ReacEion Vessels

Four differenË types of reaction vessel vrere used to
conduct polymerisations, and these are depicted in Fig.
2.8(a) and (b), Fig. 2.9 and Fig. 2.L0.

(a) NMR Scale Reactions

Kinetic aspects of the polymerisations of MMA by

organomagnesium compounds qlere studied using NMR on reac-

tion volumes of approximately lcm3. Fig.2.8(a) shows the

5mm NMR tube and accompanying YOUNG tap prior to addition
of reagents using the vacuum manifolds. A small dumb-bell

shaped glass insert, designed to rest below the NMR probe

region, has been incorporated to aid mixing of reagents at
initiation, and a consÈricEion above the NMR tube has been

added to enable efficient sealing of the Ëube after addit-
ion of reagents.

Aspects of the filling procedure of this reaction
vessel have been expanded upon in Chapter 5, but this
basically involves the in vacuo introduction of initiator
in deuterosolvent, free zLng, followed by addition of
monomer/solvenE on to the ftozen initiator and subsequent



Fig. 2.8 ( opposite ) :
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f.rozen insealing of the

liquid nitrogen

tube. This

until ready

tube r^ras then kept

for initiation.

(b) Large Scale Single Sample Reaction Vessel

This reacËion vessel (Fig. 2.8(b)) hTas Ehe most

frequenÈly used and consists of two compartments, separ-

ated by a modifíed YOUNG compression joint, where the

glass pisËon of an ordinary YOUNG Eap has been extended to
provide a central shaft traversing the upper compartment

of the reaction vessel. This shaft culminaËes in a PTFE

rrO[ ring seal in the narrohr region between upper and lower

compartments. The extended seal showed no sign of failure,
even aÈ a reaction temperaEure of 200K. The glass insert
into the bottom compartmenÈ of Ehe reacËion vessel, suiË-

able for the placement of a temperature probe, could be

optionally used to monitor the temperature of the reaction
mixture.

Monomer/solvent (THF/toluene) was introduced into the

lower compartment of the reaction vessel and initiator in
either THF or toluene into the upper portion, using the

reagent dispenser manifold (Fig. 2.7).

(c) Multiple Sample Reaction Vessel

This vessel (Fig. 2.9) is idenrical to that of Fig.
2.8(b), except that side-arms have been added Èo the lower

portion of the reaction vessel to enable decantation of
samples of the reacÈion mixture into peripheral contain-
ers, followed by isolation from the main flask using a

YOUNG tap. Termination of these samples r^/as facilitated by



Fig. 2.9 (opposite): Multiple Sample Reaction Vessel
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methanol from the small glass bulbs at thethe

top

addition of

of Fig. 2.9 .

The importance of this

ability to produce the same

sample, enabling a coherent

and molar mass to be made

function of conversion.

reaction vessel lies wiËh its
initiation condition for each

examination of microstructure

from the same reaction as a

(d) Delayed Addition Reaction Vessel

This reaction conÈainer (Fig. 2.L0) has a third com-

partment added Ëo accommodate an extra reaction componenE,

to be added some interval after initiation of polymeris-

ation. IË r^7as used intermittently to study the ef f ect of

delayed addition of THF and potenËial side producEs on

polymerisaEions conducted in toluene.

2.9 Constant Volume Dispenser

Kinetic dilatometry studies, in particular, are

reliant upon reproducible delivery of initiator soluEions

into the reaction vessel. Fig. 2.tL shows Ehe dispenser

used for constant volume additions of initiator soluËion

into the reaction vessel. The initiator sÈorage vessel is
mounted on the upper 819 cone and this assembly attached

to the reagent dispenser manifold (Fig. 2.7; far right),
in addition Eo the appropriaËe reaction vessel. Initiator

solution is run into the dispenser in vacuo, such that a

constanE volume is attained between the lower YOUNG tap of

the dispenser and the lip of an outlet in an internally
annealed Eube. In this manner volumes of 11.Ocmt (t3%; 25'
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Fig. 2.LL ( opposite ) : Constant Volume Dispenser
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dispensed inËo the upper compart-

2.t0 t3C Enrichment of MMA

Preliminary kinetic experiments using t tC NMR \Àrere

attempted using monomer enriched at the carbonyl carbon.

This site of enrichment \^7as chosen on the basis of a

consideration of relative chemical shifts of monomer and

polymer carbonyl resonances, impingement of solvent reson-

ances on resonances associated with the site of enrich-

ment, and spin-lattice relaxation times aÈ possible sites
of enrichment. This will be discussed fully in Chapter 5.

The reaction sequence used for enrichmenÈ was:

CH

1) CH, = ü

3 CH"

t"-Br+Mg-) CHz - MgBr

2) CHz = r MgBr_!_.

o , lr, fl
-C-OMgBr +H't CH2 =Ò -ö -O

ìi -)Í

0
il
il

-C-0CH3+N2t
)i

ç,ll - +

-0'-o-H+cH2N2

FH,
b

Equn 2.6

an

,R

2.9

3) CHz = x'

?H

ó

3

3

- MgBr + -;rCO z --Ð CHz =

+

H

H3

4) cø, = cH2 =

The bromide , Z-bromopropene, and magnesium turnings

were purified in a manner analogous to those mentioned in
2 . 1 (b ) and 2 .L( f. ) and the Grignard reaction vüas carried
out in THF using the apparatus of Fig. 2.L. The Grignard

reagent so formed r^/as filtered, transferred to a storage

vessel and degassed.
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Enriched CO, (BOC; 9t atom per cent r3C; 1 litre; L

atmosphere) vras transferred in vacuo Èo a one 1iÈre con-

tainer with an attached YOUNG tap, and the apparaEus for

the second reaction step r^tas assembled on the vacuum line

as shown in Fig. 2.t2. Carbon dioxide was mainLained as a

solid by immersion of Ehe reaction vessel in liquid

nitrogen, and Ehe Grignard reagenÈ prepared in sÈep 1 was

run in vacuo inËo the glass bulb above the YOUNG tap of

the reaction vessel. At Ehis stage the vacuum line \^7as

adjusted to positive pressure by allowing high purity

nitrogen from Ehe rubber balloon to enter the line, and

the Grignard reagent \^7as added to the reaction vessel. The

liquid nitrogen bath was removed, replaced with a dry

ice-acetone bath, and the reacËion mixture stirred for 10

hours at -75" C. The resultanE solution r^7as acidified with

ammonium chloride, and methylated in situ with diazometh-

ane using standard procedures. Fractional distillation

under reduced pressure yielded 13C enriched monomer.



CHAPTER 3



3 THE PROPERTIES OF GRIGNARD
REAGENTS IN SOLUTION

3.1 Introduction

The nature of Grignard reagents in solution is still

a contentious question. Their discovery, by Grignard in

1900, I has been followed by some intensive examination.

The postulate, by Schlenk and Schlenkr2 concerning the

existence of an equilibrium between a halogenated organo-

magnesium species, RMgX (X:ClrBrrI), and the corresponding

dialkyl ldLaryL magnesium entity is well regarded, even

today:

RrMg + MgBr, --:J ZRMgX Equn 1.1
'tschlenk

Alternatively, Jolibois 3 has suggested the following

equilibrium, with an unsymmetrical dimer being proposed.

RrMg + MgBr, + RrMg.MgBr, Equn 3.1

Equilibrium constanËs, calculated at various temper-

atures, + have reinforced the validity of the Schlenk

equilibrium (Equn 1.1), wiËh several parameters determin-

ing the position of this equilibrium:

( 1 ) Temperature: Parris and Ashby t b"lieve that at lower

temperature the Schlenk equilibrium favours the di-

alkyl magnesium species. In this thesis, Lf. Ehe micro-

structure of pMMAs formed under the same solvent

conditions are an indication of the nature of the

initiator, then lower temperatures using the MsMgBr

initiator favour less stereoregular polymer, showing

u



similarity to

Chapter 4).
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those produced using Ms2 Mg (refer to

(2) Solvent: As an example, dieËhyl ether tends to favour

Ehe RMgX species to a greater extent than in higher

polariLy THF. 4

( 3 ) Halide: Solvent plays an important role in deEer-

mining Ëhe magnitude of the halide effect, being less

pronounced in THF than in diethyl ether.a In diethyl
eÈher ELMgBT has K=480, while EtMgI has K > 630 a at

Èhe same temperaEure.

(4) AlkyllaryL group: This effect is again more pronoun-

ced in diethyl ether than THF.U In diethyl ether, for
example:

PhMgBr has K - 55 while

EtMgBr has K - 480 under the same conditions.

The Schlenk equilibrium cannot be divorced from assoc-

iation equilibria, So that under conditions where these

make a significant contribution they must be taken into
accounE. Different states of association are believedt Èo

be involved in atkyl lithium/hydrocarbon monomer reac-

tions, and may be just as important in MMA polymerisations

using Grignard reagents as initiaËiors. In Ëhe case of
these initiaÈors it is normally assumed, oD the basis of
comparison with Etn A12 X 6 -n ( X:halide ) systems, 7 thaL

association occurs mainly through a double halide bridge,
which is believed to be more stable than a double carbon

bridge involving two Mg-C-Mg-Ë!üo electron bonds:
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RR

I
M2

/

RX

g "-- Mg M oò +2S

Equn 3.2
X S X S

S

X : halide

variation of the halide group produces a'consequenÈ variat-
ion in the tendency to associate. In diethyl ether, alkyl
and aryl magnesÍum chlorides and alkyl magnesium fluorides
remain dimeric over the whole concentration range exam-

ined.8 Bromo and iodo magnesium alkyls tend to generally

favour greater rate of change in associatj-on as a function
of increasing concentraEion under Ëhe same conditions. t In

THF, alkyl magnesium chlorides, bromides and iodides

remain monomeric over a wide concentration range, while

alkyl magnesium fluorides are dimeric' (drr. to the sErong

bridging ability of the fluoride, basic THF is prevented

from cleaving the bridge ) .

IÈ has been claimed I that in ether solvents , aLkyLl

aryL magnesium halides show a greater Èendency to assoc-

iate than their dialkyl ldtaryL counterparts. Association
through bridging hydrocarbon groups is not precluded, how-

ever, with Èhe less bulky the alkyt/aryL entiEy Ehe more

likely the formation of associates e.g., dimethyl magnes-

ium is dimeric in diethyl ethers at reasonably low concen-

trations, indicaËing bridging methyl groups:

/\S
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R tr/
,/ -\

*\ 
,/*\

+2S Equn 3.3
S

R=Me
S = Et2O

In THF, dialkyl ldLaryL magnesium compounds remain mono-

meric over a wide concentration range. t

The implications of the alkyl / aryL bridging system

are of importance in an NMR study of these species. Since

the alkyl/aryL group is involved in an elecEron deficient
bond, nuclei in this environment are deshielded and should

appear in a lower field position compared to the aLkyLl

aryl group of the monomer. Thus downfield shifts appearing

in dialkyl /diaryL magnesium compounds are assignable as

associates (not necessarily dimers ) . The non-bridging

alkyl I aryL groups appearing at terminal magnesium atoms of

associates may not have chemical shifts at much variance

from Ehose of monomeric dialkylldLaryL magnesium species.

In I 3C NMR studies of both Grignard and dialkyl ldiaryL
magnesium species described in this thesis, no splitting
of the upfield alkyl laryL resonance could be observed,

which is consistent with the observation that the terminal

resonance of associates and the monomer alkyl I aryL reson-

ances could noË be resolved at 22.62MH2. Although consider-
Rable study - has been carried out on the association of

alkyllaryL magnesium halides and their equivalent dialkyl/
diaryl analogues, particularly in Lewis base solvents, the

behaviour of these compounds in non-polar solvents, and

especially at lower temperatures, is less well defined.

Me

R/ 
"\S
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Such aspects represent vital parameters in these investig-

ations, where highly sEereoregular polymers have been

produced at moderately low temperatures in non-polar media

using aryl magnesium bromides. Examination of diafkyl/

diaryl magnesium compounds in such solvents at room temper-

ature have concluded Ehat di-n-pentyl t and di-sec-butyl
. l0magnesium^"compounds are dimeric in benzene. If complexing

solvent is present, in equivalent amounts or more, then Rz

Mg compounds appear to existt t-t t 
", 

monomers, dimers or

equilibrium mixtures of both, depending on the concen-

tration of the electron donor and its nucleophilicity.

lrtestera and co-work"t" t t h".r" examined the degree of assoc-

iation of alkyl magnesium bromides in the presence of an

electron donor in benzene using Van Vulpenrs method (a

vapour pressure technique). They concluded, in the case of

ethyl magnesium bromide, that when one equivalent of THF

r^Jas present in benzene, dimers rrere predominant, even

though the initial concentration of active bonds \^ras only

.02M. Addition of THF sa$r rapid disrupEion of these assoc-

iated species, which they postulated Eo occur in the

following manner:

THF THF B
THF THF

\_1
-t- ¿

R
R

I
M

/rB

\..-s-Mg o6 M t6

\
BrR HF R

THF

Equn 3.4

The presence of mixed halo/hydrocarbon bridges in
Grignard reagent solutions ( see below) has no experimental



basis, although, given

aryl bridges there is

totally precluded:
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the existence of halo and alkyl/
no obvious reason why they should be

X

I

M

R

I

+ _T__\_

SRR
\,/\ ,/Ms Ms' +2S

-'l 
-\ 

Y/ 
"\s Equn 3.5

In the terBuMgX/fHf systems (X=Cl,Br), studied by NMR in

this laboratory by Mairrre the methyltH resonance at 90MHz

\À7as seen to be split into 4 distinct proton environments

at 290K, which r^7ere ascribed to the following possible

species:

T
( 1 ) terBuMgX (THF) z

z
(Z) terBu2Mg (THF)z x - cl,Br

4
3

( THF ) terBuMg

R

t erBu

)t*u. 
(rHF )(3)

X

with ( 3 ) represenEing an intermediate dimer between ( 1 )

and (Z). Implicit in this assignment is the assumption

Lhat terminal and bridging terBu groups of the associates

of (Z) are indistinguishable from environments (3) and (4)

of the dimer ( 3 ) . The observation of 4 peaks in this
system vüas found to be dependent on the active bond

concentration and the X/nUg ratio at 9OMHz resolving

por,üer. Ashby, s using a 6OMHz spectrometer, observed only

two broadened peaks in this system at this lower resol-
ution.



æ
Implicit in the above discussion has been the assump-

Èion thaE the geomeÈry of the alkyl laryL magnesium species

in the Schlenk equilibrium is tetrahedral or disEorted

tetrahedral in nature. The origins of this assumptíon lie

chiefly with crystallographic data where, for example,

PhMgBr has been observed'o as a tetrahedral dietherate

moiety. This may not be necessarily so in solution, with

Driessen and Heijer2l having isolated a six co-ordinate

species, MB(THF)e (SbCfa )z - the large counter ions being

required to stabilise the weakly co-ordinating THF

ligands. However, all reference material cited on aLkyLl

aryl magnesium compounds in this thesis has assumed 4-co-

ordinate geometry, a practice continued here.

Study of the Grignard reagent, isobutyl magnesium

bromide /t]Hf, by Hagiasz has shown that the Schlenk equilib-
rium and concurrent associative processes are dependent on

the active bond, C-Mg, concentration and the bromide to

active bond ratio. This serves to reinforce the necessity

of defining both of these parameters in any NMR discussion

of Grignard reagent systems r âs well as ensuring that they

are defined when these reagents act as polymerisation

initiators. An t H NMR study of the isobuÈyl magnesium

bromide systemz has revealed the following:

( 1 ) For a Grignard solution characterised by parameters

Inug]=.4M and Inr]=.3¡4, observation of the methylene

resonance reveals a pair of doublets with a coales-

cent temperature of 285K, indicating the onseL of

slow exchange between RzMg and RMgX.
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(2) l,lith IRMg]=.4tut and lBrl=.1¡4, the methylene signal

indicated, in addition, a low field signal matching

almost exactly the field posiEion of an associated

bridging R group of di-isobuËyl magnesium.

( 3 ) For 
. 
Èhe di-isobutyl magnesium sysEem a simpler

pattern of methylene doublets emerged. At high concen-

tration, InUg]:.70M and IBr1=9, " predominant down-

fietd doubleÈ vras evident probably due to de-

shielded, bridging isobutyl groups, with a much less

predominant upfield signal due to monomeric entiLies

and terminal isobutyl groups of associates. At lower

concentrations , I RMg l=.27V1 and I Br 1 =9, . reversal in

intensities with respect to the methylene doublets

was noÈed, with the high field signals (monomeric and

terminal R groups of associates ) predominating over

the low field doublet (bridging R groups of assoc-

iates ) . This is consistent with a monomer species

favoured at low concentraÈion.

(4) Thermodynamic evidence, based upon variable temperat-

,rr" t H NMR studies of the isobutyl magnesium bromide/

THF system, indicates that the Schlenk equilibrium

proceeds, in the direction of dialkyl magnesium, with

a netÈ increase in solvation (Equn 1.1), consistent

with an observed loss of entropy. The extra solvation

of MgBr, ( Equn 1.1 ) appears to be a controlling
factor in this system, âS is also Èhe case of the

terBuMgCl system examined by Parris and Ashby. 2

The ensuing discussion on 6-membered

reagents serves to substantiate the theories

ring Grignard

to date.
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3.2 Experimental

As detailed in Chapter 2, Grignard reagents were

prepared under high purity nitrogen from alkyl laryL

halides and finely divided magnesium turnings in THF. In

this study Grignard reagenÈs have been prepared from the

following cyclic bromides: Bromobenzene (PhBr) , bromo-

mesitylene (MsBr), and cyclohexyl bromidg (chexBr). Corres-

ponding dialkyl /dLaryt species r^/ere produced by the

addition of I,4 dioxane to these Grignard reagents. In an

attempt to secure complete removal of MgBrz âs the bis-

dioxane complex, the molar addition of dioxane was always

such that it rÁ/as in slight excess of the molar quantity of

bromide present r âs determined by Volhard's method

(Chapter 2). Some difficulty Ì^/as experienced in the total

removal of bromide from the MsMgBr system. When a large

excess of L 14 dioxane was added in some preparations,

Volhard's method predicted the presence of bromide in

slight excess of inherent experimental errors involved in

Volhardr s procedure. This is in agreement with other

workerstt"'*ho have viewed 1r4-dioxane as sometimes un-

reliable Í.or the total removal of halide. No such problems

\^/ere associated with the PhMgBr sysËem where bromide

removal hras achieved within the level of sensitivity of

the Volhard test.

Solvent replacemenE procedures \,vere of ten

examine the nature of Grignard reagents in

toluene solution, which involved evaporation of

the alkyl/aryT magnesium compound, followed by

used to

non-po1ar

THF from

in vacuo
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decantation of toluene. Such a procedure introduced

another parameEer into the discussion of Grignard re-
agents; the question of how the extent of de-etheration

affects the constiEution of the Grignard or dialkyl/di-ary1-

species. Extensively heat treated PhMgBr systems ( see

later) , prepared in a similar manner to Tsvetanou r'u

represenÈ the extreme case of de-etheration procedures.

Under these circumstances precipitates arise, on replace-

ment of solvenE THF with toluene which, while rich in
bromide, retain a small active bond content. The super-

natant toluene solution is therefore rich in active bonds

and def icient in bromide. trlork done by Mair I e and the

author on the nature of Grignard's reagents in solution,
as reflected by the nature of pMMA formed using the

organomagnesium compounds as initiators, shows that THF is
vital for Ehe uptake of bromide. For the PhMgBr system,

provided the mole percentage of THF in toluene lies within
5-L0%(GLC), then the bromide to active bond ratio will
remain constanË, within error, between different batches

of initiator. Molecular weight distributions and micro-

structures of pMMAs formed using these different batches

as initiators for polymerisation are also quite similar.
If the PhMgBr system is more extensively heat treated than

this, a bromide deficient initiator soluEion results on

replacement of THF with toluene, with pMMAs formed using

Ehis initiator having, in particular, Lacticities quite

different from those formed using initiator with 5-1O%THF.

The microstructure and molar mass distribution variations
are Ëhus sensitive to changes in the nature of the

initiator/initiator solvent .
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3.2 1 Aryl/nftyf Magnesium Solutions
for Èhe NMR ExperimenÈ

As aryl laLkyL magnesium compounds are both air and

moisture sensitive, it is essential that experiments be

carried out in vacuo in sealed NMR tubes. It has been
25acknowledged Ëhat atmospheric oxygen can produce

alkoxides capable of fast exchange reactions at the magnes-

ium centre.

NMR tubes ( 10mm) were prepared in the following

manner:

(1) RMgX/THF/d , -tHf ( internal lock) solutions \,\rere pre-

pared by dilution of the stock solution to the

required concentration with THF. The active bond and

bromide content h/ere determined at this stage. This

r/üas then decanted in vacuo into an NMR tube attached

to a YOUNG tap ( similar to Ëhe one shown on the

reaction kinetics NMR tube (Fig. 2.8(a))). Some THF

\^/as evaporated from the NI',IR tube and replaced with an

equivalent amounË of da -THF (LAH dried) by distillat-
ion. All material added to the tube was checked by

weighing and concentrations recalibrated accordingly.

The contents of the tube \Àlere then frozen and the

tube sealed at the constriction while drawing a

vacuum of 10-3-10'* Torr.

R2vtgl"llHt/d, -THF: as for (1) above but with L,4

dioxane added and filtration prior to decantation

into the NMR tube.

(2)
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( 3 ) RMgx/Toluene/d, Toluene : in most cases this vTas

prepared by gentle de-etheration, to provide a final
mole per cent THF of 5-t0%. These solvent replacement

procedures rirere of ten accompanied by some precip-

itate, which ÌÀlas filtered from the soluEion after Ëhe

addition of dry toluene. Bromide and active bond

concentrations vTere determined at this stage,

followed by decanËation of the soÍution in vacuo into
Ehe NMR tube. After dr-toluene solvent replacement,

the tube \,\ras sealed and concentrations recalibrated
as in (1).

(4) R2 Mg/Toluene/d,

excepE that the

ug /rHr .

-Toluene: same as for ( 3 ) above,

de-etheration v/as carried out on R2

3.2.2 Choice of Nucleus for NMR Investigation

Al1 NMR specÈra recorded here lvere produced on either
¡nürnn HX90E or gnÜrnn !üP80 Fourier Transform spectro-

meters using 5mm ( t H-Hx90g ) or i-Omm {t tc-HX90E, 
t^]p80 )

probes. Both spectrometers possessed facility for broad

band decoupled and off-resonance decoupled experiments,

which \rere used extensively for t'C analysis of Grignard

reagents. Variable Èemperature studies oL these reagents

vüere completed using the HX90E spectrometer solely.

Inherent difficulties arise in a discussion of t 
H

spectra of many six membered ring systems. Extensive long-

range coupling between protons on the ring present an

almost indecipherable picture of the Grignard reagent

system. Such a problem could have been remedied by deuter-
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ating selected sites around the ring a proton sËudy has

been achieved for the PhMgBr sysËem by other workers26 at

ambient temperature using selective deuteration around the

ring. Clearly, a sÈudy of the Grignard reagent system

would most effectively be observed by examination of the

site adjacent to the magnesium atom and yet aryl magnesium

compounds lack protons here.

Resonance studies using the l3C nucleus are, however,

suitable f.or the study of these aryL magnesium compounds.

Most polymerisat j-ons vüere çarried out using these init-
iators and, therefore, they have been extensively studied

using t3C NMR. only a cursory examination, using t H and t'C

NMR, has been used here for the chexMgBr system.

Studies of aromatic Grignard reagents using t tC 
NMR

are not without problems. Since C ( 1- ) , attached to the

magnesium atom, has no attached proEons, spin-lattice
relaxation of this nucleus using a Pulsed Fourier Trans-

form technique may present problems ( ideally h7e require

the magnetisation vector to return to the Zt axis via

spin-lattice relaxation before initiation of the next

pulse). To diminish this effect smaller pulse angles were

used (ca.20') and a Large number of accumulaÈions taken.

Solution concentrations (with respect to active bond

contenË) were maintained in the vicinity of .4M-.6M, and

lOmrn tubes hrere employed to maximise the amount of mater-

ial in the probe region. The field strengths of the two

spectrometers are:
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I
BRUKER HX9OE

BRUKER t^1P80

90MHz

22 .62MHz

80MHz

20.I MHz

.38 1 .05

H
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H
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3.3 Results and Discussion

3.3.1 A Study of Extensively De-etherated
PhMgBr in dr-Toluene

I^lork carried out by Tsvetanov 2 a using Grignard re-
agents as initiators in Ehe polymerisaËion of acryl-
onitriles produced a novel method for the preparation of

heat treated Grignard initiators. 0n the basis of this
work an extensive de-etheration procedure hTas carried out

on sEock PhMgBr/fHf ( [PhMg ]=.78M; Br/ehl,tg=.95 ) , involving

the prolonged heating of this initiator for 10 hours at 80'

C and .001 Torr. Replacement of solvent THF with toluene

produced a precipitate which \,vas filtered in vacuo. 0n the

occasions on which this procedure \,vas performed, a deter-

mination of Ehe active bond and bromide content consis-

tently gave the following result:

When the precipitate from the de-etheration vüas re-
dissolved, Ehe number of moles of active bonds in this
precipitate, together with the number of moles of active
bonds taken up by Eoluene, equalled (L57") the Ëotal number

of active bonds initially present. Extensive heat treat-
ment, therefore, did not deactivate the initiator in any

I^74y.
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An tH NMR study of exËensively de-etherated PhMgBr in

de -toluene (99.77") was done, with a represenÈative spec-

trum appearing in Fig. 3.1. It is obvious thaÈ despite

extensive heating, rêsidual THF is still present. This is
in agreement wiEh other workers""'wiho noted Ëhat Grignard

reagents tenaciously retain ether. Note the absence of
fine structure on the residual THF peaks, despite the fact
that the coupling on the residual cl methyl proton resonance

of toluene is well resolved, indicating optimal shimming

of the spectrometer.

In addition r âD tH NMR spectrum of d e -toluene \¡7as

produced and a "ratio of undeuterationtl

i.e. , undeuterated aromatics ( toluene )
( toluene )undeuterated methyl

vras evaluaEed from integrated areas. From the integrated

a-rea of the residual cr CH, peak in extensively de-etherated

PhMgBr/dr-toluene a corrected area in the aromatic region

could be evaluated, using the rrratio of undeuteration'r,

corresponding to aromatic protons associated with the aryL

magnesium compound (i.e., minus the effect of residual
aromatic protons in d s -toluene ) . From this a value for the

ratio, THF molecules: PhMg units, could be calculated:

Ratio THF : Phenyl

Average Area q , ß THF : Corrected Aromatic Area
4 5

For

ing

extensively de-etherated PhMgBr/ds-toluene the follow-
quotient r^/as obtained:

moletTHF = o.g t zo./"
moles Phenyl



Aromatic Region

Í rg'.i.| ltc¿ l'ttllt 1l'l Sçrectrum ctl Etltln'reival¡ D*-allwtalú

Phenyl Magnesium Bromide/Toluene-d,

7.136
Peak assignments

7.358 relative to Toluene-d6 Methvl Residue(2-O9ppm)

1.160

7.990
NOTE LACK OF RESOLUTION ON

RESIDUAL THF PEAKS

2.O90

6.989

3-487

THF

THF
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The broadening and loss of resolution of the THF

resonances seemed suggestive of an exchange reaction

beÈween free and bound forms of THF' so a variable temper-

ature lH NMR study hTas carried out in an effort to alter

Ehe exchange raÈes. However, little change in resolution

\^ras observed during this procedure. The broadening must be

due to factors oËher than exchange: or the exchange

process is observed but has a low activation energy.

Fig. 3.2 shows a plot of internal chemical shift

differences between q and ß THF peaks as a function of

mole fraction THF in dr-tolu.rr"." If the line of best fit

is extrapolated to infinite dilution of THF, the maximum

internal chemical shift difference measures Z.096pP*

( t .004ppm) . The internal chemical shif t difference f.ot

extensively de-etheraEed PhMgBr/dr-toluene is 2.357ppm a

discrepancy of about 23Hz at 90MHz field strength.

Extensively de-etherated MgBr, /dr-toluene, formed in

an analogous manner to the Grignard reagent, was also

examined subsequent to its formation via the Grignard

reaction beÈween t rZ-dLbromoethane and magnesium in THF

(refer to Chapter 2). It was sparingly soluble in toluene,

with the filtrate from a saturated solution giving a

bromide content of .01sM(!20%). An ambient tH N¡,tR examinat-

ion revealed that some THF still remained with an internal

chemical shift difference of 2.078pp* quite different to

that observed in exEensively de-etherated PhMgBr/d,

toluene. The internal chemical shift difference is close

to that of a THF/d, -toluene mixture with Xtuf/tottu.07



For strorqly de-etherated PhMgBr

the chem¡cal shift diflerence for

residual THF is 2'357pprn
at 300K

3OOK Spectra measured at SOMHz

Linear Regression Analysirs

Strpe -2'537x1o '

Intercept 2.096
Correlation Coefl -'9996

St Deviation 'OO4

2-1

2-O

1-9

Fig3'2 Plot of a (o<CH2 - )THF in ppm for various mole lractions
tn

'5

Mole Fraction THF in Toluene

2-1

2-O

1-9

a(ocCH2-9CH2)
ppm
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(Fig . 3.2) , suggesting that it is noE strongly

ordinaEed. Spin-spin coupling of the THF resonances

clearly evident, iri contrast to Ëhe extensively

etherated PhMgBr.

so

co-

was

de-

If Ëhe following are assumed Ëo be true:

(1) That remaining THF in extensively 'rde-etheratedil

PhMgBr is strongly bound.

(2) That litË1e free magnesium bromide remains in solut-
ion based upon the very low solubility of extensively

de-etherated MgBrr.

then two possible permutations for the structure of this
initiator in solution, consistent with nr/ehUg = .381.05

and THF/Ph = O.8!20%, are the dimer associates:

THF R THF

or Ms

*/ \,
Mg

T R

3.3.2 t'C SpecËra of Alkyl /ÃryL I'lagnesium ReagenËs

3.3.2.L General Comments

A discussion

hexyl magnesium

observations:

of the l3C spectra for aryL and cyclo-

systems is pre-empted by the following

(1) Where these reagents have been studied in THF, peak

assignments (in ppm) have been taken relative to the

ß THF resonance, taken as 25.30ppm. This assignment

has been made independent of temperature, and as such

any peak assignments made relative to this remain
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approximate, until such time as the relationship

between the chemical shift of the ß THF carbon and

TMS, as a function of temperature, is examined.

(2) t^lhere these reagents have been studied in toluene as

the predominant solvent species, peak assignments

have been made relative to the methyl carbon of

toluene, taken as 20.40ppm. As in jt) above, chemical

shift data will not be strictly relative to TMS until

further study is undertaken.

( 3 ) In contrast to butyl magnesium systems studied in

this laboratoryrt t the phenyl and mesitylene systems

mây, during the formation of the Grignard reagent,

give rise to relatively non-volatile side products.

It has been acknowledged for some time 3 0 that the

formation of Grignard reagents involves the formation

of alkyl/aryL radicals, and as such radical coupling

reactions forming diphenyl and dimesitylene represent

possible side reactions in Grignard synthesis. They

did noÈ appear to exist in measurable amounts in the

above systems. However, trace amounts of benzene and

mesitylene \^rere observed in the approximately lM

stock solutions of Grignard reagents in THF ( 1 mole

per cent; GLC ) . Two possible reasons for Èhe exis-

tence of these compounds can be offered:

(a ) Although stringent conditions r^lere maintained

during the formation of organomagnesium compounds,

infrequent contact with trace amounts of high vacuum

grease \¡.ras unavoidable. Proton abstraction from Èhe
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small amount of r^7ater in this grease may be respon-

sible for the presence of benzene and mesitylene.

(b) Okubo

magnesium

3I noted

chloride

and

THF.

\^7as produced

from solvent

synthes i s .

that, in the reaction of benzyl

with ketones, the benzyl radical
r¡7as capable of abstracting protons

This may also occur in the Grignard

3.3.3 The 
t 3C Spectra of Phenyl Magnesium Systems

Phenyl magnesium systems studied are depicted in Fig.

3.3, measured at 300K. Due to the uncertainty in the

effect of bromide on the spectra obtained, both active

bond and bromide contents have been staËed for each system.

A comparison between Fig 3.34 and Fig. 3.38 shows a

feaËure common to all the phenyl magnesium systems

studiedi a marked downfield shift of the C(1) carbon

resonance from L22.29ppn (C(1)-Br) to L67.07ppm (C(1)-Me)

Í.or the Grignard reagenÈ (Fig. 3.38). Off resonance de-

coupling experiments have verified that the low field
signal in Fig. 3.38 is due to the C(1)-Mg site. Peak

assignments relaËive to the position on the aromatic ring
are (Fig. 3.38):

Table 3.1: ppm Origin of Resonance

L67 .07 c (1 )-Mg
L40 .41 C (2 ,6 ) -ortho
t24.80 C(3,5)-meta
t25.25 C(4) -para

These assignments are in accordance with work carried ouË

by Jones. " Carbon chemical shifts have been shown by



Fig. 3 .3:ttC (2O.1MHz) Spectra of the Phenyl system

300K

Bromobenzene; 14.5 mole per
cent in THF; external (Clr ¡,co. e)+
Broad Band Decoupled Peak
assignment relative to the ß

THF (25.30 ppm).

Off resonance splitting in
brackets.

(2)

2(2)

ppm

1. 122.29
2. t26.84
3. 130.00
4. 131.40

ppm

1. t24.25
2. 124.80
3. r40.4r
4. 167.o7

0rigin
Brc( 1)-

pc
mC
9c1 1)

3Q¡

B 2(2)

r(2)
Phenyl Magnesium Bromide/THF/
internal da -THF.
Broad Band Decoupled.

Assignments relative to the ß

THF peak (z5.3oppm)

Ipirtqe] = .57tt
Ie.] : '5oM

0ff resonance multiplì-city
peaks in brackets next to
peak.

of
the

4( 1)

o

r80 170 160 150 140 130 120

The region denoted by a black dot infers the presence of trace amounts
of benzene.



Fig. 3.3 (contrd), t'C (20.1MH2) Spectra of the Phenyl System (cont'd).

c Iptrt"te] = .43M
Is.] = .28M

PhMgBr/dsToluene Broad Band De-
coupled

Peaks assigned rel-ative to the
Toluene methyl. Fairly exten-
sively de-etherated rTHF = 2

nph

1

2
a
J
4
5

. 137.67

. 141.68

. 1ó5.31
2

. 126.01

ppm

.124.07

ppm

r23.62
1 25. 38
140.39
168 .99

ppm

124.25
124.80
137.00
r4o .4r
t67 .07

4

1
.J

1

5

D 2

2

Ph2Mg/THF,/arfHn'. Broad Band De-
;oupled.
Peaks assigned relative to the
ßTHF peak (z5.3Oppm)

Ienug] = .53M

[sr] = o

en, Mg/Toluene/d, -Toluene. Broad
Band Decoupled.

Peak assignment relative to the
Toluene methyl peak (20.40ppm)

IptrMe] = .6slt
In"] = o

MoLe fraction of THF = .10

a
.t

1

2

J
4

1

4 o

E

4

1

1

2

3

4
5

.J

5
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Karplus and Pople" to be dominated by a paramagnetic

screening term in the Saika-SlichÈer equaÈion3 u Ir, conjunc-

tion with this, Jones " h"" noted that, relative to benzene

(t28.7ppm) , the C ( 1 ) and C(2,6) carbons are deshielded,

and has interpreted these observaÈions as indicaÈing the

presence of Ëhe phenyl carbanion, although it vTas noEed

that these species probably existed as solvated aggregates.

Fig. 3.3C, where prolonged heating procedures have

been applied to the Grignard reagent, shows some anomal-

ies. Despite optimum spectrometer characteristics, line

broadening of some peaks (4 and 5; in particular 5) is

seen. [n]hether Ëhis represents a coalescence phenomenon

between two or more chemically distinct sites is specul-

ative and is furEher confused by variable temperature

observations, considered later in Ehis chapter (Fig. 3.5),

where the Z70K line width narro\^/s with respect to that of

Fig. 3.3C, without showing any evidence of a two(or more)-

site exchange process. This phenomenon may arise as a

consequence of hidden partner broadening, which has been

noted in some exchanging systems t s ( see later; Section

3.3. 3.2) .

3.3.3.1 Variable Temperature Study
of PhMgBr l"tuE /dB -THF

A variable temperaEure NMR sEudy at 22.62MH2 was made

of the PhMgBr/fUf/d s -THF system, with acEive bond and

bromide contents as indicated in Fig. 3 .38. Temperature

ef f ects f.or the C ( 1 )-Mg site are indicated in Fig. 3 .4,

which shows the presence of a rapid exchange process

occurring at hígh temperatures with consequent narro\^r line



Fig. 3.4: r3c (22.6zunz) Spectra of Cl-Mg for phMgBr/vnrug/rHF/dBTHF

Assignments relative to ß fHf' (25.30ppm)

(a) t69.47ppn

300K

(¡) 1 /0 . Ç2ppm

(c)

(d)

(e)

(r)

(g)

1 70 . 92ppm

1/1 .68ppm

/7.{6ppn

1 /2 . 00ppm

¿I7l.46ppm

1 /2 .00ppm

1 /t.4,6ppn

r72.22

./I7I.14ppm

1 74. o5ppm

27OK
(no precipitate observed)

27OK
( precipitate observed )

255K

250K

248

245K

(h) /l .08ppm 200K
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r¡/idth, grading to a coalescence temperature at about 255K.

Two sites are evident at lower temperatures under condiÈ-

ions of slow exchange between these states. It is unlikely

that an observation of isomers, r€sultanE from whole-ring

rotations of the phenyl grouP, is being seen in this

situation, principally because the phenomenon is being

observed at C(1)-Mg, which is spaEially invariant in the

teÈrahedral system below:

Y

c

THF
THF

An tH NMR sÈudy of the terBuMgBr system by Mair1n ha"

similarly concludedr oD the basis of integrated inten-

sities of peaks under conditions of slow exchange, that

the origins of exchange lie with effects other than rotat-

ional conformations of the molecule.

A more realistic interpretation lies in a discussion

of the entity Y in the above diagram i.e.r âD acceptance

of the postulated exisËence of the Schlenk equilibrium,

with Y representing either a phenyl or a bromide group.

Evans and Khanr'u using t tF resonance spectroscopy of

pentafluorophenyl magnesium bromide in dieEhyl ether,

observed two parafluoro triplets at 22" C which coalesced

to a single triplet at 94" C. Additions of bis-pentafluoro-

phenyl magnesium to this sysEem revealed that the high

field signal corresponded to the diaryl magnesium entity,
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r47ith the 1ow field signal correlating with aryl magnesium

bromide. rt will be shown in a later section on the

mesitylene magnesium bromide system that, âE least for the

c(1)-Mg resonance, a similar observaEion holds. Mesitylene

and phenyl magnesium systems are thought not to differ in
this regard. For the terBuMgBr systemtt the opposite effect
has been shown Èo exist.

Fig.

(1)

(2)

Consideration of two other factors is required in
3.4:

Intermittent precipitation r^ras sometime" ,rotå¿. How-

ever, probably due to a supersaturation effect, it
\^7as possible to produce the specËra of Fig. 3.4 in
the absence of precipitation. Spectra 3 .4 ( b ) and

3 .4 ( c ) show that precipitation primarily causes a

Ioss of signal intensity.

At low temperatures there is an apparent broadening

of Ehe upfield signal associated with the C ( 1 ) of
diphenyl magnesium, perhaps indicating the likelihood
of a second coalescence involving the onset of slow

exchange between monomeric and associated forms of
diphenyl magnesium. This line broadening phenomenon

at low temperature is more readily observed in the

mesitylene magnesium bromide system discussed later.

3.3.3.2 of
THF

Variable Temperature Study
PhMgBr /dr -toluene /re s idual

The 300K I 3C spectrum of this system

3.3C and the active bond and bromide

indicaÈed. A variable temperature analysis
Fig. 3.5.

is shown in Fig.

contents are

is presented

AS

in



Fig. 3.5:rtç (22.6Zwtz) Broa.d Band D.ecoupled Spectra of
PhMgBr/S chlenk,/d, Toluene

' Peak assignments relative to the Toluene methyl (20.40ppm)

Toluene
A

1. 141.50

2. 165.48

ppm

1. 141.50

2. 166.02

ppm

1. 141.50

2. 166.23

1

300K
no precipitate

27OK

no precipitate

250K
no precipitate

2

B

1

c I

)



Fig. 3.5 (contrd)tttC Q2.6Zmnz) Broad Band Decoup ì-ed Spectra
of PhMgBr/S lenk/drt ï

I
1

2

141 .50

166.45

ppm

1. t4t.7t
2. 167 .O4

ppm

141 . 55

167.04

Toluene
235K

no precipitâte

210K

200K
no precipitation

I

F

1

2

I
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The origin of the line broadening in peaks 1 and 2 at

300K (Fig. 3.54), followed by line narrowing at lower

temperature appears to 1ie with a real chemical effect,
rather than an instrumental problem inherent in the shim-

ming of the spectrometer. This behaviour may be explain-

able on the basis of "hidden partner broadeniDg", which

has been observed by Hagias 3 u in the isobutyl magnesium

bromide ltllE/toluene system. Hidden partner broadening is
closely related to the concepts of resolution ( imptying

the chemical shift difference between partners in an equil-
ibrium process ) and sensitivity ( involving the prospect of

sensing the different partners in the equilibrium, espec-

ially when the population of one of the components is
1ow). If the chemical shifÈ difference is small and the

population of one of Ëhe components is low after the onset

of coalescence, then line broadening at the onset of slow

exchange ( Fig 3. 5A ) may produce, êt lower temperature

(Fig. 3.58), a peak with narrovüer line width but with the

predominant site only, clearly evident. The solution to

this problem lies wiLh the uEilisation of high resolution,
high field NMR specErometers.

Unlike the PhMgBrltlHF/dBTHF sysrem (Fig. 3.4), where

a coalescence temperature of ca. 255K \.vas noted, a gradual

broadening of the phenyl resonances (peaks l- and 2, Fig.

3.5C-F) is seen with successive decremenEs in temperaÈure,

indicating the approach to another slow exchange process

between chemical entiEies.
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Confusion arises as to which coalescence phenomenon

in Fig. 3.5 represents the Schlenk equilibrium. If the

continued broadening of resonances at lower temperaEures

corresponds to the onset of slow exchange in Èhe Schlenk

equilibrium process (which appears to be so, based upon a

comparison of the MsMgBr/toluene/d, -toluene system, dis-
cussed later in this chapter), then the coalescence temper-

ature in this solvent appears lower than for the PhMgBr/

THF system. However, the discrepancy in active bond

contents and nr/ph¡lg quotients for these two systems

negates an effective comparative study between the two

systems. Additionally, Lhe role that THF plays in the

lability of any equilibrium may also be important; in the

case of the MsMgBr system (see later), it appears that the

lability of the Schlenk equilibrium is increased ( i.e. ,

lower coalescence temperature ) when toluene becomes the

predominant solvent (greater than 90 mole per cent), given

similar active bond and bromide concentrations ) .

3.3.3 3 Variable
Diphenyl

Temperature Study of
Magnesium/THF/d, -tur

AcEive bond and bromide contents for this system are

as indicated in Fig. 3 . 3D, with variable temperature

spectra reported in Fig. 3.6. These specEra remain almost

invariant with temperature, although minor peaks ( 3 r 5,7 )

in Fig. 3.68 and Fig. 3.6C are evident. Such minor peaks

emphasise the deficiency of the t'C technique dealing

with responsive nuclei at low abundance. These minor peaks

indicate relative deshielding with respect to the major

peaks, âs would be the case for bridging phenyl groups in



Fig. 3.6t t tç (22.6ZfMz) Broad Band Decoupl-ed Spectrum
Ph rt{g/rHn/a , rHr

)
A.

.t

4

ppm

1. r23.44
2_ r25.33
3. r40.29
4. 169.30

ppm

1 . t23.17
2. r25.22
3 . 125.59
4. t40.29
5. 141.00
6.170.81
7. t7L.5r

300K
1 no precipitate

270K
no precipitate

4
B

1

a
J

c

PEAK ASSIGNMENTS RELATTVÐ T0 ß THF (2J.loppm)

ppm

6

ppm

t22.63
r24.95
140. 35
173.62

t

I 25. 06
125.71
t40.29

5\

1.
,
3.
4.
5.
6.
7.

1
r40.94
172 .38
1 73 .08

240K
no precipitate

210K

1 no precipitate

a
J

1
,
J
4

D
4

2
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associated species. A better interpretation of this system

could be achieved via an NMR study of Èhe t tC enriched

phenyl Grignard reagent (probably most economically

achieved by bromination of t t C-benzene followed by formal

Grignard synthesis ) .

3.3.3.4 Variable Tem
Magnesium/to

perature Study of Diphenyl
luene /de -toluene /residual THF

Fig. 3.3E summarises the active bond and bromide

evaluations for this system. Fig. 3.7A-D and Fig. 3.84-D

represent variable temperature analyses of the aromatic

Grignard region and the THFltoluene methyl region, respec-

tively. Fig.3.9A and Fig.3.98 are spectra accumulated

and stored at 2t0K after 3000 scans and represent aromatic

and THF regions, rêspectively. They should be referred to

Figs 3.7D and 3.8D which are continuations of the same

data accumulation procedure at 210K.

In Èhese spectra the following points are worth

noting:

of 1,4-dioxane,(1) Fig. 3.

ppm in

bromide

8 shows the presence

Fig.3.8A, which is

free diphenyl magnesium

unavoidable if

is desired.

at 67.99

totally

(Z) Residual THF accounts for about 10 mole per cent

(GLC) of the solvenE and is indicated by resonances 1

and 3 in Fig. 3.84.

( 3 ) There appears to be a correlation between the obser-

vation of precipitation and the appearance of down-

field shoulders on the THF peaks ( Fig. 3.8C, peaks 2

and 5 ) and accompanying downfield shoulders on the



Fig. 3.7 (8.8.) r3C Spectra for Aromatic Region of
PhrMg/Tol/d,rot ; 22.62 unz

1

ppm.

1. 140.31
2. t67 .05

ppm

ppm

140 . 31
141 .01
1ó8 . 13
t68.72

ppm

1. 140.36
2. 141 .01
3. r4t.55
4.169.59
5. 17O .72
6. 170.83

Aromatic
Toluene

310K
no precipitation

58,000 scans
(8rç)

270K
small amount of
precipitation
31,000 scans

(8K)

240K
precipitate noted

21 r 000 scans
(8lr)

210K
-Extensive precipitation
accompanied by Ioss of
spectrometer lock stabil-
ity (just before acquis-
ition terminated)

14,000 scans
(8ti¡

1

1.
,

140 . 31
167.48

C

1

2

J
4

1

2
4

1



Fig. 3.8: (n.n. ) 
t t

Phz

A.

C Spectra of THF/Dioxane Region of
Mg/Toluene/d s Toluene ; 22. 621',{,Hz

Methyl-ffoluene 
)

THF

THF ppq..

L. 2+.45

310K--ño precipitation
58,000 scans

(8K)

27OK
small amount of
- precipitation
- 31r000 scans

(8n)

24OK
precipitate noted

21,000 scans
(8K)

21 0K
--- - Extensive precipì-tation

accompanied by loss of
spectrometer lock stabil-
ity (just before acquis-
ition terminated)

14r000 scans
(8r'¡

B: .

Dioxáne

- ppm. -

- -1.24.40

)

'l

C

4

ppm

1. 24.34
2.24.94
3. 65.95
4. 67.7r
5. 68.42

. '-_- 
_Ppm

i r; z4:zg
2. 65.77
3. 67 .66

2

D

3

AII assigments relative to
all temperatures.

the toluene methyl (2O.4Oppm) at

Note the appearance of fine structure on the THF peaks at
lower temperature.



Fig. 3.9:'"C Spectrum of Ptr2Mg/Toluene/dr-Toluene

210K
22.62',[útã

Peak assignments relative to Toluene methyl (20.{Oppm)

Aromatic. Region Toluene

A

Toluene'

1.

,
a
J.

4.

ppm

140.36

141.01

169 .53

170.18

THF/Dioxane Region Toluene

3000 scans

J000 scans

B
ppm

1. 24.29

2, '24,94

3 . 6S.lZ

4.. 66 .37 _,

5. 67 .or
: 6.67 t0, .i

7

5
4
,'3

TH THF .

Spectrum rrDrr in the previous 2 figures represents a continuation
of accumulation after f.i.ds were stored at 3000 scans (above).
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phenyl magnesium peaks (Fig 3.7C, peaks 2 and 4).

This observation is made unequivocal at 210K in Fig.

3.9 , where, prior to the massive precipitation

observed in Figs 3.7D and 3.8D, distinctly defined

downfield peaks are visible. These downfield peaks

probably denote bridging phenyl groups, with phenyl

bridged associates representing precursors to the pre-

cipitation process. Thoennes and Wêisr" h".r" prepared

and characÈerised, by solid state means, the follow-

ing compound:

Ph Ph

M Li

Ph h Ph

indicating Ëhat phenyl bridges are possible in our

syscem. The persistence of these downfield peaks

(broadened slightly by field inhomogeneity as the

volume of precipitate increases ) probably indicates

that solvent is capable of retaining some of the

lower order associates in solution ( Fig. 3 . 7D ) . No

discernmenË of the degree of association is possible

using NMR, but "polymeric" MerMg has been postulated38

in solution, and it is conceivable that Ph2 Mg pre-

cipitates by formation of these extended units. The

persistence of the upfield peaks (".9., peaks 1 and

3; Fig. 3.7C) over the whole temperature range seems

to imply that the original, possibly monomerÍ-c, form

of PhzMg is still the predominant species in solution

after equilibrium has been attained, even at 210K.

LL,
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(4) The peak associated with Lr4 dioxane is also split,

indicating that it exists in a bound form as well as

THF. In polymerisations of MMA using initiators in

THF, the presence of Lr4 dioxane does not affect

active centres, since it can be assumed that THF is a

stronger solvating agent Ëhan dioxane. This is

perhaps most clearly demonstrated by Schulz et al.3e

in the anionic polymerisation of styrene using sodium

as counterion. In a non-polar solvent such as

toluene, where solvating agents are in low concen-

tration, this may not be so. For an eneidic polymer-

isation where discrete, differenE propagating centres

operaËe exclusively with respect to each other, âD

enËity with dioxane co-ordinated at the active poly-

merising site could behave differently to an anal-

ogous site where THF complexation is evident, thus

affecting such parameters as microstructure, molar

mass distribution and rate of reaction.

I33.3.4 C Spectra of Mesitylene Magnesium Systems

The mesitylene magnesium systems studied are shown in

Fig. 3.10, measured at 300K. Bromide and active bond

concentrations are shown, and apply to the variable temper-

ature spectra studied later in this chapter. By analogy

with the phenyl system, Èhe 1ow field peak of Fig.3.10B
(peak 4) is certainly the C(1)-Mg resonance, while off-
resonance doublet character suggests that the high fietd
resonance (peak 1) is that of the m-carbon environment.

Peak 3, based upon arguments by Jones'2 is assigned as the

o-carbon resonance, with peak 2 representing the p-carbon



Fig. 3.10t "C (20.lMHz-) Broad Band. Decoupled Spectra
of the Mesitylene System

300K

, Peak assignment relative to ß fgn (25.30ppm)

2(2)

Bromomesitylene
J.1 mole % in rur
External (cnr;z C0 lock
Off resonance splitting
in brackets

4( 1)
ppm

1.123.
2. r28.
3. 136.
4. r37.

t70 lE0 150 f40 r30 l¿U

r(2)

Ms MgBr/S chI enk,/rHn/¿ a rHF'

A

81

97
26
53

1(1)

3(t¡

Iltsl'tg
Is.

B

= .53M
= .501'f

ppm

1. r24.tr
2.732.3r
3. t46.o9
4. t64.25 3(1)

2(.r)Off resonance spl_itting
in brackets

4(t)
o

t70 r60 150 140 r30 120

Black dots denote the presence of mesitylene.
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site. Impurity resonances (denoted by black dots in Fig.
3.108) represent side-products of the Grignard synthesis.
These peaks (at ca. L26.7 and L37.2ppr) correspond precise-
ly to the field positions of mesitylene in THF and arise
in an analogous manner to benzene in the phenyl magnesium

system. Fig. 3.10C and Fig. 3.10D represent Èypical

spectra of MsMgBr/toluene/dr-toluene and MsrMg/fHf/A, -lHf
for the given bromide and active bond concentrations.
Addition of L,4 dioxane is an imprecise method of produc-

ing Ms2Mg as trace amounts of bromide remain in evidence.

3.3.4.L Variable Temperature Study of
MsMgBr/THF/¿e -THF

variable temperature t'c spectra for this system are

shown in Fig. 3.114-F. The four principal resonances show

distinct broadening at 290K, the approximate coalescence

Èemperature, with the downfield c(1)-Mg resonance showing

two distinct environments aE 280K. This two-site process

is Ëaken to infer the presence of the schlenk equilibrium
with exchange between EMgx and RrMg. The effect is appar-
ently transferred to other ring carbons much more effec-
tively than its phenyl counterpart, where this effect vras

only primarily noticeable at c(1)-Mg, although the upfield
m-carbons remain fairly unresponsive, even in the mesityl-
ene system. The exchange effecË at the o and p-methyl
groups of mesitylene remains unobserved due to overlap by

the ß fHf carbon resonance.

The

Schlenk

exchange

actual mechanism for the exchange process in
equilibrium has been viewed, in the lighË
processes between organomagnesium compounds

the

of

and



Fig. i.11: ttC ( 22,62tllz) Broad Bank .Deco.upled ,spectra
of the MsMgBr/SchIenk/THr/aafur Sysrem.

Peal< assignment relative to ß THI' (2-5.30ppm).

A

c

[¡rsug] = .53M

ls"l = .5oM

no precipitate

no precipitate

4

no precipitate

Sp ike

Spike 5

a
J

I

I denotes mesitylene

I

300K

ppm

r24.09
r3z.19
t46.o2
164 .7 |

290K

ppm

1. t24.04
2. 131.98
3.145.86
4. t65.4t

280K

t 1

)
a

4
spike oo4

I
B

a
J

2

I

4 ppm

1 23 .98
13t.76
132. 14
r45.70
146.29
1ó4.60
16ó.oo

7

I
,2

a

4
5
6

7

.,

36



Fig. 3.11 (cont'd),I3C (zZ.6zuuz) Broad Band Dec.oupled Spectra of
the MsMgBr/Schlenk /fun /arTHF System.

Peak assignment relative to the ß THI' (25.30ppm)
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alkyl mercury halides r âs occurring by a bimolecular

anism."'u o Ashby s proposed that an intermediate in

process rdas a mixed bridge structure of the form:

THF R

62

mech-

this

R

\/ \/

Phenyl

Mesitylene

Mg

Active Bond Content

.57þt

.53M

Br/nng Approx.

.81

.94

Coalescence Temp.

tu 255K

n, 2Ç0K

Mg

/ \ / \'Br THFBr

the stabiliËy of which \,vas important in determining the

rate of exchange. A comparison of coalescence temperatures

for the Phl'lgBr and MsMgBr systems is given in Table 3.2,

below:

Table 3.2

f-f. the exchange process is bimolecular then the rate of

exchange is determined by the equilibrium concentrations

at a given temperature, which is in turn dependent on the

active bond content and the nr/ehUg quotient. If at the

cited coalescence temperatures for Ehe two systems in

Table 3.2, the equilibrium concentrations are similar,

Ehen the variation in coalesence temperatures will give an

insight into the effect of the aryL group on the lability

of the Schlenk equilibrium. Given Ëhis qualification, it

appears that the increased stericity of the aryL group

retards the rate of exchange between RMgBr and B,Mg. In

partial support of the observation that steric effects are

important in determining the lability of the Schlenk equil-



dì
ibrium are the examinations of Hughes and Voglerral who

noted Ehat ct branching in organomercury reagents hras much

more effective in inhibiting exchange than ß branching. IË

has been noted s that terBuMgCI and terBurMg exist as Ewo

distinct tH resonances at 315K and yeE CHrMgCl gives only

one signal at 173K, in supporÈ of increased stericity

favouring slower exchange.

A comparison of the C(1)-Mg resonances (peaks 6 and

7) in Fig. 3.11D and Fig. 3.11E reveals that the upfield
peak shows broadening with decreasing temperature, a

feature in common with the PhMgBr/THF system (Fig. 3.4).

This broadening suggests the onset of slow chemical

exchange, probably between monomeric and associated forms.

Fig. 3.IZ indicates, on the basis of chemical shift correl-

ation and observance of peaks due to trace amounÈs of

bromide in the Ms, Mg system, that the upfield peak of the

C(1)-Mg doublet is due to the BrMg species (although this
is reversed for the other mesitylene magnesium peaks ) .

3.3.4.2 Variable Temperature Study of MsMgBr/
toluene /ds -toluene /residual THF

Spectra relevant to a variable temperature discussion

of this system appear in Fig. 3.134-F and Fig. 3.144-F,

and represent the aromatic/Grignard region and the resid-
ual THFltoluene methyl/o-methyl(MsMg) regions, respective-

ly. AcÈive bond and bromide contents are as indicated in
Fig. 3.10C.

Examination of the C(1)-Mg

3.13) reveals thaE the exchange

resonance ( peak 3, Fig.

process between Ms2 Mg and



Fig J.12z A comparison beth¡e".rt 
tc (zz-6zltuz) ,spectra of

I'rs rug/rHr'/daTHt' and MsMgBr,/rHr/0, rHn'

5 250K
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Correlation of Spectra based on chemical shift data reveals the foll-orv-
ing concerning the Msì\fgBr/T Uf'/a6THl' system:

That for the doublets (2,3) and (4,5) the downfield entity represents
the resonance associated with the di-mesityÌene speci-es (upfield assoc-
iated with brominated aryì- magnesium).

For the doublet (6,7) this appears to be reversed with the downfield
signaì- based on the brominated aryl magnesium.

Minor peaks (2,4,7) in the diaryl magnesium spectrum are believed to be
due to aryl magnesium bromidc.
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Fig. 3.13: C (ZZ.6ZMlttz) Broad Band Decoupled Spec.rra
of }lsMgBr,/Schtenk/tot/ã etot

Aromatic Region Shown I
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MsMgBr in toluene has a coalescence temperature signific-

anEly below that of the same species in THF aÈ similar

active bond and bromide contents (aÈ about 24OK compared

to 290K in THF). Fig. 3.14 confirms the presence of the

equilibriurn process, in a comparison between the behaviour

of C(1)-Mg and o-methyl carbons as a function of temper-

ature. Significantly, however, and in contrasÈ to the

system in THF, the effecEs of exchange are not transmitted

to other aromaEic ring carbons as a splitting of these

peaks (Fig. 3.13; peaks 1 and 2); merely a broadening of

these resonances as a function of temperature. This effect
remains unexplained.

Fig. 3.15 represents a variable temperature study of

a mixed solvent system (41 mole per cent d, -toluene in
THF) and its characteristics relative to other mesitylene

magnesium systems is indicaÈed below:

Table 3.3:

Active Bond
ContenÈ

.53

.52

.50

Br /MsMg

.94

.98

.88

Approx Mole %

THF

100

59

10

Approx Coalescence
Temp

tu 290K
tu 290K
tu 240K

The coalescence temperature in mixed solvent ( 59 mole 7"

THF) appears to be not significantly different to that in
pure THF, but in the case of a more extensive de-

etheration leaving ca. 10 mole per cent THF, the exchange

process is much more rapid. Again, such correlations
between coalescent temperatures require the equilibrium
concentrations to be the same before any comment about the
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Fig. 3.15: ^ "C ( 22.62ll{z) Broad Band Decoupled Spectrum ot
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effect of solvent can be inferred. However, House and
. 25 .co-workers " have observed Ehat the stronger the Lewis base

character of the solvent, the slower the exchange rate,

which is in general agreement with the daÈa of Table 3.3,

although this appears to be so only when de-etheration is

more extensive. This solvent effect is explained by these

workers in terms of a shift in a rapid pre-equilibrium

beÈween an unreactive disolvated otgáro*rgnesium and a

reacÈive monosolvate.

3.3.4.3 Variable Temperature Study
MsrMg/rHr/ds -THF

of

Variable temperature spectra for this system appear

in Fig. 3.164-8, and are of inÈeresÈ for two reasons:

(1) Imperfect removal of bromide presents the possibility

of small amounts of MsMgBr appearing in solution. As

mentioned previously, the MsMgBr resonances can be

observed at 250K (Fig. 3.16C, indicated by doÈs).

(2) Fig 3.16D shows that at 235K each of the major peaks

possesses a downfield shoulder (indicated by dots),

possibily due to deshielded bridging mesitylene

groups of associates. However, these peaks are not

observed in the 21-0K spectrum (Fig. 3.16E) and may be

relaËed to the past hisËory of the NMR tube sample.

Due to inÈermittent spectrometer usage, tubes \^rere

often refrigerated at 260K for extended periods of
time. Any precipitation noted just prior to usage r,vas

removed by slight warming of. the tube a condition

which may not Èotally preclude the presence of assoc-

iates. Such anomalies \¡rere noted infrequently.



Fig. 3.16: ": , zz.6zuÍrz)rril::fl_iîil$z3liiËrred specrra
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Fig. 3.1ó (contrd)rt'C (ZZ.6Ztmz) Broad Band Decoupled Spectra
of Ms2 t"tg/tHn/d, rHr

Peak assignment relative to ß THF (at 25.30ppm)
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3.3.5 Studies of the Cyclohexyl
Magnesium Bromide System

Since this organomagnesium system

sively as a polymerisation initiator,

this system \^/ere not undertaken.

66

hras not used exÈen-

detailed studies of

3.3.5

Broad band and off-resonance decoupled spectra are

indicated in Fig. 3.17. A reliable assignment of resonan-

ces is made difficult by the Presence of the ß THF signal

which is obscuring the remaining chexMgBr resonance

(probably the C(1)-Mg); Ehe triplet nature of peaks 2 and

3 reveal that they are not directly attached to the

magnesium atom.

A variable temperature study of this system featured

in Fig. 3.18, reveals the following:

( 1 ) Coalescence temperature for the given bromide and

active bond contents is in the range of 290-300K.

(2) The sensitivity of the downfield cyclohexyl peak

( Fig. 3.184; peak 3 ) to splitting, in comparison to

broadening at other sites, probably indicates that

this resonance corresponds to the C(2 16) carbons.

(3) In contrast to aryL systems where the C(1)-Mg reson-

ance moves downfield with respect to C ( 1 ) -Br by

approximately 40ppm, alkyl magnesium bromides sho*t t

upfield shifts with respect to alkyl bromides, for

C ( 1 )-Mg, of about lrOppm (.. g. , secBuBr secBuMg-

Br) . In this case the C ( 1 ) resonance moves from

"C Variable Temperature Study
of chexMgBr/rHr/d a-THF

1A
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Fig. 3.t8:'"C (ZZ.6zuHz) Broad Band Decoupled Spectra
of chexMgBr/Schtent/rur/a, rHn
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approximately

ion under the

MgBr).

52ppm (chexBr) to, presumably, a

ß fHf peak at approximately 25ppm
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posit-
( chex-

3.3.5 .2 A Variable Temperature
chexMgBr /d a -toluene /re

I
H

sid
Study of
ual THF

Fig. 3.19 shows a variable temperature examination of

this system, revealing broadening and_coalescence at low

temperature (coalescence being observed at about 210K).

Although this lower coalescence temperature is in keeping

with results obtained in non-polar solvent, the result

here is not entirely unambiguous. It is possible that a

ring fLip procedure:

also undergoes slow exchange concurrent with slow exchange

in the Schlenk equilibrium process.

3.4 Summary

Studies of the constiEution of Grignard reagents in
solution have been made necessary because the definition
of eneidic polymerisations, Ehought to be operating in
organomagnesium initiated reactions with MMAr42 suggests

that discrete different active centres may be related to

Lhe presence of RMgX, RzMg and just as importanEly, the

presence of monomeric and extended forms of the initiator.
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Fig. 3.19 (contrd): Cyclo hexyl Magnesium Bromide/deToluene/residual THF
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I,,lork carried out on the phenyl r frêsitylene and cyclohexyl

magnesium bromide sysEems supports the presence of the

Schlenk equilibrium at the given active bond concentrat-

ions and active bond to bromide ratios. A comparison

between PhMgBr and MsMgBr systems reveals that, provided

equilibrium concentrations are the same, slower exchange

is evident for the bulkier mesitylene enEity. For the

MsMgBr system, the nature of the solvent (THF/coluene)

becomes importanÈ at more extensive de-etheration; the

rate of exchange between Rz MB and RMgX sites increasing in

more extensively de-etherated systems.

The observation of associates has been noted in the

Ph2Mg/toluene/dr-toluene system as a precursor to precipit-

ation and, in certain circumstances, broadening of the

upfield C(1)-Mg peak (in the case of PhMgBr/fUf/¿r-fUf and

MsMgBr/fHf/¿a -fHf) may be associated with the onset of.

slow exchange between monomeric and extended forms of Msz

Mg and Ph2 Mg. No apparent observation of such a process

vüas noted for the C (1) resonance of the PhMgBr/t',tsUgnr

entity, probably because terminal aryL groups of these

halo bridged associates are noÈ at chemical shifts suffic-

iently different from the aryl entity of monomeric PhMgBr/

MsMgBr, ât 22.62MHz resolving pohTer.

Finally, the concentration of active species was

necessarily high for t'C analysis, si-nce reasonable signal

to noise vüas required over a five to six hour accumulaËion

period. In the polymerisaÈion process, however, the active

bond concentration is significanËly lower and observations



noEed in this chapter may not necessarily

those circumstances. Likely differences may

extent of association and slower bimolecular

the Schlenk equilibrium.

6ñ)

apply under

be Èhe lower

processes for



CHAPTER 4



4 POLYMER PRODUCTS

¿+.t IntroducËion

In this chapter a discussion of molar mass, molar

mass distribution and steric triad distribution of pMI,lAs

formed by PhMgBr, MsMgBr and chexMgBr initiators and the

corresponding diaryl magnesiums will - be examined as a

function of temperature, solvent (THF/toluene) constitut-
ion and bromide to active bond ratio. rt is envisaged ÈhaË

a thorough examination of these parameters will provide

information on the mechanism of monomer addition at active

chain sites.

Molar

using Gel

structure

mass and molar mass distributions
Permeation Chromatography (GPC),

r¡/as determined with the aid of NMR

h/ere studied

while micro-

specEroscopy.

4.2 Outline of Theory f.or Techniques Used

4.2.1 cPC

This instrumental technique has long been acknow-
Iredged as an extremely useful method for determination of

molar mass distributions since other methods for evaluat-

ing Mw/Mn by a combination of techniques such as osmometry

(M\ú) and light scattering (M-n) arerrblind", i.e. a stated

value for the heterodispersity index assumes a mono-

disperse distribution (Gaussian) of molecular weights.

However, where polymer products arise from discrete non-

exchanging active sites propagating at different rates, as

has been observed in some systems12 such an assumption is

70
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invalid. These conditions give rise to broad and polymodal

distributions with molecular weight profiles representing

the sum of component Gaussian distributions for each

different type of active centre present in the reaction.

GPC is the only tool capable of characterising such

systems.

The GPC experiment involves the addition of a dilute

polymer soluEion (in this thesis about 600u1 of .37" w/w)

into a system comprising:

( 1 ) In jection Loop. A I/üATERS Model U6K In jector with a

capacity for a ZmL injection was used.

(2) High pressure solvent pump to maintain solvent flow

in the system (I¡'IATERS Model 60004 pump ) . Methylene

chloride lvas routinely used as the carrier solvent in

this work with the solvent being pumped at 1.5mt min-].

( 3 ) A means of separaEing polymer molecules according to

their stze in solution. For this purpose a series of

four columns containing cross-linked styrene/divinyl-

benzene copolymer ( WATERS U -Styragel ) were used with

porosities 10' Ao, 1O 
u Ao, l-0 

u Ao and 1O 
t 

Ao r rêspec-

tively.

(4) An in-series detector to register the separation pro-

cedure occurring on the U -Styragel columns. In this

work a üIATERS R401 differential refractometer \^/as

used, which monitored the difference in refractive

index between pure solvent and polymer solution.

( 5 ) Volume Counter. Elution volumes were measured by

means of a constant volume ielivery siphon attached



to the refractometer outlet. This volume count *'^:
electronically and simultaneously superimposed on the

recorder profile of molar mass, received as an amplif-
ied signal from the differential refracEometer.

The mechanism for the separation process occurring on

the columns is still not unequivocally knownr 3 although

Moore t and Laurent and Killander a suggesÈ that as the

polymer solution passes through the columns, small molec-

ules are retarded by entrapment in the pores of the gel,
more so than Large molecules which pass through more

rapidly.

The quantitaËive deEermination of molar mass and

heterodispersity index using this method is where problems

arise, since the technique is not absolute; it relies upon

the accurate calibration of the system, in the absence of
suitable pMMA standards, with polystyrene standards of
known molar mass and narrov/ molecular weight distribution.
The calibration techniques most frequently used involve
the plotting of elution volumes for these standards

asainst losF[u 
\47

logR^ u (*h"r" R- is the radius ofeeor an

impenetrable equivalent hydrodynamic sphere ) . The logM, vs

v" curve is not linear, with deviations from linearity
notable in the very high and very low molar mass ranges.

At very high molecular weights the polymer chains may be

envisaged as being totally excluded from the pore spaces

of the Þ Styragel columns, thus having shorter retention
times than predicted. For small molecules all pore sizes

may be accessible to the polymer chainr so that retention
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is longer than predicted. In these ranges GPC is an

ineffective Ëool for estimating molar mass. In this thesis

the working range of molecular weights that could be

evaluated wiÈh respect to polystyrene \^7as of the order 10+

6

-10 Implicit in the interpolation of molar mass of pMMA

from this calibration curve is the assumption that the

solution properties of a polymer with polar side groups

ere coincident with that of polystyrene, which is probably

not the case. PresenÈ research in the field of GPC has

been directed toward the establishment of a universal

calibration curve, independent of the type of polymer

investigated, by inclusion of such parameters as root-

mean-square radius of gyration, unperturbed mean end-to-

end distance or intrinisic viscosity 6 - t o into the expres-

sion relating molar mass to peak elution volume. The

solution to a universal calibration curve has, however,

yet to be fully resolved.

Another aspect of the GPC technique which requires

consideration is whether detector response is independent

of microstructure. Jenkins and Porterrll studying the un-

perturbed chain dimensions of isotactic and syndiotactic

pMMA in a thermodynamically good solvent, THF, have shown

that isotactic pMMA is 30% more extended than syndiotactic

pMMA, wiEh the former showing a lesser degree of polymer-

solvenE inËeraction. Refractive index (as well as peak

elution count) may well differ as a consequence, giving,

for example, erroneous estimates of the relative propor-

tions of polymer produced at isoEactic and syndiotactic

sites in a reacEion where both centres coexist. However,
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!üork done in this thesis tends to indicate thaË, when

isotactic-like and syndiotactic-1ike polymers r¡¡ere run
under normalised conditions the variation in area under

each chromatogram Ì,vas abouE ! t5-20%r âD error which is not
unusual for a chromatographic technique. rn this thesis it
will be assumed that recorder response is independent of
microstructure.

4.2.L.L Treatment of Results

(a) Estimation of Molar Mass

Despite the fact that attempÈs to provide universal
calibration curves for molar mass evaluation have been

partially successful, these methods are totally unsuitable
for broad molecular weight distributions encountered in
this thesis. At present, one of the more accurate theories
for molar mass determination utilises the relationship log
( [ n ]Mvr) vs u" t (che elution volume) for arr polymers,

necessitating the determination of In] at the Gpc operating
temperature ( 30' c ) in the operating solvent to derive
molecular weight. Given the difficulty of broad distrib-
utions present here, the plot of logFîr(psty) vs v. has

been persevered with, despite its limiËations, and values

for the molar mass of pMMA appearing at a given v" \,vere

interpolated from this plot. These molar masses should be

viewed with caution. Hagiasrt' ."ing an isotactic sample of
pMMA with an interpolated M, of 2xro6 and an l,Ir/ltr, =1 . g,

obtained a viscosity average molecular weight of g.xl_06

for the same sample (however, in the absence of data for K

and o in the Mark-Houwink relationship r.or isotactic pMMA,

values appropriate to atactic pMMA \,vere used ) .



75

(b) EstimaEion of Molar Mass Distribution

As menEioned previously the evaluation of ¡{-\d/Mn

attains significance when the nature of Èhe GPC is Gauss-

ian in form. If this is so then two meËhods available for

the evaluation of polydispersity index are:

(1) Using Ëhe method of Herdanrtt " plot of elution volume

versus cumulative weight per cent_ is produced, which

under Gaussian conditions is linear, with standard

deviation determinable from the difference in counÈs

between the 507" and L67" mark. The molecular weight aE

the 50% mark, Mg, represenLing Èhe geometric mean, is

evaluated and Mr, M' obtained from the reLaËions:

M :Mwg
[T lMl^7' n

where k slope

(2) Using the method

.k

exp (oirw /z't

exp tofiw)

of the calibration curve.

of l,rlaters Associat"rt u

U
Mt^l

o c

Equn L

Equn

4

4 2

Mn

M
w

æ.r h. Ir=r I
æ

I

æ

I

æ
M. )/. r h.I I=I I

(h /vI ]-
Equn 4.3

1

h I Equn 4.4

where h-. is the height of the chromatogram above a
].

theoretical baseline at the ith volume count; Mi is

the interpolaEed molar mass from a polystyrene calib-
ration curve aË the ith volume count.

I
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4.2.2 NMR

Before the incepÈion of NMR spectroscopy as a means

of evaluating polymer backbone stereochemistry, its deter-

mination !üas difficulÈ. Goode and co-workersl t utilised. the

concept of an infrared J value in conjunction with glass

transition temperature measurements Èo determine whether

the polymer rÀras syndiotactic, isotactic or isotactic-
syndiotactic. The problem with this method vüas its lack of

sens itivity .

Bovey and Tiersr6'I7'rt rete responsible for development

of the more sensitive NI'IR techniguê, whereby the variat-
ions in configuration and the relative population of those

configurations could be evaluated about a site of inter-
esE, by virtue of the different chemical shifts imparted

by configurational variation at that site. tH NMR resonan-

ces of the main chain methylene group of pMMA depend on

whether these protons reside in a racemic (r) or meso (m)

dyad:

c02cH3 co2cH3 co2cH3 CH:

CH,

H

CH, CHe co2 cH3

In the case of a racemic dyad, boEh methylene protons are

in identical environments and thus a single I H peak

arises. The two methylene protons of the meso dyad are not

identical and mutually split each other to give an AB

H

r

H

m
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quartet. Symmetrical additions of two monomer units to

either end of the dyad generate tetrad, hexad etc. config-

urations. At 90MHz resolving poi^7er used in this Èhesis,

however, tetrad configuraÈions are only partially resolved

and not of great help in staListical argumenÈs concerned

with mode of monomer addition.

By examination of ct -methyl signals. of pMMA using

NMR, Bovey and Tiers l6r I7"t rere able to distinguish

following Èriad configurations :

tH

the

X Y X X

A B C

YYYYXYXYY
mmÍÍrm

i=ntîtS=Trh=tTtt.

where X : o-methyl Y - COzCH:

and flrr denote meso and racemic dyads, respectively

Configuration A, above, represents the isotactic contrib-

ution to Ëhe triad, B the syndiotactic content and C the

heterotactic contrj-bution ( effectively indicating the

number of sequence changeovers in the system; occurring

when an isotactic sequence changes to syndiotactic or at

sites of isotactic inversion). At 90l4íz resolving povüer

used in this thesis A, B and C are clearly resolved.

Further configurational resolution yields pentads, heptad

etc. , which are invaluable in mechanistic studies but

beyond the capability of a 9O¡{uzrH spectrometer. Chemical

shift data for tH resonances, measured at 4O0K in a solvent

YXXXX
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benzene (ODCB),

d 5 -dimet.hyl sulphoxide

are indicated in Table 4
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(DMSO ) /o-di-chloro-

1 below:

Table 4.1

Proton
EnvironmenE

CT, CH

90 MHz Resolution

Triads: i

Dyads:

AB signals
(for m dyad)

Chemical ShifE

I.24 ppm

L.TL
0. 99

2.20
2.t5
L .67

1 .50

3

h

s

Backbone
Methylene

T dyad centred at I.96 ppm

In our experiments the methoxy, OCH3 r protons do not

appear to be influenced by the effects of stereochemistry.

Spevácek and Schneiderr e propose that this may be due to

free rotation about the C-O bond. Ramey and Messick2ohave

shown, however, that the methoxy protons split into triad

and higher placements Lf spectra are collected from pMMA

in aromatic solvent. This solvent effect has not yet been

explained.

The utilisation ofI3C NMR spectroscopy as a means for

the determination of microstructure provides the most

effective means yet to gain access to higher order chain

placements (pentads etc . ) . Inoue et al.2 t h"rre shown that

the Nuclear Overhauser EffecË due to proËon decoupling has

no influence on the estimation of microtacticity. This

factor has particular significance in the resolution of

the carbonyl carbon of p¡ß14, where Johnson et aL.'2 have



i9
noted thaE in comparison with the o,-methyl carbons (both

of which are sensitive to triad and penËad configuraÈ-

ions ) , the carbonyl chemical shift range is approximately

ten times greater than that of the cr-methyl carbon. This

implies that the Ëen pentad placemenÈs (mmmm, mmmr, mmrm,

mmrr, mrrm, mrmr, rmmr, rrrm, rrmr, Trrr ) incur less

overlap than at the o-methyl carbon. However, even so, at

20.1MHz resolution used in this study all of these peaks

in the carbonyl region \^/ere not clearly distinguishable.

Numerous authors23t24 "thave speculated on the assignment of

carbonyl pentads, but absolute assignment awaits higher

resolution spectromeÈers. Assignments of the various

carbon environments of pMMA are listed in Table 4.2 below:

Table 4.2:

Carbon Environment 20.1 Ì'fHz Resoluti-on -;'.Chemical Shift

a-CH3

Quaternary
Backbone

Methoxy Carbon

Methylene Carbon

Triads
( listinct )

Triads i
( Partial Overlap )

h

S

Single unresolved peak

Dyad broad overlapping

].

h

S

22.0 ppm

18.8

16.6

45.5

44.9

44.6

51.8

52.1

55.0

m

r
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Tabl-e 4.2: (continued)

Carbon Environment

Carbonyl

20.1 MHz Resolution

Triads, Pentads
(AIl pentads not resolved)

-rtChemical- Shift

I

h

S

centred at
centred at

mrrm
mrrr
rrrr

176 .4

r77 .r

r78.2
178.0
r77.7

-x-Chemical Shi-fts were recorded at

AtÈempts by Mairz 6 to use lanthanide shift reagents to

improve signal resolution tended either not to shift the

carbonyl peaks or decreased penÈad resolution, when Eufod:

or Ybf od3 vùere used.

4.2.2 1 Statistical Arguments based upon
the Assignment of Microstructure

As mentioned previously, the evaluation of tacticity

is of great importance in the determination of the growth

mechanism occurring at an active site. Statistics occur-

ring at a growth centre may be described by Bernoullian,

first (or higher) order Markov" ot Coleman-Fox" behaviour.

The simplest of these is Bernoullian trial statis-

tics, where Èhe addition of successive monomer units is
independent (in terms of addition of the next dyad) of any

prior additions to the growing chain. These statistics are

fully tested when data concerning triads is avaiLable.

Given Ehat P* and P, (=l-Pm) are the probabilities that

meso and racemic additions, respectively, occur for the

adding monomer unit, then the following triad relations

follow from this condition under Bernoullian statistics:

J00K in cDct3 -3% rus.
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h

S

i

(mm ) P

(rm + mr) ( 1-P )2P
m m

(rr ) ( 1-P
m

2

m
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Equn 4.5

Equn 4.6

Equn 4.7

Equn 4.8

2

+ h+g=1

First order Markov statistics apply when the configur-
ation of one unit, most probably the chain end, affects
the mode of addition. This system is characterised by four
probabilities Pmm, Pmr, P* and pr, (where, for example,

Pr* is Ëhe probability of a meso dyad placement following
a racemic dyad). If:

(1) P

(2) P

(3) P

(4) P

mr

mr

mr

-+

-ù
>o

P

o

1

P +rm

rmP

t ; isotactic polymer is formed

O ; syndiotactic polymer

heterotactic polymer

finite : stereoblock polymer

P >0.5 :rm

small butrm' mr

From triad data Markov models can be fitted but not
distinguished. confirmation of first order Markov statis-
tics require a knowledge of tetrads in order to establish
the validating relationships: 2 e

4(mmm)(rmr)/(mmr)2 1 Equn 4. 9

4 (mrm) (rrr ) I (nrr)2 = 1 Equn 4.10

similarly, for sysEems following second order Markov

statistics, where the next to last completed dyad of the
growing pMMA chain affects the mode of addition of the

nexÈ dyad, full confirmation of these statistics is not
tested until the following pentad relationships have been

established:2 t



4 (mmmm ) (rmmr ) / (mmmr )2 = 7

(mmrm) (rmrr) /(mmrr) (rmrm)

4(mrrm) (rrrr) I (mrrr)2 = L

1

Equn

Equn

Equn
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4.rt
4.L2

4.L3

If an active cenË,re exists in two chemically differ-

ent states of differenE reactivity and stereospecificity
in equilibrium, then Coleman-Fox statisEics2s prevail if
the lifetime in each staÈe is longer _ than the time f.or

monomer addiËion. The mode of addition here is dependent

upon the state occupied by the reactive centre and not

upon previous additions to the polymer chain. Pentad

assignments are required to test the validity of these

statistics.

Chain statisEics give a good indication as to the

nature of the active centre and how the next monomer unit
is incorporated into the growing chain:

(1) Typically, radical polymerisations, ionÍ-c polymerisat-

ions (propagating via free ions or loose ion pairs at

planar sp' hybridised chain ends) and rapidly inver-
ting tetrahedral centres, are disposed to Bernoullian

statistics. Under these circumstances the asymmetric

carbon in the chain attains its configuration only

after addition of the neit unit.

(2) Under conditions where the active chain end is assoc-

iated with a covalenE, carbon-metal bond at a site of

non-inverting tetrahedral symmetry, with the mode of

addition being via insertion into the carbon-meÈal

bond, t o alternatively, âssociaEed wiËh a tight ion

may impart

or

pair, the stericity of neighbouring groups
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a persistent mode of monomer approach and addition.

Such behaviour would be enhanced if penultimate or

anEepenultimate monomer residues vüere co-ordinated to

the metal counEer ion at the active centre. In the

case of p¡{MA this co-ordination would be mosE probab-

ly through carbonyl groups. First or second order

l"farkov behaviour would thus be evident.

Complicated non-Bernoullian systems have been obser-

ved in alkyl magnesium/¡'lplA systems by Bateup and Allen"in
non-polar solvents and by Müfl 

"t" 
for the cumyl caesium/

MMA/THF system, the latter showing first order Markov

behaviour.

4.3 Experimental

4.3.1 Production of Polymer

Reaction vessels of the type shown in Fig. 2.8(b) and

Fig. 2.9 lvere used to prepare samples of pMMA. In partic-
ular, the reaction vessel of Fig. 2.9 vüas useful since it
gave the opportunity to examine samples of pMMA taken from

the same reaction, without variation in the initial reac-

tion conditions. The study of the mesitylene, phenyl and

cyclohexyl magnesium systems as a function of solvent

composition \^/ere routinely sÈudied by using the reaction

vessel of Fig. 2.8(b).

Studies to date on the reactions of MMA with organo-

magnesi-um compounds have shown considerable variability in
the mode of mixing of the initiator with MMA. If the

conditions aÈ the instanÈ of initiation are critical in



the determination of final polymer

by Yoshino " a.rd Allen, 31 then the

critical .
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products, ês predicted

mode of mixing can be

Bateup 3 a used a meËhod whereby frozen monomer and

f.rozen initiator hrere melted to Ëhe required polymeris-

ation temperature. This method, in the case of Grignard

reagents, has the disadvantage that often MgBrz is left as

a precipitate following melti.g; a component which is
critical in the determination of active centres produced

and hence polymer resultant.

Mairr26 utilising reaction vessels identical to Fig.
2.8(b), added terBuMgBr and terBuzMg to the upper half of
these reaction vessels in solvent (THF/toluene ) which \,vas

of the same mole fraction THF in toluene as the MMA/

solvent mixture in the bottom half of the reaction vessel.
Following equilibration at the reaction temperature, the

initiator was run on to the monomer solvent with shaking,

and then left unstirred for the duration of the reaction.
The advantage of this technique is that it partially
relieves the discontinuity in the nature of Ehe solvent at
the instant of mixing (although monomer still imparts

substantially differenÈ character to the lower part of the

reaction vessel ). The disadvantage of Ëhe technique lies
in the fact that Lf. a series of reactions is studied over

the whole solvent range from total toluene to total THF,

then the mole fraction THF / toluene in the upper half of
the reaction vessel must change over the series of reac-
tions as Èhe total amount of THF in the reaction is
increased. This may alter the nature of the schlenk equil_
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to the

of THF

and associaEion

desirous effect

equilibria (Chapter 3), in

of altering the final mole
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addition

fraction

Matsuzaki et al.," ir a study of the phenyl magnesium

system, added the initiator in THF or THF/toluene mixtures

to neat MMA as a variation to the approach by.Mair.

The mode of initiation in organomagnesium/¡,tt'tA systems

is important and can be compared with other systems, most

notably in Ëhe nBuli /¡,tUn/fHf system examined by Hatad.a,3 6

where, using a slow growth initiation techniguê, polymer

with a 757" meso contenE has been produced (in contrast to

47% when initiator and monomer are mixed together in the

usual fashion).

The method of initiation in this thesis entails the

addition, with vigorous shaking, of the alkyl/aryL magnes-

ium compound in either THF or toluene, initially thermo-

statted in the upper part of the reaction vessel, to

monomer in THF andfor toluene, thermostatted in the lower

part of the reaction vessel. Following this Ëhe reaction

\^7as allowed to stand without stirring for the given reac-

tion time before termination by the addition of methanol.

Polymer \,vas then collected by precipitation in excess

methanol . Low molecular weight material, when present, r^ias

obtained by the addition of H, O subsequent to collecÈion

of methanol insoluble material. All polymeric material r^7as

dried in a vacuum oven prior to characterisation.

Some

standing

conventions

of diagrams in

require explanation for an under-

Ehis chapter:
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( 1 ) All reactions have been defined on a mole fraction
scale raÈher Èhan in terms of temperaÈure dependent

molarities, and these mole fractions are expressed on

diagrams as:

x/Y/zwherex=Xnug/uun

Y = Xuue/solvent

7:\/-a xTuF/toluene

(2) The concentration of active bonds menÈioned in the

diagrams refer to the initiator solution prior to its
addition to the monomer in the lower part of the

reaction vessel. In all irr"t"n."", unless otherwise

stated , !!.Ocm'(t3%r25"C) of this initiator in THF or

toluene r^rere added, f or Èhe cited bromide to active
bond raËios. Given this data and the reaction para-

meters xlylz, actual molarities can be evaluated, aE

least in pure THF and toluene, if the foltowing
density-mole fraction equations by Mair37 are employed:

(a) Toluene

T
puvlTrot = 1'128J + '1119xuul/rot - ('89+z + .1280Xuua/rot)t.to+

Equn 4.14

(u) rup

T
Putt.tTtHr - t't945s +.0919 XMul/rHn -(1.0332 + .0653 Xuun/run)r.ro-s

Equn 4.15

where T is the reaction temperature.

( 3 ) For diagrammaEic simplicity in this chapter, reac-
tions carried out in "tota1" toluene are cited as
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(=z) of zero. However, under these

circumstances the initiator has been prepared in

toluene by the solvent replacemenË of THF, leaving

residual ether. This residual material in the iniË-

iator solution is extremely difficulE Ëo govern and

is crucial in the determination of bromide to active

bond ratios and could be important in determining the

extent of initiator association, both of which may

decide the nature of active centres produced. An

attempt has been made to maintain consistent amounts

of residual THF in any toluene initiator solution
produced and is summarised below:

(a) Mesitylene magnesium initiators prepared in

toluene contain between 7.0-2.3(tt0%; GLC) mole

per cent THF in toluene.

(b ) Phenyl magnesium initiators contain 1 . 1-5 .0 (t t)'/"i

GLC) mole per cenË residual TllF in toluene.

(c) Cyclohexyl magnesium bromide prepared in toluene

contains 7 .0 ( t I}"L; GLC ) mole per cent THF in

Eoluene.

4.3.2 GPC Operating CondiLions

A summary of the

this instrumentation is

(1) Solvent : l4ethylene

(2) Solvent Flow Rate:

operating conditions applying for
as follows:

Chloride

1.5m1 min.-r

(3) Columns: p -Styragel i 103, 10u, 10t, l-06A0 in series

(4) Column Temperature: 30'C
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( 5 ) Detector: Dif f erenEial Refractometer (I^IATERS 401)

( 6 ) Normalised Traces: when attempted, 20( t 1%)mg. of

polymer \,.ras dissolved in 6.80 ( t 1%)gm. of methylene

chloride. For Ehe refractometer aÈtenuated at x8, and

a pen recorder full scale deflection of 0.1 volt, 600

Ul of this polymer solution was injected.

Superimposed on all GPC traces vüas a volume count.

For a meaningful correlation beEween traces, the volume

counË at the appearance of the solvent peak should be the

same. However, during the course of this thesis the

solvent count did vary on occasions due to instrumentaL

diff iculties. This l^/as remedied by ensuring that poly-

styrene standards were run, so that a logM*(pSty) vs

elution count calibration curve \^7as evaluated f or each

varying solvent elution volume.

4.3.3 NMR Operating Conditions

The following instrumental conditions applied for the

determination of tacticity.

(1) . H NMR

(a) Resolution:9OMHz

(b) Solvent : 3O"L d6DMSO/o-dichlorobenzene

(c) Temperature: 400K

(d) ConcentraEion: due to the possibility of vis-

cosity broadening of lH NMR signals, the concen-

lration \,üas mainÈained so that the contents of

the 5mm tube were always non-viscous and freely

flowing.



(e ) Tacticity determinations : Triads r,irere

t.he cl -CH, 
t 

" 
resonance. InEegrated

r¡rere used f or triad evaluati-ons.
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measured at

intensiÈies

(2)t3c NMR

Resolution: 20.tMHz

Solvent : dr-chloroform-3% TMS

Temperature: 300K

Concentrations: Due Ëo low sensitivity, concen-

trations used r¡/ere about zo%(wlw), with 5000-6000

scans ( 8K data ) being sufficienÈ Ëo produce good

signal to noise. t'C linewidths are less affected

by viscosity.

Tacticity deEerminations: Triads were measured at

the o-CHs rêsonance and confirmed at the quater-

nary backbone carbon. Partial pentad resolution

could be made at the carbonyl carbon. Integrated

intensities $/ere used for triad evaluation.

(a)

(b)

(c)

(d)

(e)

4.4 Results and Discussion

4.4.1 Observation of Colour Change
on Mixing of Reactants

Colour changes on mixing of reactants are character-

istic of reactions of organometallic compounds of Groups

IA, IIA and IIIA with MMA.

In the anionic polymerisation of MMA by alkyl sodium3E

and lithium 3 s,4 0 compounds the colour change has been

assigned to the living anion, with an absorption maximum

at I_^-, tu300-33Onm., trailing into the visible spectrum.max
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Observation of the colour change in the Et 3 Al /tqUn

system is much more complex, u I although the absorpEion

maximum appears aË a similar position, À*r*.r,300nm., and

trails into the visible region. A 1:1 complex formed

between MMA and Et3 Al produces an orange coloration at
high concentration, but at low concentration appears

yellow. In addition, a 2:L (MI'IA: Et. Al ) adduct forms which

is also yellow and a transient red flash is apparenË and

is believed to be due to the formation of a 7:2 complex,

rn the reacËion of cyclopentyl magnesium bromide with
the ketone, 4-methylmercaptoacetophenone in dieEhyl ether,
studied by Smíth et al. , 

u' the reaction vras first order in
ketone. The kinetic order with respect to organomagnesium

Ì^ras one in dirute solution and zeÍo at high concentration,

corresponding to a mechanism involving complex formation.
spectroscopic evidence for the presence of this complex

came with the observance of a nehT absorbance maximum at
343nm . Thi s i s in agreement with other re search"r. ut'uu 

who

postulated:

ketone + Grignard ---\
k

complex products Equn 4.L6

observation of colour changes in the chexlrfgBr/uue

reaction system noted in this thesis are as follows:

1) vühen the iniËiator r^/as added as a toluene solution
(upper part of the reaction vessel, Fig. 2.8(b) ) to MMA

in THF and/or toluene, the colour change ranged from an

intense orange for the reaction in toruene ( spontaneous

and with a duration of 60-80 sec. ) to a situation where

no obvious change developed at ( XfHf /tot: .8o ) fir,.l.

K
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Pale yellow colorations rÁIere noted between (X'Hf 
/ToL=.4-

. 8 ) f ir,.t . For the reacEion with (X tHf lf ot) f i.,al - .2 r, âD

orange coloration was noted, similar to the reaction

carried out in pure toluene, except Ehat the attainment

of this colour was less spontaneous and less intense.

2) t¡lhen the initiator was added in THF (upper part of the

reaction vessel) to MMA in THF and/or toluene, colour

changes ranged from undetectable for Èhe reaction in

THF to yellow when the final proportion of. toluene in

the reaction was at its highest (XfHf lfot)fi'al=.4o
3 ) No correlation existed between the presence or absence

of coloration and the yield of methanol-insoluble poly-

meric material (20% and 22% yieLds afEer 3 hours for
reactions in THF and toluene¡ rêspectively), although

the reaction in toluene yielded a more isotacEic poly-

mer with a higher molar mass component (see later).
Reactions carried out in systems where THF \¡7as present

did give significanE yields of low molecular weight

maEerial after 3 hour reaction times, whereas in
toluene this Ì^/as not so.

Colour changes for this system are similar to those

observed by MaLrz ' in the terBuMgBr system. The origin of

this colour change may arise from several possibilities:

( 1 ) Growth centres similar in character to those formed

using alkylsodium/lithi-um initiators with MMA, where

the intense orange or yellow colours could be due to

the presence of two different types of active centre,

one producing a yellow colour in the presence of THF



and the other

toluene.
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giving an intense orange colour in

This option can be discounted by the fact Ëhat the

concentraEion of active centres in Grignard/¡fUn

systems is known 3 I to be in the ¡imolar to mmolar

range, with such concentrations being incapable of

producing the intensity of colour change observed

here.

(2) The formation of a complex between

alkyl magnesium centre as has been

the MMA/Et3 A1 system. This complex,
oc'Mair,'" would take the form:

X

Y

I

Mg

SS

Y

l

o
¿f

monomer and Èhe

postulated 41,a5 irt

as suggested by

5

\

C

I
Hz

1-^U_U

Y

I

o

!lg

1
ö

o

0

\
C

I
0cH3

ê € o

o

\
C

/
@

ocH 3

/

\
C

lt
\

C

CH

H3

CHz 2

C C

I \
0cH3 CH^

I

where a charge transfer band would arise from I+I*
transitions, with the IJ. state being more polar than

I, implying that the charge separated canonical forms

make a greater contribution to the nature of the

complex than the ground state. The entities X, Y and

S are indeterminate, but S:THF or co-ordinated

H3



polymer carbonyl and X, Y represent

group, halogen or growing chain.

(3) A third possibility lies wirh rhe

radicals:

R. + CH3O

93

any Èwo of: alkyl

presence of ketyl

CH:
.¡
ç C=CH2êR.+CH,
I
OMgBr

OC=
Hs

gBr

c

HC
2

I
oa,

Okubo, u' ir the reactions of terBuMgCl, benzylMgCl and

PhMgBr with substituted benzophenones, noted their
ESR sensiÈivity and ascribed the transient pink color-
ation of the reaction as being due to the ketyl
radical. ESR observations by Fauvarque et al.utin the

reaction of RrMg compounds with benzophenone indicate
the formation of intermediate ketyls, with their con-

centration dependent on solvent polarity as well as

the ability of the R group to stabilise the radical.
Fauvarque et aL.a7 and Blomberg and Mosher,aB presumed

that Ëhe initial reaction between Grignard reagent

and ketone proceeded via two reaction pathways:

RMgX + Ar. C o Polar -

P-aTffiû Ar,

SET
Pathway

c
I
I
¡

I
R

o
I
I
I
I
Mgx

[n. + Arz COMgX]

Solvent Cage

Further reaction
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Ashby and [.liesemam ru 
t however, noted thaÈ when a

single electron transfer occurred to provide the

ketyl radical , the trans f er \^las enhanced by an in-

crease in solvent polarity. Provided it is assumed

that the difference between orange and yellow colorat-
ions in the chexMgBr/¡mn system, sEudied in this
thesis, reflects concentration effects and not differ-
ent chemical entiLies, then observations by Ashby and

Wiesemanna 
s tend to contradict the observed effect of

greatest intensity coloration in toluene (orange) and

the least in THF (no coloration or a very pale

yellow).

In contrast to the chexMgBr system, the reactions of

PhMgBr and MsMgBr and their corresponding dialkyls showed

no colour change whatsoever, over the whole solvent range,

at similar

ratios.
**rg/UUn and comparable bromide to active bond

The most likely origin of the coloration in Grignardl

MMA reactions appears to be via the charge transfer band

of hypothesis (2) above. Lack of coloration for the PhMg

and MsMg systems would imply Ehat Ehe charged canonical

forms do not make a significant contribution to the nature

of the aryL magnesium/l,tt"tl adduct. A possible explanation

f.or this observation is that p orbitals of the IT aromatic

system are involved in overlap with the orbital of magnes-

ium responsible for accepËing electrons from the carbonyl

group of a potential MMA donor, thus making charge trans-

fer a less likely process.
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Molecular
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with

GPC

dis-

Since microstructure shows a strong correlation
the appearance and disappearance of peaks in the

molecular weight profile, these two aspects will be

cussed together.

Fig. 4.1A-D and Fig. 4.zA-D show the NMR evaluatecl

meso placement frequency and triad distributions, rêspec-

tively, âs a function of mole fraction THF in toluene, for
a 3 hour reaction time and a bromide to active bond ratio
of .8-. 9. Temperatures range from 200K to 27 3K. Figs

4.3-4.6 show the corresponding GPC traces for those temper-

atures and include data concerning gravimetric yield r âs

well as defining the exacË reaction parameters, xly / z
(described earlier). Low molecular weight, methanol

soluble polymer /oLi,gomer hTas not found when MsMg compounds

r^/ere used as initiators, so discussion deals with high

molar mass, methanol insoluble material.

Analysis of tacticiÈy data shows:

( 1 ) Polymers produced from reactions in toluene have a

high meso content (approximately 907") at 273K and

250K. The meso content of polymers formed at other

temperatures diminishes with decreasing temperature.

(2) The addition of THF leads to a marked dimunition in
the meso content, particularly at 200K where, by the

time a value of X'Hf /"f of,u O .2 has been reached, a

minimum value of the meso content is attained, which

persists over the remaining solvent range.
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( 3 ) Apart from polymer products observed at 27 3K ( Fig.
4.LA) , where yields r/üere low and molecular weight

distributions erratic (Fig. 4.3), it is apparent that
Lf the initiator is added in either THF or toluene

for similar reaction parameters x/y / z, the meso

content is independent of the nature of the initiator
solvent. At 273K, in the presence of TltF, yields are

less than t%, probably indicating reduced initiator
efficiency due to side reactions in ttte system (i.e.,
carbonyl addition to monomer). rt is uncertain how

the effect of side products affect the mode of
monomer addition, buÈ they may be responsibte for the

erratic behaviour both wiËh regard to tacticity and

the nature of GPC traces (Fig. 4.3).

(4) The triad distribution triangles (Fig. 4.2) confirm

the unique behaviour of the reaction in toluene, wiËh

the high meso placement manifest in isotactic sequen-

ces. once THF has been added the syndiotactic content

increases markedly.

(5) Below 250K, and particularly at 200K, the polymers

produced in reactions where some TFIF is present have

triad distributions which are very close to Bernoul-

lian, where monomer addition is indepenclent of prior
additions to the chain. Tacticity evaluatÍons lying
on the Bernoullian cur:ve (Fig . 4.2) do not have

significance if the polymer formed is as a result of
independent centres whí.ch propagate at different
rates and with dí,fferent stereospecificiËy, giving
rise to broad molar mass distributions (i.e., if they



4.7)

(1)

gT

follow eneidic pathways ) . Many polymers which are

formed with the MsMg initiator system are, however,

monodisperse, particularly for reactions where THF is
present, ancl hence can be cLassified as sErictly
Bernoul I ian .

A summary of observations from GPC data (Figs 4.3-
is given below:

For reactions carried out in toluene the molar mass

distribution appears as a complex multimodal system.

Fig. 4.7 shows a comparison of runs carried out in
toluene over a 3 hour reaction period. These traces

are at least trimodal in character ( at 24BK the peak

molar mass maxima are at ca. 1x104, 2x10s ancl 2x106gm
-lmol - ), while the relative proportions of material

under each peak vary in a regular manner wiÈh temper-

ature; the high molar mass component diminishing wiLh

decreasing temperatlrre. The triad components of the

polymers formed in toluene aË 273K and 250K (Fig.

4 .2A rll) indicate an almost identical microstructure
( i:h: s 87:13:0 and 81:14:5 ) , indicating that the

decrease in the high molar mass component (Fig, 4.7)
at these temperatures does not exactly parallel
tacticity changes. At 230t( and 200K, polymers formed

ín toluene have isotactic contents that are similar
( Fig . 4.2C,D ) but considerably lower than polymer

formed at 2731< and 250K, with the l-ow molar mass

components ( 1x1 0 "; Fig 4.7 ) beginning to dominate the

chromatograms at these lower temperatures. AlEhough

i sotact ic content s are s imilar at 2 30K and 2001(, the



Non- normalised GPC Traces at 273K for the MsMgBr System (Br/MsMg =r$-'9)
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Fig4.4 Non- normalised GPC Traces at 25OK for the MsMgBr System (BrlMsMg=.8 -.9)
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Fig4.5 Non Normalised GPG Traces at 23OK for the MsMgBr System;ReactionTime:3hrs

( BrlMsMg ='8-'9 )
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Fig4.6Non-normalised GPC Traces at 2OOK for the MsMgBr System
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Fig4'7 GPC of Methanol lnsoluble Polymer formed in Toluene with MsMgBr at various Temperatures
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heterotacticity, reflective of the frequency of

sequence changeovers, differs significantly ( i:h: s

51:31:18 and 48:1 5:37 at 230K and 200K, rêspectively) .

(2) The addition of THF to the reaction mixture causes

the proportion clf high molar mass polymer to drop

markedly, so EhaE 1ow molar mass material dominates.

The effect of THF addition appears to mimic the

behaviour of decreasing temperature in its effect on

high molar mass peaks ( 2x10t gn, mol- t ) . Reactions

carried out at 273K suffered from extremely 1ow

yields in the presence of TI1F and showed erratic
behavi our in the nature of molecular weight distrib-
utions (Fig. 4.3). At this temperature some high

molecular weighC material does appear to persist to

various degrees over the whole range of solvent

compositions.

(3) At 250K (Fig.4.4), the collapse of multimodal charac-

ter as the mole fraction of THF increases, is accom-

panied by a relative broadening of the low molar mass

peak. Higher nolar mass polymer does persist to some

degree in the presence of THF and reflects the possib-

il.ity that those centres responsible for the produc-

tion of high molecular weight polymer (2x10s, 2x106 )

for the reaction in toluene ( Fig . 4.411) may still
persist, but at much lower concentraEÍon. At X tn' /,tot
:.2o (Fig. 4.4G) the heterodispersity index of the

low molecular weighf peak is I.4(!.2) as calculated

by the Waters Associate methocl,r u whereas at XtHf /ToL
:1 and .8^ the heteroclispersity index is 2.0 (t .2) .o



(4) Ar 230K (Fig . 4.5) , rhe esEimare of F[r/Mr.,

molecular weight peak formed when TIIF is present vary

in a less definite manner. In total THF, in contrast

to the reaction carried out at 250K, the clistribution
is narrov\r, M\n//Mn L.4(t .2) (trig . 4.54) . Reactions

indicated in Figs 4.58,F, where the initiator has

been added in tol uene, have broader distributions
(M.,/M- 2.I! .2) , indicating that the nature of theI^7' n

initiator solvent may be inportant. However, this is
inconsistent with Fig. 4.5D, where the initiator in
toluene produces a narrohrer distribution (Müj/Mn

1,.4(!.2) .

( 5 ) At 200K the small proportions of intermediate and

high molar mass polymer formecl in toluene (Fig. 4.6H)

disappear completely on addition of THF to the system

(Fig. 4.6G) . The molar mass prof iles are compl.ex and

directly related to the nature of the solvenE in the

initiator solution, and to a lesser extent on the

f inal mole f raction of TI'IF in the reaction mixture.

üJhen MsMgBr is added in TllF solution at high
( X fnl/tol ) final, intermediate molecular weight

species represent a significant proporti on of the

polymer produced. If MsMgBr is added in toluene this
intermediate molecular weight material comprí_ses a

smaller proportion of the polymer produced. Fig. 4.6G

indicates that the final Xt'f,/.fol. has some bearing on

the presence of intermediate molecular weight

99

for the low

polymer, since at

i s eviclent .

XtHp /tot:.2o none of this material



4.4 3 Examination of Molecular
and Tacticity i

Weight Distribution
Ms2Mg

100

rn meso

solvent

Figs 4.8A-D and 4.94-D díspl.ay the variati_ons

content and triad distribution as a function of
and temperature, while Figs 4.10-4.1,3 show Gpc traces at
the corresponding temperatures.

Major conclusions Eo be made from tacticity data of
pMlvlA produced with Ms, Mg are :

( 1 ) The tendency for fewer meso placements for reactions
i-n toluene compared to the MsMgBr/toluene system

(Figs 4.1 and 4.8).

(2) The meso content of pMMA is much lower when THF is
added.

( 3 ) The reaction carried out in toluene obeys non-Bernoul-
lian statistics aË 273R, whereas at other temper-

atures polymer formed lies close to the Bernoulrian
disËribution (Fig . 4.9) .

(4) rn the presence of THF all pMMA products approach

Bernoullian behaviour whictr is generally independent

of the nature of the iniËiator solvenÈ.

rmportant aspects of GPC eluograms obtained from Msz

Mg iniËiated systems are:

(1) At 273K (Fig. 4.10), the reaction in toluene tends Eo

produce signÍficant amounts of intermediate and high
molar mass pMMA (Fig . 4.10H) which is absent in
si milar reactions at lower temperature (Figs 4 . 1_l_G,

4.LzH, 4.13H). This correlates with the higher meso/

isotactic content noted for the same reaction at 273K
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Fig. 4.Il: Non-Normalised GPC Traces at 250K for the MsrMg System
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in toluene (F:igs 4.8A, 4 . 9A ) . I{owever, the presênce

of intermediate/frigh molar mass polymer cannot

unequivocally be assigned to the Ms2Mg entity. Discus-

sion in Chapter 3 suggested that difficulty vüas en-

countered in the compl-ete removal of MgBr, by the

addition of dioxane to the MsMgBr system. The init-
iator MsrMg used here had Br/MsMgt.O5, so that it can

be assumed that some I{sMgBr exists and is capable of
initiation, although the proportion of intermedi,ate/

high molar mass material appears high for MsMgBr to

be responsil¡le, given the small bromide Eo active
bond quotient. Intermediate/high molar mass material
persists until the final mole fraction of THF reaches

about .60.

(2) lnlhereas MsMgBr polymerisations at 273K produced char-

acterisl-ically low yields (Fig . 4 .3; less than L% in
THF ) , in particular when THF r^ras pr:esent, reactions

using I'{s, Mg produced much higher yields (Fig. 4. L0;

20-307" in TItF ) at the same temperature, possibly

implying greater initi-ation effi ciency due to fewer

side reactions.

(3 ) At 250K and 230K (Figs 4. 11- and 4.'12) , and with the

exception of the reaction in total THF at 230K (Fíg.

4.1,2A ) where an intermediate molar mass shoulder

appears between .54-I.7x10t g*.mol.-1, GPC curves are

basically unimodal. In a manner similar to the low

molar mass peak produced in the MsMgBr system at 250I(

(Fig. 4.4), there is a distinct broadening of this
pealc in the presence of TllF. At 250K, the va lue of
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Il /M_ ! using lrlaters Associates method, for the uni-I^7' n'

modal peaks produced in toluene and THF ( Figs 4,1,!G

and 4. 114 ) are 1,.4G .2) and 2 .8(! .2), rêspectively.

(4) At 200K ( Fig . 4.13 ) , rhe hererodispersiry index of

the dominant low molecular weight peak appears invar-
iant across the range of solvents. In toluene (Fig.

4.13H) Mrd/Mn 7.4( t.2) and in THF (Fig. 4.13A) M\^//Mn

1 . 3 ( ! ,2). Flowever, at high ( XfHf, /f ot)f irral and when

initiator has been added in THI-, a distinct inter-
mediate molecular weighc shoulder develops (.57-

1 .9x1-0 s ; Figs 4. 134, B ) . This shoulder is also present

at 230K, although less obviously, for the reaction in
THF (Fig . 4.12A). Ternperature ancl solvent conditions

also correspond to the occurrence of intermecliate

molar mass material in the MsMgBr system (Fig. 4.6;

200K), although here it persi-sts to much lower

(Xtttu 
/"tol )f i.r"l'

4.4 4 Discussion of Mesitylene Magnesium
Initiated Systems

Current literature2' 26' 30r 34r 3t con.erning alkyl laryL
magnesium/MMA systems strongly indicates that these poly-
merisations follow eneidic pathways, with discrete indepen-

dent active centres propagating at different rates produc-

ing characteristically broad molar mass distributions. The

mode of monomer addition need not be the same at these

independent sites and thus a complicated tacticity lCpC

picture develops with these parameters determined by such

things as the number of different types of active centres

present, the relative populations of these centres, relat-
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ive rates of propagation and/or termination and the

presence or absence of side reactions, providing by-
products whj ctr may change the natur:e of active sites. The

situation is further complicated in the case of Grignard
systems because of the presence of at leasÈ two types of
actíve bonds (Schlenk equilibrium, Chapter 3):

RrMg F MgX, T=: 2RMgX Equn 1.1

whose equilibrium concentrations are dependent upon temper-

ature, solvent, nature of R group and nature of halide
(=x). Evi-dence suggests o0,tr that the RMgx species is favour-
ed by high temperatures and non-po1.ar solvent whÍle the

equilibrir-rm favours Rz l,lg at low temperature. Further sites
for eneidic porymerisations may arise from the formation
of associates of R, Mg and Rlr,lgx. The NMR presence of
associates of Phz Mg (see chapter 3 ) r^7as shown to be a

precursor of precipitatíon, ancl while no precipi tation h,as

noted in any initiator solutions used for polymerisation,
it is conceivable that associated Msrl\lg exists, particular-
ly at low temperature in non-polar solvent. No NMR evid-
ence of associated RMgx r^/as observed, but if they exist Ín
Rz NIg rich sysEems, they are almost certain to exj_st due to
the enhanced bridging ability of the el_ectron rich halide.

tligh isotacticity and high proportions of high molar
mass polymer (2x106gm. mol-1) are observecl at high temperat-
ures in non-polar solvents when MsMgBr is used (Fig.
4.2A,8 and Fig. 4.7 ), but lower isotacticity ancl low

yields of high molecular wej ght polymer are evident when

Ms2 Mg i s usecl as initiator uncler the same temperatlrre and
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solvent conditions (Fig. 4.94,8 and Fig. 4.10H, Fig.

4. 11G ) . This supports the postulate of other workers 2u,3s

that halide is required in toluene for the generation of
isotactic growtl'r centres, and the generation of high pro-
portions of high molar mass material is favoured under

such conditions. Coupled with evidencetn'ut for RMgX aÈ high

Ëemperatures, it suggests that rrRMgX-likerr active sites
may be responsible for high molar mass, isotactic pMMA.

A comparison between the low molar mass components of
MsMgBr and MsrMg iniËiated systems at 250K (Figs 4.4 and

4.L7), as a function of solvent composition, suggests thaË

they arise from the same type of active centre; one based

upon MsrMg. This hypothesis is supportecl by the following:

( 1 ) In both systems the low molar mass component is
centred at 2xl0+gm. mol-r.

(2) In both systems the estimate of Mrd/Mn varies f rom t.4
(!.2) for reactions where toluene is the predominant

solvent, to values of 2-2.8 for reactions in TtlF.

( 3 ) The nr/MsMg quotient for MsMgBr initiatecl systems is
. B-. 9, indicating that some lvls 2 Mg must be present ,

and capable of initiating polymerisation, even if all
bromide is present as MsMgl3r.

The presence, in tol-uene at 250K, of a similar low molar

mass peak ar:ising from MsMgBr initiation (Fig. 4.4H, where

it comprises ca. 50% of the polymer procluced) implies that
if Ms, Mg is responsible for its production, then these

sites must add monomer in a more isotactic fashion than

that prodrrced when Ms, Mg solely is used in toluene at 250K
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(Fig. 4.11G). Using Ms2Mg in toluene as ínitiator at 250K

( Fig . 4.11G ) , the unimodal low molecular weight polymer

for:med is predominantly syndiotactic (i:h is:t2:38:50) .

Given that the low molar mass peak of the MsMgBr initiated
system ( Fig . 4.4H) comprises about 50% of the polymer

produced it is unlikely that such a low meso placemenE

frequency could persist and still produce a triad evaluat-

ion of 8L:L4:5(:i:h:s), âs noted in Fig. 4.4H. Matsuzaki

eE al. , 
t t examining stereoregularity and GPC character of

the Pht''tgBr system with nr/ehltg:1, fractionated the product

(trimoclal in character) and concluded that the low molar

mass isotactic-like component was probably due to PhrMg.

Broadening of bhe low molar mass peak as Ehe mole

fraction of THF increases at 250K, in both the MsMgBr and

MsrMg systems, rêquires consideration. Since broadening at

this temperature is most pronounced at high solvent polar-
ity, the possibil.ity of associated forms of the active
centre (most probably based upon Ms2 Mg if the postulated

origins of low mol-ar mass material, Zxl}u g*. mol-t , are

correct ) , capable of providing independent, alternative
sites for polymerisation, can be discounted as the reason

for broadening. TsvetanoVru2 studying infra-recl data for
Ëhe reaction of metha crylonitrile with alkyl magnesium

compounds, suggested the presence of two different types

of active centre:

o@
tnrv MgX

oo
trw Mg urv

2ø

ACI AC II
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where the entity x in Ac r is probably another mesitylene

group (assuming that the low molar mass polymer is assoc-

iated wiËh rrMs, Mg-liket' active centres ) . Tsvetanovs2 consid-

ered that AC I was predominant in ether solvents, while
both AC I and AC lI \,vere present in toluene. Assuming that
this is So, broader distributions would be more l:Lkely in
a pauci.ty of THF, contrary to observations here at 250K

(Fig. 4.4), where the low molar mass component is broadest

in THF. The likely reasons for broadening appear to the

subtle (".9., changes in solvation at the active site),
and, if the erratic behaviour of the heterodispersity
index as a function of THF content at 230K for the MsMgBr

system is an indicator (Fig. 4.5), subject to little
control. Broadening of Ehe low molar mass peak with in-
creasing THF content may be an artefact of the increase in
proportion of intermediate molecular weight po1 ymer noted

for the MsMgBr and MsrMg irritiator systems at 200K in high

mole fracEions of THF (Figs 4.6 and 4.13).

In Chapter 3 it vùas argued, mainly on the evidence of
crystal structure, that organomagnesium compouncls in solut-
ion were of Eetrahedral geometry. There is no NMR evidence

to suggest the appearance of magnesium with higher co-

ordination numbers, al-though the MsMgBr system studied in
THtr (rig. 3.11; [¡,ls¡lg] : .53M; Br/Vtst"tg .gu) inclicared

clistinct low temperature broadening (200K and 190K) for
the C(L)-Mg resonance associated with Ms.Mg, denoting the

onset of a slow exchange process which vüas thought to be

clue to an equilibrium between monomeric and associatecl

fornrs. However, evidence for this vüas not conclusive.
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An examination of GPC traces at 200K for the MsMgBr

and MsrMg initiator systems (Figs 4.6 and 4.t3) has shown

the appearance , at- high mol.e f ractions of THF, of inter-
mediate molar mass polymer (.6-6.9x105gm. mol-r), with Íts
contribuËion to the total polymer formed being dependent

on the nature of the initiator solvent. rf the initiator
hTas added in THF the proportion of this material vüas high

compared to addition of initiator in toluene. This obser-

vatíon tends to indicate that change in co-ordination
number may be responsible. Addition of initiator in THF

may present potential organomagnesium active sites with
varying THF solvation, which are not present, but which

may be subsequently formed, for the initiator in toluene,
provided TI'IF is pr:esent in the reaction mixture. Develop-

ment of the íntermediate molecular weight material is then

envisaged as forming from these more highly solvated

magnesium sites. If this argument is feasible, then the

line broadening observecl at low temperature in the t tC

spectra of MsMgBr/fnf' (Fig. 3. l-l- ) may indicate exchange

beÈween sites of different co-ordination number rather
than between species of different association.

An important point for consideration in any anionic/
pseudo-anionic system is whether the centre ( s ) produced

represent rrl iving" orî terminationless syste¡ns. rf such

centres exist in mesitylene magnesium initiated reactions
then there should be a correlation between molar mass and

conversion, which should be manifest in GPc traces as the
rrshifting" of peaks to higher molar mass with conversion.

Fig. 4.14 shows normalised (defined in the Experimental
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section) traces of methanol insoluble polymer formed in
the same reaction vessel as a function of time at 250K for
reaction parameters .oz /.10/o (60cm 3 of .15M MsMgBr vrrere

added to the upper part of the reaction vessel; and with
Br/t',tsMg:.7 u). Tacticities of polymer products formed after
termination at the prescribed time intervals are:

Table 4.3
5

15

30

60

min
mln
min
min

h

7

1L

9

1_1

m

97

95

96

95

indicating the relative invariance of these parameters

over the examined time interval. conversion could not be

measured for samples withdrawn from the same reaction
vessel, t¡ut increasing viscosity vüas noted with ti_me,

indicative of an increasing conversion. conclusions from

the GPC eluograms of Fig. 4.L4 are:

(1) No ne\Àr peaks appear af ter the time of the f irst
sampling. Intermediate molecular weight pMMA ( .3-
1.2x10 s ) present at a reaction time of 5 minutes is
less evident at longer reaction times, where the

eluograms are essentially invariant wi th both time

and conversion. rE is questionable whether the inter-
mediate molar mass nraterial present after 5 minutes

represent products of living sites which continue

propagation to produce the high molecular weight

peak. An alternative is that those sites producing

intermediate molecular weight polymer are all formecl

quíckly after reaction iníÈiation but are subject to
termination. If the proportions of low (t.07x10tgr.

i
93

89

9L

89

t
3

5

4

5

S

0

0

0

0





1c)

mol- r) and high molar mass (n, l-. Bxl-O u gr. mol- t) were

then to increase with time/conversion, the amount of

inEermediate molar mass material would appear to de-

crease with increasing time.

(2) The relative invarj.ance of GPC curves at longer reac-

tion times and increased conversion índicates that
chain terminati.on is important in a kinetic descrip-

tion of the system.

( 3 ) After 5 minutes reaction time high molar mass mater-

ial (tu 1 .8xl-0 u g*. mof I ) is already present , although

it constitutes a relatively small proportion of the

polymer produced. This is consistent with the work of

Bateup and Allen, 2 who ascri-bed the isotactic high

molar mass material formed in terBuMgBr initiated
systems as arising from active centres involving

bromide at UM concentration and high reactivity. The

concurrent appearance of high and low molar mass pMMA

at short reaction times, coupled with possible termi.n-

ation processes for intermediate molecular weight

pMlziA, is suggestive of independent active centres

propagating at different rates.

4.4 5 Exami'"ttol,.,:tri:li:ili' Weight DistribuLion
PhMgßr

A strong correlation has been observed between the

behaviour of this initiator system and the MsMgBr and

terBr-rMgBr t usystems , most notably:

( 1) Increasecl tenclency to f orm isotactic polymer in non-

polar solvent when bromide is present in solution
(Fig. 4.t5).
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(2) The absence of isotactic directing centres when THF

is present, together wi-th the absence of high molar

mass pMMA (Fig. 4.15E;ru2x106 gm. mof I). The formation

of this high molecular weight isotactic polymer in
the presence of bromide in non-polar solvent suggests

the active centre involves RMgX, possibly as an assoc-

iated halo-bridged form, which is disrupted on

addítion of THF.

( 3 ) The relative decrease in yield of polymer product as

the mole fraction of THF increases (Fig. 4.15). De-

creased yields of polymer in THF may be explai.ned by

competi-tion between monomer and THF for the available

co-ordination site at a poEentially active magnesium

centre, if it is assumed that pol.ymerisation occurs

Ëhrough the príor formation of such an adduct.s 3 In

total THF (Fig. 4.154), the mole fraction of active

bonds with respect to monomer had to be increasecl to

produce polymer.

(4) An absence o f methanol soluble pMMA \,vas generally

noted across the whole range of solvent compositions.

Differences do exist however, in the behaviour of
Phl'fgBr and MsMgBr systems. Under comparable reaction con-

ditions, the l']hMgBr system procluces a less isotacËic

polymer than MsMgBr (u.g., when Br/Rtr,tgr,.7 for a 3 hour

reaction period in toluene, irh:s:56;L9:25 for PhMgBr and

90:10:0 for MsMgBr at 250K). Further variations in behav-

iour will be discussed as they arise.
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4.4.5.I Ef f ect of Variation of
Monomer Concentration

Initial
PhMgBr

Fig. 4.L6 shows the effect of initial monomer concen-

tration on the nature of GPC eluograms and tacticity, for

the initiator solution defined by the indicated bromide

and active bond concentrations. From these data the follow-

ing points are noted:

( 1 ) As the concentration of monomer at the moment of

initiation increases, the isotactic content dimin-

ishes, for the reaction carried out in toluene. This

can be explained by acknowledging that as the initial
polar monomer content ís increased, it mimics polar

THF in its effect upon stereoregularity. This is also

reflected in the greatl y diminished yielcls ( Fig.

4.168,C) which is also typical of THF addition for

aryl magnesium b,romide initiator systems. Fig . 4.I6D,

an heterogeneous polymerisation, r^ias achievecl by evap-

oration of toluene from the initiator in the lower

compartment of the reaction vessel (Fig.2.8(b)), with

monomer added from the upper cclmpartment. Its enhan-

ced stereoregularity is probably due to a ZLegLer-

Natta stereoregulating effect on the solid initiator
surface, but is possibly more complex dtie to some

clissolution of the initiator into the neat monomer

before initiation, reclucing stereoregularity.

(2) I'lí gh initial monomer concenbrations tend to increase

the proportion of intermediate molar mass material
(.34-5.6x1-0ug*. mofr) ancl clecrease the amount of low

molecular weight pMl.,iA. The reasons f or this are
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difficult to determine, especially since Gpc charac-

ter does not parallel the behaviour of THF addition
(Fig. 4.1-5), suggesting other variables beside

solvent polarity govern molar mass polydispersity.
Final XpIVR/Solvent values used in this thesi s r^/ere

usually less than .10, to ensure that monomer did not

contribute greatly to the nature of the solvenL.

4.4.5.2 Variation of Tacticity
Itlass with Conversion

and Molar
PhMgBr

Figs 4.L7A-E and 4.184-E show tacticity and GpC data

at 230K, 250K for the PhMgBr system, with fr/ehVg=l and

.6,, respectively. Fig. 4.17 traces !üere produced from five
different reaction vessels while t-hose of Fig. 4.18 arise
from products obtained from the same reaction, using the

reaction vessel of Fig. 2.9.

Fig. 4.1,7A shows that after a reaction period of one

hour rtnder the specified conditions no methanol insoluble
material hTas found, and only trace amounts of methanol

soluble rnaterial uTere produced. This methanol soluble pMMA

is absent in other reaction products, with its formation
probably occurring at a different type of active centre

which is at very low concentration. A similar explanation
for the presence of nethanol soluble and methanol in-
soiuble polymer in nBuMgBr initiated systems has been

suggested by llerteup ancl Allen. tu Thu trencl in behaviour for
methanol insoluble polymer ( Fig . 4. 178-E ) reveals the

fol lowing:

( 1) An increase in i sotactic contenE fr:om i,:337" af ter 2

hours to i=50% after 42.6 hours.
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(2) An increase in yield as a function of reaction time.

(3) Apparent broadening of the low molar mass peak, most

evident j.n Fj.g. 4.17C, strch that pMMA in the molar

mass range .34-1- .4xL0 
t g*. nrol t rupt."ents a greater

proportion of the polymer product at extended re-

action times. This indicates that those centres

producing this rrshifting" to higher molar mass mây,

over the time of examination, constitute I'livingrt

sites. l{owever, it is uncertain whether these sites
continue growth past the .34-1 .4x10 u gr. mol - I molec-

ular weight stage.

(4) The peak centred at about 5 . 6x1-05 gm.

appear to shift to higher molar mass as a function

mol- I I
, cloe s not

of

with

(1)

conversion, so it appears that termination/pseudo-

termination has occurred at these chai-n ends.

In accordance with an increased isotactic content

time, the following possibilities may be considered:

The peaks procluced at 1x10u and 5.6x10s gm. mol-l

(Fig . 4.178 ) arise from differenE, independent cen-

Eres which produce polymer of the same tacticity as

the unfractionated blend, but add monomer at differ-
ent rates. The consequences of termination/pseudo-

termination of active sites producing the peak at

5.6x10u gr. mol-t th"n imply thaE if the low molar

mass peak is broadening/shifting to higher molecular

weight via centres which are rrliving'r, then those

centres would have to change their mode of monomer

acldití on to accommodate enhancecl isotacticity as a



function of

even though

slightly due

conversion. Such behaviour i_s

the polarity of the medium is
to consumption of monomer.

The 1ow molar mass (1x1-0agm. mol-t) producing centres
of Fig. 4.r78 are living centres, producing more

isotactic pMMA than those responsible for terminating
chaíns at 5.6x10tg*. mol-t (these centres being dis-
crete and independent of those proclucing low molar
mass pl'lMA ) . These growing, istotactic-like chain ends

would then cause a shift to higher molar mass as well
as a drift to higher isotacticity. No fractionation
of polymer obtained in Fig. 4.rl vùas attempted, but
results by Matsuzaki and co-worketu " inclj cate for
nr/lht'tg=1, at THF concentrations less than .06M and

at temperatures between 273-223K (conditions applying
i' our case ) , the molar mass peak centred at 1x10 a

(l-ig . 4.r7F_) is isotactic-rich. These workers noted,
however, that conversion dicl not affect molecular
weighE distribution and that polyclispersity arose as

a result of at least three different active centres
producing polymer of the following types:

Isotactic-rich (MtJ:1-x10+gm. mol-t)

Syndiotactic-rich (MW:1x101

t{ighly isotactic (MI,ù > 1-06gm. mol-t)
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unl-ikely,

changing

(2)

(a)

(b)

(c)

ature

toward

This highly isotactic, high molecular weight pMMA is
absent at 23OK for nr/lht',tg:1, but is present at 250t(

for nr/ehug:.6, (Fig. 4.1gD), inclicating rhat temper-
increment, forcing the Schlenk gquilibrium
PhMgBr (thought'u to be required for procluction



of this type of polymer ) ,

decrement in bromide.
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is more important than

(3) Increased isotactic content with conversion could be

due to a highly isotactic centre which propagates

slowly and independently of those terminating centres

which produce pMMA with molar mâsses 1x104 , 5.6x1-0s

gm. mol - in Fig. 4.L7B, thus producing a shoulder on

the peak aE l-x10 u g*. mol I which continues to grovr,

causing peak broadening with increasing conversion.

Fig. 4.tB shows sirnilar behavj our at 250K, although

several reaction conditions have been changed. The initial
concentration of initiator hTas .094M with nr/phMg:.6 r

( 50cm 
3 

adcled ) , ancl the f ina I react ion parameters \,vere

.Of/.tO/0. Broadening/shifting to higher molar mass of the

1ow molecular weight peak is again apparent with an in-
creased isotactic content at longer reaction times, but at

this higher temperature a nevr peak exists at Ionger reac-

tion times (2x10og*. mol-r), which is not present at 230K.

Matsuzaki et gr1 . 3 5 have shown that polymer formed with
molecular weight of 1x10u g*. mol t in their clistributions
is trighly isotactic, whereas material formed at 1x10u i"
only isotactic-l ike r so it is unlikely that the high

molecul-ar weight peak is resultant from continued growLh

of the low molar mass peak. Growth from different active
centres seems more 1ike1y. This tencls to be supported in
this thesis by the presence of the high molecular weight

peak at 250K and its absence at 230t(, indicating temperat-

ure sensitivity of this type of active centre, probably an



rrRMgBr typett , s i-nce the Schlenk

at elevated temperature.
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equilibrium favours RMgX

4.4.6 Examination of Mol ecular trleighC Distribution
and TacLicity: Ph, N{g

Fig 4.I9 shows GPC traces for PhrMg initiated systems

in toluene at 250K as a function of solvent composition.

In toluener âs has been observecl in the Ms2Mg system,

isotactic content of the polymer formed is relatively high

but climinishes greatly in THF. It is apparent that at

intermediate solvent polarity a higher molecular weight

species develops buL becomes less prevaLent for reactions

in total TIJIT. If associated forms of Ph, Mg \^/ere respon-

sitrl e for the production of different types of active
centres, then greatest GPC complexity would be expected

for r:eactions undertaken in toluene, which is not the case

here. The solvent effect for the Ms, Mg system is complete-

1y different at 250K (Fig. 4.11 ), where a unimodal low

molar mass peak r^/as noted which broadened with increasing

amounts of THF in Lhe final reaction mixture. Increased

complexity at intermediate solvent composition has been

notecl by l'lai-r'u f.ot the secBurMg initiated system.

Fig. 4.20 shows the variation in the nature of GPC

traces as a functi on of time f or Ph, [1g initiated rllns in
Loluene at 250t(. T'acticity data indicates that polymer

produced at longer reaction times is only slightly more

syndiotactic than after 3 hours, but a greater proportion

of pMMA appears to trail to higher molecular weight. More

than one active centre may be operatirg, or alEernatively
pseucloterminati.on (discussecl in Chapter 5) of pMMA formecl
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after 3 hours (centred at r-2xr0ugr. mol-r) with subsequent

reactivation of some of these sites at a later stage may

be responsible for development of higher molar mass mater-

ial. Bimodal distributions have been noted for secBu2Mg

iniEiated runs in toluene at 250K by Mair r'o arrd in diethyl
magnesium/methacrylonitrile/toluene systems by Joch and

co-worketa.utttu

4.4.7 Miscellaneous Experiments : PhMgBr,
PhrMg Initiated Systems

4.4.7 1 Reactions using Extensively
De-etherated PhMgBr

Fig. 4.ZIA-E shows GPC, tacticity and gravimetric
data for pMMA obtained under various reaction conditions
at 250K, with stated initiator concentrations applying

before addition to the monomer/so1-vent in the lower

compartnent of the reaction vessel. Preparation of exten-
sively cle-etherated PhMgBr has been described in chapter

2, and NMR data (chapEer 3) indicates that the THF:phMg

ratio is about 0.8: 1, with Br/PhMg:.40. The isotactic
content of the polymer formecl with this initiator (Fig.

4.21A) is much lower than that of pMMA formed from less

extensively de-etherated initiators. rf MgBr, i" added to
the extensively de-etherated PhMgBr to produce nr/ehug =

1 .3 , a trend to higher isotactici ty is noted ( i:h: s

53:22:25), provicling values identical with, and Gpc traces
similar to, the polymer produced in Fig. 4.158, uncler

similar reaction conditions , except that Br/phMg=.7 I

Extensively de-etherated PhMgBr produces polymer with a

greater proportion of intermediate molecular weight molar

mass material (Fig. 4.zLA), which for a phrMg rich system
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is consistent with Matsuzakir3swho suggests, on the basis

of fractionation studies, with nr/ehMg:1, that inter-
mediate molar mass pMMA arises from a I'Ph, It{g-like'r acËive

centre wí th syndiotactic-lilce addi Eion. Crude fraction-

ation studies of the pMMA product of Fig. 4.zLA hTere

achieved by placing a sample in THF overnight. Superrratant

TtlF r,\7as separated from swollen pMlt{A in the bottom of the

container, and found t<¡ contain predominantly the low

molecular weight component ( ca. 1x1O 4 ) with tacticity
i:h:s:55:22:23; of much higher isotacticity than the over-

a1l blend (Fig. 4.ZLA.; i:h:s:38:23:39). This is in agree-

ment with Matsuzaki and implies the intermediate moLar

mass material is more syndiotactic-1i.ke.

Fig. 4.2LB,C show GPC traces of polymer formed when

small, identical amounts of TtlF are aclded to ei ther:

(1) the lower cornpartment of the reaction vessel (Fig.

2.8(t¡)) along with monomer/toluene (F1-g. 4.218), or

(2) the extensively de-etherated PhMgBr/toluer-re prior to

its additíon to monomer/toluene (Fig. 4.21C).

The polymer produced appears independent of the mode of

THF addition, with the syndi otacticity of the polymer

enhancecl and yield decreased in comparison with the reac-

tion in toluene (Þ-ig . 4.ZLA; this behaviour is Eypical f or

I'}hMgBr-like systems ) . This generally correlates with the

MsMgBr system where the initiator solvent only became

important at low temperatures (Fig. 4.6).

Fig. 4.27D shows data for polymer formed when a

supernatant solution from saturated Mg(OMe)2 /TllF \^/as added
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to a reaction identical to Fig. 4.21,A, one minute after
initiaEion using the clouble initiation vessel in Fig.

2.10. The experiment r/úas primarily concerned with Ehe

effect that methoxicle, formed as a result of carbonyl

acldition to MMA by RMgX (X:llr,R), may have upon the

polymerisation. Hatada and co-workers,tt examining the poly-

merisation of ethyl methacr:ylate with n-butyl lithium,
indicate that the multiplicity of active specíes for the

reacEion in toluene is strongly relaËed to the li.thium

ethoxide formed at -78"C. Three different acLive species

f or j-sotactic polymer, syncliotactic polymer and isotactic
oligomer úrere noted, but when Lhe polymerisation was iniE-
iated with l,l diphenylhexyl lithium, where no ethoxide r,\7as

formed, only an isotactic polymer vùas obtained.

To most successfully dope the reaction with Mg(OMe)z

in orcler to mimic a possible reaction, the methoxide

should ideal 1-y be added in toluene , but Mg (OMe )z is
insolubl-e in this meclium.t u As such it hTas aclcjed in THF

with a one minute delay af ter mixing , s ince s ide prodr-rct s

are not present at the moment of initiation, but may be so

soon after. It has been showntn th"t individual magnesium

alkoxides are inactive toward polymerisation of MMA in
toluene (although t"liil-ter et al. u o have shown that in TI{F

methoxide ion is capable of initiating polymerisation), so

that any effect observed may be as a result of:

( 1 ) modification by co-ordination of methoxide to already

polymerising active sites.
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(2) the formation of associated alkyl magnesium species

due to the enhanced bridging ability of methoxicle,

prior to the formation of an active centre.

( 3 ) the associaCion of nethoxide with an incoming monomer

unit before acldition to the polymer chain.

Okamoto e_t al.ut have noted that EtMgOMe, used to initiate

polymerisations of MMA in toluene at 198K, gave polymer

that vùas not greatly different from Etz Mg initiatecl poly-

merisations under the same conditions. The effect of the

alkoxide group was found to be important only when its

stericity became greater. Under these conditÍons isotactic

polymer vüas produced.

A comparison between Fig. 4.21A and Fig. 4.zID (where

I"tg(OMe), /.IHf' has been added one minute after mixing), does

reveal extensive changes. However, these changes are in-
clistinguishable from an addÍ.tion of THF one minute after

mixing (Fig . 4.21,8), So results appear í nconclusive and

reflect the experimental difficulties observecl in intro-

ducing Mg(Ol'1e), into the system homogeneously.

The e f f ect of j.ntroduct ion of TllF subse quent to

mixing ( Fig . 4.zID,E) is much different , in terms of

polymer products, to the situation where THF is present

during the mixing procedure. Cenerally, in the latter case

the presence of THF implies drastic reduction in yield and

increasecl syncliotacticity as is typi-f ied by Fig. 4.2LB ,C,

but in the former case addition of THF promotes the

formation of pl'flt{A (Fig . 4.2tD,E) . In all cases (Fig.

4.zIR-þ:) , when Tl-ltr has been added the production of inter-
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mediate molar mass polymer (3x10u g*. mol-t) is favoured.

Since it has been shown ( see above ) that the low molar

mass component of Fig. 4.2IA (1x10"g*. mol-l) is isotactíc-

like ( i : h: s:55 :22:23) , one of two concl-usions may be

inferred from the increased yields and increased syndio-

tacticity noted in Fig. 4.ZIDrE:

( 1 ) If addition of THF after reaction initiation enhances

the growEh of the low molecular weight peak, so that

it continues its growth to form the greater propor-

Lions of pMMA at ca. 3x10 u gr. mol - 1, then those

cenËres must change their mode of monomer addition to

promote syndiotactic growth.

(2) Addition of THF after mixing may produce totally
different centres which add monomer in a syndiotactic

fashion to produce Ehe pMMA centred at 3x10agm. mol-I.

Intrinisic Ëo this conclusion is Ëhe assumption that

all active bonds are not consumed at the time of

mixing. This assumpEion is consistent with the

results of Mair'uancl Bateupr3\ who noted the persis-

tence of organomagesium bonds throughout the course

of a reaction with MMA.

Conclusion (2) above seems least likely, since iE has

already been noted thaL reactivity is diminished by addít-
ion of TllF, which may effectively block the formation of a

monomer-initiator adcluct at the initiation stage.' Modjfic-

ation of already existing cenËres is more likely.



4.4.7 .2 The Ef f ect of
of Bromide

Variation
PhMgBr
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nr / etrug

a con-

Fig. 4,22 and Fig. 4.23 show the effect of variation

in bromide contenÈ on the nature of polymer formed aË 250K

wíttr Eermination afEer 30 minutes and 3 hours r Têspective-

ty. The initiator solutions for each of the four runs rvere

produced by equa1.ly dividing a stock initiator/toluene

solution with nr/ehUg:.6 , and adding to each of these

soluEions a small constant volume mixÈure of dioxane in

Eoluene, where the mole fraction of dioxane in toluene hras

varied for each of the initiaËor solutions. In Èhis \,üay a

constant active bond concentration but changing bromide

content could be obtainecl by variable precipiEation of

MgBr, .ZdLoxane. The results obtained for each of the two

reaction times indicate:

( 1 ) yield is faLrly independent of the bromide content,

given that all other reacÈion conditions are the same.

(2) ËhaE

,ì_ . .,

below nr/rhUg

) the triad data

(and probably up to

not vary greatly.
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doe s
2

(3) that as nr/Phllg increases from zero there ís

current increase in intermediate molecular

pMl{A until Br /enVg:.1r.
is observed thereafter

low molar mass material

in isoEacEicity.

Fig. 4.22A and Fig. 4,23A

to them which might suggest

intermediate molecular weight

weight

A discontinuity in behaviour
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predominates with
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have
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the increase in the
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Fig. 4.222 GPC Traces of l'{eth¿rnol Insoluble Polymer Terninated after 30
rnin (nor.nal ised curves ) 1t = 250K ; Rea ction Parameters :

.04/.a8/o
Trace amounts of Methanol Soluble polyner found

i: h: s

45225:30

i: h: s
l5 z 22 2 63

': 13%

=. l01M
=.063 M,

YIELI)
I t,trtug J

Iu"l

A

ll

YIBLD. 74%

Innvg]=.rott'r
Iu']-.032 M

YIELD: 13%

Innugl-..rorM
In.]=.or2M

YIIiLD 3 t7%
I phMe]'..1olM

I nr].'ort

1

i: h: s

4:2t):57

i: h
19229

S

52
l)

MOLAIì MÂSS x 10-s

C

.02 08 34 r.4 5.0 ))
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distributions could arise due to trace amounts of dioxane

present modifying or producing ne\^7 Lypes of active

centres. This argument tends to be negated by the observat-

ion that in the PhMgBr system dioxane has appeared effic-

ient in the removal of MgBr 2 and there i s no reason t,o

suggest that the corollary: that MgBrz Ls an efficient

remover of dioxane, is not true. If dioxane is present,

Ehen iL is most likely in eviclence at nr/ehltg:O, due to a

slight oveÍestimaÈe in the amor:nÈ of dioxane required, but

this is where the proportion of intermediate molecular

weight polymer is at its lowest.

It is apparent that up to Br/PhMg=.3r, the presence

of bromide instigates a secondary effect on GPC eluograms,

increasing the proportion of intermediaËe molecular weight

pMMA but without significantly increasing the isotactic

content. This implies thaË in Fig. 4.22A and Fig. 4.23A a

critical bromicle content has been reached where rrRMgX-

likerr active centres are present, with a corresponding

isotacticity increase .

The constancy of yield with variation in the nr/ehUg

quotient is difficult Eo explain. For nr/ehUg , .32 in Figs

4.22, 4.23, the same centres present for the system where

nr/fhmg=O ( Figs 4. 22D, 4.23D ) cannot be responsible for
the clevelopment of the intermediate molar rnass polymer

present at increasi,ng nr/ehVg quotients, otherwise yielcl

would increase, which is not the case. If MgBr. modifies

some of the centres present at nr/ehUg:O so that they

propagate aE a faster rate then the increase j,n inter-

mecliate molecular weight material with increasing nr/ehUg
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might be explained. But for constancy of yield to be

maintained the population and rate of propagation of Ëhese

MgBr, modified active centres must exactly compensate for

the loss of centres evident when nr/ehVg:O, and their raEe

of propagation. This seems to be a very stringent condit-

ion. Intermediate molar mass material may increase with

constancy of yield if chain grafting reactions r^7ere

favoured by the presence of bromide, but Goode et al.u2

indicaËe that such a process is unlikely in organo-

magnesium systems. The ans$rer to this problem remains

unclear.

4.4.7 .3 Variation of Initiation and
Ternperatures on Polymer

Propagat ion
Formed

Fig. 4.24 shows the ef f ect of variation of initiati.on

and propagation Eemperature on gravimetric, molar mass and

tacticity data. Yoshino et al. , 
3 3 stuclying the mode of

double bond opening at the ß carbon in the polynrerisation

of isopropyl acrylate with PhMgBr, determined that this

mode of opening is set ín the initial very short period

and persists against temperature change.

A comparison between Figs. 4.24ArB shows that init-
iaCion for one minute at -73" C before transfer Eo a bath

aË 0o C for 3 hours, has little effect on the nature of

pol ymer formed, producing similar polymer in terms of
yield, Ëacticity and molar mass as iniÈiation and propagat-

ion at 0'C. Fig. 4.24C hTas initiated at 0"C for one minute

ancl propagaEed for one hour at -7O" C to give a low yietd

of polymer similar in Ëacticity and moler mass distrib-
ution to Fig. 4.24Ar8. A comparative run (noE shown in
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Fig. 4.24), wiËh initiation and propagaEion carried out at

-70"C for one hour produced only trace amounts of polymer,

determined to have a high racemic dyad content.

Rather than indicating that Ëhe symmetry at the q -
carbon atom is deÈermined at initiation, similar to Yosh-

inots observaEion at the Ê-carbon site, rêsults tend to

imply a deactivation of active centres for reactions at

-70" C. Figs 4.24A,8, however, reveal that this deactiv-

ation can be reversed by elevating the temperature, so

inactivity at -70" C is not due to consumption of active

bonds in side reactions. Active bonds must become inaccess-

ibte to the approach of monomer units at low temperature.

Similar organomagesium bond i.nactivity has been noted by
1tHagias,' using the Grignard reagent synthesised from 1r4di-

bromobenzene, while the inactivity of PhMgBr lVnrVg systems

with Ml'fA in Ëoluene at low temperature has also been

acknowledged by Matsuzalci .3 u

4.4.8 Variation of Tacticity and Molar Mass : chexMgBr

As mentioned previously this system was the only one

examined where colour change, so prominent in aJ kyl magnes-

ium bromide systems,'o" u was observed over the range of

solvent compositions. The presence or absence of color-

ation hTas not i.ndicative of polymeric yi elds. A deep

orange colour characterised reactions in toluene, and pale

yellow for reactions in THF, diminishing in intensity as

the amount of TllF increased. This system yielded methanol

soluble polymer, êspecially in reactions where THF vùas

present. Yields of this material vùere erratic, showing no



126

correlation \,üíth the final mole fraction of TIlþ- or the

nature of the initiator solvent, indicating a lack of

control with regard to active centres producing this

material. The tacticity of this methanol soluble material

hTas similar to Ehat of ¡nethanol insoluble material, shown

in Fig. 4.25. The tacticity trend shown here is typical of

the behaviour for Grignard reagents under varying solvent

conditions.

FÍg. 4.26 shows GPC eluograms as a function of

solvent composition. Behaviour is quite consistent wiEh

the trends noted in the tt{sMgBr system at 250K: the loss of

the high molecular weight peak on addition of THF and a

broadening of the low molar mass peak.

Fig. 4.27 shows GPC traces f or the chexMgBr ll,t¡'tl,/

toluene system as a function of time. Syndiotactic content

of polymer formed clecreases with increased conversion and

is associated with the development of a high molar mass

peak (2x1-06 gm. mol-r). This high molar mass peak is evi<lent

at short reaction times, similar to the MsMgBr system

(Fig. 4.t4; Br/MsMg:.7 r) but in contrast to the PhMgBr

system (Fig. 4.18; nr/ehUg:.6, ). At short reaction times a

shoulder is apparent aE a molar mass of about 3x10qgm. toft

which becomes less evident with increasing conversion,

similar to the shoulder present in the PhMgBr system at

230K ( Fig . 4 .L7 ; Br/PhMg:1 ) . This may irrdicate an active,
rrlivingrt centre, propagating to produce higher molecular

weight material with time or, alternatively, a procluct of

very reactive centres, all of which are produced at init-
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iaËion buL which terminate and represent

smaller proportions of the polymer product

increases.
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progres s ively
as conversion

4.5 Summary

Polymer products have been shown to be quiEe depen-

clent on the nature of the initiator used and the differing

sensitivity of Èhese alkyl / aryL magnesÍ-um compounds toward

the presence of bromide.

Preparation of initiator solutÍ.ons in toluene, under

Ëhe conditions of this thesis has provided, in general,

bromide deficient systems with bromide content showing

dependence on the final amount of THF remaininþ after

solvent replacement.

Variable temperature studies of Grignar<l reagents

( see Chapter 3 ) have indicated the presence of RMgX and Rz

Mg species which possess potential active sites for poly-

merj-sation, capable of acting independently of each oËher.

Factors wich may vary the Eype of different active sites

further are:

( 1 ) the presence or absence of associaEed species RMgX

and Rz Mg which are involved in the Schlenk equilib-

rium ( Ph , Mg in toluene has shown the presence of

associates and should thus be more likely for RMgX

species due to the enhanced bridging ability of the

bromide ) .

(2) the presence of one or two growth sites associated

with R, Mg and whether or not these two different



active sites are kirretí.ca1ly

different from each other.
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and/or stereochemically

(3) the presence or absence of potentially active magnes-

ium centres with co-ordination numbers greater than

the solid sEate-predicEed tetrahedral, four co-ordin-

ate geometry. Thermodynamically, any equilibrium
between four and higher co-ordinate systems should be

unfavourable in terms of entropy, but at low temperat-

ure the T AS term may be small, favouring significant
equilibrium concentrations of higher co-ordination

number magnesium.

The reactions of MsMgBr, PhMgBr and chexMgBr wÍth MMA

i-n toluene reveal the presence of broad molar mass distrib-
utions with a peak centred at 1-2x10qgm. mol-r, a range of
intermediate molecular weights , .3-4. 6x1,0 t g*. mol -r, and a

high molar mass peak at about Z.xIO 
u grn. mol -t. At the

bromide deficíent active bond ratios studied at 250K, the

chexMgBr and MsMgBr sysEems procluce high molar mass pMMA

after very shorE reaction. tines, but this is not so in the

case of PhMgBr. In particular, f or the chexMgl3r, PhMgIlr/

MMA/toluene reaction systems (Figs 4.27, 4.t7, 4.18) the

nature of GPC traces varies with conversion, in contrast

to the results of Matsuzaki." tlowever, Fig . 4.22A ancl Fig.

4.23A show that, for the PhMgBr system, GPC traces are

invariant with conversion, which concurs with the results
of Matsuzaki. t t The issue of the i-nvariance of GpC eluo-
grams with conversion is contentious and may be dependent

on the experimental conditions. Fu::ther discussion of Ëhis
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its kinetic significance is examined in Chapter

TacticÍ.ty data for the MsMgBr sysÈem in toluene is
Èhe least sensitive system to bromide deficiency, produc-

ing highly isotactic polymer which implies that all
centres are at least isotactic-like in their mode of
monomer addition. At similar bromide to active bond

ratios, the PhMgBr ancl chexMgBr initiated reactions in
Eoluene at the same temperature produce pMMA of lower

isotactic content than MsMgBr initiated runs. Strong evid-
ence for the presence of eneidic pathways in these systems

(Figs 4.27, 4.77, 4.LB) is the changing tacticity as a

function of conversion, implying differenÈ centres operaE-

ing with a different mode of monomer addition. This is
confirmed by some fractionation work on polymer produced

from exEensively de-etherated PhMgBr and by results from

other workers.'u

Decrease in the polymerisation temperature causes a

decrease in both the proportior-r of high molar mass mater-

ial and the isotacticiËy of the system, for reactions in
toluene (Figs 4.2, 4.7).

The presence of T'FIF in the reacl-ions of phMgBr,

MsMgIìr and chexMgBr with MMA greatly reduces isotacticity
of the pMMA f ormed and dimini shes r or resr:lts in the

absence of, high molar mass polymers (Figs 4.3-4.6, 4.15,
4.26). The disappearance of hígh molar mass material (ca.

2x10tg*. mol-r) in THF possibly implies that its formation

is due to the presence of active centre associates which
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are destroyed in THF, while absence of this material with

Rz Mg initiators i.mplies that those associates are of the

RMgX form. The yield of polymer is also greatly reduced

for aryl magnesium bromide systems in the presence of TtlF,

particularly at higher temperatures (Fig. 4.3). For iniÈ-
iator MsMgBr, the addition of TllF caused low molar mass

unimodal distributions to develop with apparent broadening

of this peak at higher mole fractions of THF at 250K, buË

more erratically so at 2301(, indicating some lack of

control. over this process. Broadening of the low molar

mass peak in the presence of THF is also found in the

chexMgBr system.

The nature of the initiator solvent appears as a

variable in the MsMgBr system at low Eemperatrtre, where

the addition of initiator in THF, for reactions with high

f inal X,.Uf,/Toluene, af forded signif icant proporti-ons of

intermediate molar mass material. Such material r^/as only

present in smaller amounts when initiator vùas added in
toluene at high final mole fractions of THF (Fig. 4.6).
This may be explained by assuming an increase in co-

ordination number at an active site ( thermodynamically

more favourable at low temperature ) when the initiator is
in TFIF, giving ri se to c.entres producing intermediate

molar mass material. Smaller proportions of this material

vúere produced f or the i ni t iator in toluene s i-nce thi s

initiator required solvation by TI{F after mixing reagents

together, during which time mosE active centres may have

been formed at lower co-ordination sites. If this argument

is correct t tC peak broaclening observecl in the study of the
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MsMgBr/fHf initiaEor system at low temperature ( see

Chapter 3 ) may be due to co-ordination number changes

rather than associaÈe formation. The Ms, Mg initiaËor
system in Tt{F' (Fig, 4.134) also produced an intermediaEe

molar mass peak at 200K in THF.

Strikí.ng differences vüere observed in polymers formed

with MsrMg and PhrMg as a function of solvent composiËion

aE 250K (Figs 4.LL and 4.19), although lower isotacEic

contents r/rrere common to both. lrlhereas Ms , Mg produced a

single low molar mass peak (1-2x10ugrn. roft) which broad-

ened in a manner analogous to that of the MsMgBr system at

250K, the Ph, Mg initiator procluced a low molar mass peak

trailing to high molecular weight for the reaction in
toluene. This Ëhen changed Ëo a bimodal system at inter-
mediate solvent polarity by development of an intermediate

molar mass peak, which gradually diminished ín proportion

to the total polymer produced in THF. The reasons for this
are not fully understood. Reactions of Ph, Mg/¡,tUn/ toluene

at 250K show a slÍ.ght increase in the syndiotacticity of
polymer producecl with time, âssociated with an increase in
Ehe proportion of material trailing to intermediaÈe molar

mass.

Finally, evidence exi-sts, for PhMgBr initiaÈed reac-

tions in Eoluene at low Ëemperature, to suggesÈ that the

initiator exists in an inert form at low temperature whí.ch

is capable of being reactivated by increasing the reacÈion

temperature. This may be a significant factor in any

kinetic analysis in Chapter 5 and may be important in a
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5 REACTION I(INETICS

5.1 InEroduction

The prospect of more than one different, independenE

active cenÈre operating in the polymerising alkyl / aryL

m_agnesium-MMA system, together with the possibility of
side reactions occurring at the MMA carbonyl site with
corresponding l-ow initiator efficiency, renders kinetic
studies of this system difficulE. The unknown constituEion

of Grignard reagents in hydrocarbon and eËher solvents,

particuJ-arly as a function of temperature, provides a

further major problem in the understanding of kinetic
data. The aim of ttris chapter will be to resol.ve some of
these problems, particularly with respect to polymeris-

ations initiated by aromatic Grignard reagents in non-

polar solvent where stereoregular polymers result, and to
present some recent and novel techniques using NMR spectro-

scopy to follow the cor-trse of a polymerisation reaction.

Allen t hu" noted that organomagnesium/ptt'tR polymeris-

ations are awkward to fo11.ow since they are too slow for
modern fasË reaction techniques but reside aË the fast end

of the classical kineLic domain. Means of study in this
field so far have relied upon classical dilatometry and

gravimetric analysis. In the kínetic dilatomeEry exper-

imentr âs a result of the dilaÈometer filling procedure,

the first Een minutes are rendered useless due to temper-

ature {e-equilibration probLems, limiting its câpacity in
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sEudying fasEer reactions which may be occurring, partic-

ularly if retardation occurs by gelation of the reaction

medium. Gravimetric studies are insensitive due to diffic-
ulties associated with quantitative isolation of products,

in particular oligomeric material and non-polymeric side

products.

Bateupr 2 using dilatometric studies to examine the

nlìuMgBr ini.tiated polymerisation of MMA in mixed TI-IF/

toluene solvent, observed an external first order relation-

ship wiËh respect to initial active bond concentraËion at

223K, and similarly with respect to initial monomer con-

centration under the same reaction conditions. However,

upward curvature of 1nIt'tJo/ [U] vs time plots at high

conversion and ttre linearity of the IM] vs time curve up

to high conversion 1ed to the conclusion that the reaction

\4¡as internal ly zero order with respecË to monomer. These

observati.ons hTere found Èo correlate with the results of

Erusalimskii 3 for the Grignard f acryLonitrile system and

rdas taken t-o inf er that propagat ion proceeded via a

monomer f actLve site complexation mechanism. Implications

of these resulEs will be expanded upon later j.n this
chapter. Bateup 2 found no eviclence to suggest that
external order wiLh respect to active boncl ancl monomer

concentratj-on differed as a function of THF concentraËion,

even though the ínitial rate of reaction ü/as affected by

this parameter. At XtHp>.12 the initial raEe of poly-

merisation decreased linearly with TtlF mole fraction, but

at Xtn' < .12 the maximum initial r:ate of polymerisation

!üas independent of XfHf,. This change in kinetic behaviour
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correlated with a marked increase in Ëhe stereospecificity
of polymer products formed. These kinetic results hrere

consistent with the eval.uation of Allen and Moody a using

Ehe diethyl ether/coluene system at 223K.

'i'he nllu, Mg/¡aFan sysLem at 223K' showecl si milar behav-

iour to nBuMgBr/t"tUn with an external first order depen-

dence with respect to both monomer and initiator active
bond concenErations, but with initial rates of polymeris-

ation slightly faster than for nBuMgBr initiation.

The results for nBuMg systems, using TI{F âs the polar

component of the solvent mixture, appear less complex than

those obtained by Nishioka s using diethyl ether as the

polar aspect of the solvent, where external second order

active bond ancl first order monomer dependence \,üere

observed.

In a similar manner to the nBuMgBr:/t"lUn system,

secBuMgBr/¡ltlR reactions showed 
2 external f ir:st order depen-

dence on the organomagnesium concentration in THF/toluene

solvent at 223K.

Dilatometric studies of terBuMgBr/t't¡lR systems by Mair6

indicated extrenely fast rates of reaction, with rapid
gelation of the reacEion mixture making measurement of
initial rates of polymerisation impossible. However, for
reactions carried out in toLal Ttlþ- at 250K, polymeris-

ations vüere retarded by the combined effects of dilution
of initiator and the introduction of large excesses of
bromide, vía additions of magnesium bromide, to the init-
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iator solution. BaËeupt h"d earlier shown that this latter
action had a drastic effect upon initiator efficiency.
under: these circumstances the external order of reaction
with respect to monomer and organomagnesium bonds vüas

found Eo be one. For reactions of terBuMgBr/i,ltvlA in toluen,e

the addition of MgBr2 vüas prohibited due to solubility
problems and reliable initj-al. raEes of reaction could not

be achieved. This effect of MgBr, has been observed in
some non-polymerisation reactions where the amount of con-

jugate addition to certain o¿ , ß-unsaturated esters

clecreases with increasing l"lgBr2 corìcêntration.T complex-

ation of MgBr z to the carbonyl enEity may promote addition
at this site, leading to side products in the polymeris-

ation reaction. Gravimetric determinations of pMMA f.or the

terBuMgBr initiator reveal 6 thaL yields across the THF /
toluene solvent range are higher in toluene predominant

solvents; an aspect reinforced in this work ( refer to
Chapter 4).

Most recent advances in the examination of kinetic
relationships for Grignard reagent/l¡un systems have arí.sen

as a result of novel NMR techniques for the evaluaEion of
internal orders of reaction, developed by Mair.6 Using

time dependent evaluations of monomer concentration,
derived from 'H NMR vinyr integrals of monomer in the

absence of viscosity effects, decay curves could be gener-

ated to almost complet-e monomer conversion, thus enabling

an estimate of internal order. For the terBuMgBr system in
toluene, a variation in internal order from zeto to one

occurred for reactions carried out over the temperature
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range 225-275R. The estimaËe of zero internal order at low

temperature (200K) reinforced the previously proposed mech-

anism of Erusalimskii t for monomer/active centre complex-

ation dur:ing propa gation ; zero orders impl-ying Ëhat the

rate deEermining step involvecl the insertion of a co-

ordinated monomer unit into a growing chain aÈtached aÈ

the same site by a covalent metal-carbon bond.

5.2 Experimental

The principal means for the assessment of kinetics in
Ëhis thesis utilised the NMR techniques developed by Mair,6

and to a lesser extent, classical dilatometry, for the

evaluation of internal and external orders respectively.

5.2.1 Dilatometr:y

Studies undertaken in ttris work vùere achieved using a

modified reaction vessel, depicted in Fig.5.1. External

orclers of reactj-on r/Jere determinecl for the PhMgBr system

at 250K for both monomer and active borrd concentrations in
predominantly toluene solvent ancl vüere unsuccess full-y
attempted for the Phz Mg system under similar reaction
conditions. Reaction vessels vüere loaded in a manner iden-
tical to that used for the prodr_rction of polymer in
Chapter 4 and lvere equilibr:ated at bath temperatures of
250K for t5-2O min. prior to the mixing of reactants. A

YOUNG tap, si.tuated above the dilatometer arm (Fi.g. 5. 1) ,

prevented di.sËil.lation of solvent from the initiator soluE-

ion sÈored in Ëhe upper compartment of the reaction vessel

into the dilatoneter during the thermal equilibration
period. On all occasions the weight of materials in the



Fig 5.1 Reaction Vessel - Kinetic Dilatometer
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reaction vessel was recorded, and,

5 . 1- posLulated by lrfair u o,rur the

27 5K:

T
pr.1lrnTrot =1 't287 + 0'119 X¡run/rot -( '8942 I '1280 xuunTrot)'r'lo -3

Equn 5.1

the volume of the reacLion solution could be determined

and maintained at a constant value for a series of runs.

This procedure negl ects the residual THF presenE in Ehe

initiaËor/toluene solution, but this component comprises

about one mole per cent (GLC) of the initiator solventr so

that iEs omission does not represenE a significant error
in the above equation. Estirnates of Ëhe cross-sectional

area of the capillary hlere made using distilled water or

alcohol and evaluation of meni.scus contraction-time plots

was made using a cathetometer capable of measuring to 1

.001-cm

5.2.2 NMR l(inetic Experiments

5.2 .2.t Nl'{R Tube Pr:epara Eion

Sealed tube, ki-netic NMR experiments vrTere conducted

in a similar: manner to that adoptecl by Mair! with reagents

added to 5mm NMR tube s in vacuo us ing the g las sr^7are

depictecl in Fig. 2 .8 ( a ) . The addition of a small glass

dunb-bel-l facilitated efficient mixing of reactanEs. On

all occasions the initiator /d u -toluene/toluene solution,
with predetermined active bond and bromide concentrations,

was decanted first into the lower section of the NMR tube

and f rozen with liquid nitrogen. Onto this riras decanted

the monomer/toluene solution which vüas also frozen. The
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amounts of material placed in each tube \À7ere checked by

weighing. Subsequent to the addition of all reagents, the

tube üras sealed at the constriction (Fig . 2 .8 (a ) ) . Tubes

hTere prepared immediately before use and stored in liqr-rid

nitrogen until ini tiation of reactí on. Care \^las tahen to
ensure that the volume of the reaction solution did not

exceed the volume capable of being thermostatted in the

NMR probe; this volume always being in the range 1.0-1.2cm?

5.2.2.2 Reaction Initiation

The reactivity and stereochemistry of polymerisation

have been shownt'u to be cletermined by conclitions prevail-
ing at the initiation stage, making i-E essential to define

these conditions precisely.

Immediately before initiation a small alcohol bath

r^/as brought to the required reaction temperature i . e. , the

temperature of the NMR probe. The react j_on tube rdas

removed from the liquid nitrogen bath and mel ted and mixed

in the alcohol bath with the aid of the snall glass

dumb-bell in the tube. This vüas Ëhen quickly interchanged

wi th a dunrmy Lr-rbe in the spectronleter probe which con-

tained the same deutero-lock solvent as the reacËion tube.

rn Lhe interim period between insertion of the reaction
tube in the probe and Ehe first acquisition of data, the

magneti-c field vüas reshimmed to the optimum conditions for
Èhe reaction tube.
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5.2.2.3 Choice of NMR Pulse

The choice of pulse angle, êspecially for LC kinetic
stuclies, lvas critically dependent on Lhe chemical site of
observation. For tH NMR, where the chief source of j-nfor-

mation arose from observation of the vinyl proton environ,-

ment of monomer, a pul se of 3-4 ìJ sec \Àlas routinely used

with an automatic recurrence pulse mode.

This parameter became critical in t tC kineEic analy-

sis. Mention iras been made in Chapter 2 that the chosen

s Í.te of enrichment \iùas the carbonyl carbon of MMA. As a

result, the absence of attached protons confers longer

relaxaEion times on this carbon site, which must be compen-

sated f or by the use of either narrovü pul se angl.es or

delayed pulses, so that the magnetisation vector can fully
relax before initi ation of the next pulse. The former

option \das more favourable since a delayed pulse arrange-

ment presented too many limitations on the kinetic experim-

ent, particularly for fast reactions . Examination of all
options available showed that a 2.9 U sec pulse under

automatic pulse recurrence optimised conditions.

5.2.2.4 Acquisit j on of Data

A BRUKER LIX90E spect.rometer \^/as used at either 90MHz

resolution for t H examination of kinetics, or at 22.62MH2

f or stucly of t t C ki-netics using enriched monomer. Coupled

to the spectrometer hTas a BNC-12 compuËer, DIABLO disk
system, a B-GD1 gated decoupling unit and a visual display
unit/teletype. Kinetic data r^/ere obEained either by using

the modified BNC-12 computer program, TlPRGM/tt (version
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74), for single mode detection or more frequently by use

of an updated formr QDPRGM, for quadraEure detection.
These programs hTere modified to wait for a hardware flag
before acquisition of blocks of f.r.d. The hardware signal
wås generaEed by Èhe modified B-GD1 gated decoupling unit
and hTas appied to the SENSEl inpr-rt of the BNc-12. The

predeterminecl tinle interval between blocks of f . i . d. could

be varied from .r-9999 sec. At the appropriate time the

hardware flag allowed accumulation of the first set of
f.i.d., with this first block of accumulated scans being

automatically stored on disk. Following this the spectro-
meter and computer remained in idle mode until the end of
ttre next time interval when the acquisition process r^7as

repeated. Typically, for t H NI{R kinetics, 40 blocks of
f. i . d. v/ere collected, with each block containing 10

f.i.d., while fort'C enrichecÌ experiments 100 f.i.d. r,rTere

collected for each of the 40 blocks. To minimise the time

for accumulation a 4K data base r^7as used, wÍ-th the actual
time of accumulation being talcen as half-way through Èhe

collection of each block of f . i . cl.

5.2.2.5 Choice of Nucleus for lixanlination
of Extent of Reaction

Table 5.1 below lists all resonances for bothÌ3C ancl
tFI examinatí.ons of monomer/polymer systerns.
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Table 5.1

lH - NMR Resonances - ppm (in the reaction rnixture)

Methoxy Methyl
Vinyl

Cis Trans

3.03 1 .-50 5.81
4.88
4.86
4.81

MlufA polymer 3 .0-3 .02 1 . I 3( broad )

t'c - NMR Resonances - ppm (in clct¡)

MMÀ motronrer

MMA monomer

Mcthylene

1.7-1.8

Carbonyl

167.3

Me tlroxy

51 .5

Methyl

18.3

Vinyl Quaternary Methylene

monomer carbon h/as chosen to examine ]b

relaxation probl_ems, for three reasons:

24
3/

1

I
,7

0

I'fl"lA polyner I77 50 16-20 52

t{hile t H NMR initially offered the possibility for
examination at various resonances, the choi_ce r^7as restric-
ted by Ehe presence of solvent peaks and the overlap of
nìonomer and pcllymer environments. The o -methyl resonances

suffered due to overlap with the toluene meLhyl resonance.

using the terBuMgBr iniÈiator ln toluene, Mair 6 notecl

partial overlap of monomer and polymer methoxy groups

which hrere not readily deconvoluted by automaEic peak pick
procedures used in the estimation of peak area. using

aromatic organomagnesium initiators in toluene gave rise
to almosE complete overlap of these peaks which rendered

them useless for kinetic analysis. The most favourable
resonancesr and those usecl for evaluations in this work,

vüere the two vÍnyl proton resonances rying in sparsely
occupied field positions (Table 5.1).

45

The carbonyl

kinetics, despiËe
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( 1 ) The chemical shift difference between monomer and

polymer carbonyl resonances vüas sufficient to observe

decrement and incremenE of these two peaks (Table

5.1).

(2) Room temperat-ure ex¿rmination of polymer producEs in
chloroform, uEilised in Chapter 4, indicated that the

polymer carbonyl resonance hTas sensitive to stereo-
chemi stry . r t r^ras envi saged that a kinet ic examin-

ation of polymerising systems would consequently give

an indication of the reaction time dependence of
microstructure.

( 3 ) The carbonyl carbon

possible side reaction

kinetics at this site

al-so provides the site for
in the system. Examination of

I^74 S therefore capable of giving

consumed.an insight into all mononer

5.2.2.6 Quantitative Estimate of Peak Area
for Internal Order Evaluation

Procedures adopted by Mair o fot estimation of peak

area in tH NMR kinetics employed automatic peak pick
pr:oceclures avai,lable in sof tware annexed to the BRÜKER

ltxgOE. under these conditions a peak vüas picked and integ-
ratj-on vüas commenced when the signal cleparted by more than

twice the r.m. s . error from the baseline. rnEegration

ceasecl when the signal returned to the mean baselÍne or
when it began to increase again by more than twice the

r.m. s. error from tl-re baseline. This procedure vüas used on

occasions in this thesis, buE probleurs often arose clue Eo

the inability of the peak picker to register all three
peaks of the trans vinyl proton environment (Table 5.1).



This problem r^/as corrected by using a line
uation of peak area, this method being

occasions.

1M

integral eval-

used on most

The presence of two vinyl protons providecr a conven-

ient method for estirnation of error in Ehe peak inEegral.
The area recorded at any time \iüas taken as the average of
these two environments. The scatËer about this val_ue r^7as

never more than t B-1-3%. For convenience in interpretation
of peak area vs Ëime ploEs in this chapter, scaEter range

for each poinË has been omitted. on occas:ronsr âs a check

for the validity of vinyl area decrement vs time plots, Èo

ensure thaE spectrometer operati.ng characterisEi_cs rdere

not varying during collection of different brocks of
f . i . d. , the vinyl area \^Jas compared, âs a ratio, with a

suitably invariant peak (u.g., toluene methyl I ff reson-
ance ) in each blockr âs a function of time. parallel

behaviour between thÍs plot and the vinyl area vs time
plot vras always found, although scatter of points was

greater in the former case due to compounding of errors.

5.2.2 7 Advantages and Limj tations of
the NMR Kinetic Experiment

Beside the acìvantages of determinaEion of internal
orders of reacEion, NMR scale reactions , clue to small

reaction vol-umes" minimise the amount of heat released due

to exothermic initiation and propagation reactions. That

reaction mixture temperatures often lie significantly
above the nominal bath or probe temperatur:e vüas f irst
notecl by Nishioka I et al.. , although for rarge scale

reaction volumes of about 20cm 3 used in this thesis, the



maximum temperature did not

more than 2-3K. For NMR

reaction volumes and lower

hTere used , the tempe rattrre

than this.

exceed the bath

scale reactions

initial monomer

rise is likely
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temperatur:e by

where smaller

concentrations

to be much less

The other important advantage of small reaction

volumes is the shorter thermal re-equilibration time

required, which means shorÈer delays between reaction init-
iation and data acquisition. This is useful in the examin-

ation of faster reactions.

DisadvanLages of the technique are summarised below:

( 1 ) IniËiaÈion has been referred 1'6 to as the critical
stage in the determj-nation of the nature of potenEial

acLive centres, their relative populations and the

resultant pMMA stereochemistry, but little control in
Èhe initiation step seems to be invested by returning

a reaction solution from the frozen state to the

prescribed reaction temperature. This may be less

important for the PhMgBr system wher:e inactivity is
evident at ancl below 200K ( see Chapter 4) , thus

reducing the possible range of temperatures, between

f.rozen state and Ëhe nominal reaction temperature, at

which reaction could occur.

(2) Given the errors inherent in determirration of peak

areas as a function of time, unquestionable estimates

of internal reaction orders can only be made for
conversions greaEer Ëhan 50%, and preferably greater

than 757". Viscosity and gelatíon effects are prohib-
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itive under such circumstances lest the reaction

beconre cliffusion controlled as a result of these

medium effects. Consequently, the mole fraction of
mononìer h/as kept low (X¡l¡lrf /to1t .02-.04 ) , and all runs

indicated in this chapter provided final reacÈion

solutions which were non-viscous and freely flowing.

( 3 ) NMR reaction kinetics, determined from 5mm tubes,

provided difficulty in the determination of exact

concentration of monomer inití-a1ly present. The

method of loading the tube, described earlier, re-
quired the weighing, after addition of monomer, in
the frozen state so as to prevent any possibility of

reaction. Accurate weighing on a four figure balance

\^/as thus rendered difficulE, and NMR tubes invariably
cracked cluring such a weighing procedure. Tubes !ùere

therefore weighed quickly on a top-loading balance,

buE this, combined with the small weights introduced

into the tube, produced errors of ! 20-257" in estim-

ates of initial monomer concentration.

5.3 Theory

5. 3. l- Dil.atometry

The extent of reaction is defi.ned by

(¡l -r,4 ) /Mo Equn 5.2o

where M
o

M

This is related to

isíng system by:

the initial mass of monomer present

mass of monomer remaining at Ëime t.
the observed contraction in the polymer-
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where
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Equn 5.3

drop in

Vo

V

: volume at
: volume at
: volume at

time

time

100%

zeto

t

convers lon

For a dilaEometer capirlary vüith cross-sectional radius, t'

AV (V -v) rr2ah Equn 5.4

Vtoo

where A¡1

o

the experimentally observed
meniscus height.

Extent of reaction may thus be expressed AS:

(nr2¿\h)/(¡,t (' /() 'lp K h Equn 5.5o m p

where P_ density of
m

Ap densitY of

and ('/P '/9 ) :m t P'
of monomer is converted

Conventionally the value

1.19gm cffi 3, while pm at

evaluated by substituting

polymer

volume change when one gram

to one gram of polymer.

of p ^ has been taken "t" o"p

the given temperature \^Jas

Xt"t¡'lR/tot 1 into Equn 5.1.

monomer

5.4 Results and Discussion

5.4.1 Kinetic Dilatometry

Evaluation of initial rates of reaction vras influen-
ced by the following factors:

( 1 ) rn the determination of external order with respect

Eo monomer at the initial active bond concentration

cited below, initial monomer concenErations greaEer

than about 1-.3M aL 250K showed no regÍ-on of linearity
in meniscus height-time plots, whi.ch u/ere required
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f or Ehe interpolaEion of meni scl-ls height , and hence

reaction volume, âË zero time. This upward curvature

of meniscus height-time plots at low conversion (2-

3%) i s also evident in dilatometric runs evaluated

below fc¡r initial raËes of reacÈion, but definit,e

regions of 1i-nearity riüere observed in height-time

plots for these experí-ments. Given the low conver-

sion, viscosity is not responsible for the upward

cr:rvature in these plots, and it appears li.kely that

termirration of growing chai.ns is responsible. No

absolute correlation is apparent between conversion

at the onset of curvature in these plots and the

ínitial monomer concentration, which might imply pre-

dominant chain termination by reactj-on of the living
end with the monomer carbonyl group. All heighË-time

plots under these conditions showecl the onset of

upward curvature at 2-37" conversion.

(2) In the determination of external order with respect

to active bond concentration åt 25OK for the inÍtial
monomer concentration cited below, a minimum phenyl

magnesium concentration of about .004M hras f ouncl,

below which little or no polymeri sation took p1.ace.

Similar observations \^/ere notecl by both Mair u and

l3ateup '' f.ot the terBuMgBr ancl nBuMgBr systems r rêspec-

tively, wÍth the ef f ect being possíbly aEtri.butable

to side reactions of active bonds with monomer

resulting in 1ow initiator efficiency.

( 3 ) An upper limit of about .03M with respect to initial
active bond concentration h,as necessary clue to the
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difficulEy in discernment of a linear meniscus heighÈ

vs time region above this concentration. In contrast

to the loss of linearity ín mensiscus height-time

ploEs aË 2-3% conversion for the determination of

external order with respect to monomer, the conver-

sion at the point of deviation from linearity of

these plots i.n external order determinations with
regard to phenyl magnesium concentration monotonic-

a1ly increased from t,87" (theoretical) at IPhMg]o

6 .4 , x10-3 M to 7 .27" ( theoreti cal ) at 25 . ox10 
-3 

M

I enug ] o.

5.4.L.L

(a) ExÈernal Order with respect to Monomer

Kinetic Dilatometry PhMgllr IMYIAI
Toluene fresidual THF IZSOK

Table 5.2 indicates the

ions and corresponding ínitial

monomer concentrat-

reaction, R
Po

ini tial
rates of

Table 5.2

Initial -t
Monomer Conc

.37 7M

.59sM

.7 5gM

.1-s I'l1"

l+R xl-O mole
Po

3.1
4.2
5.3
8.7

3

dnt mtn

9

2

o

o

These results vúere obtained using a stock initiator
soluEion having the f ollowing characteristics: If,frMg ].
.047, M; nr/lhVg:.6o and mole per cenE THF in toluene =

L.I%(GLC). On mixing of reactants at 2501( this initiator
solution provided an iní-tial active bond concentraËion of

8.7r x10-3M, which hTas maintained for the four runs eval-
uated. A plot of toto'o vs log Iuue]o producecl a straight



line with slope .90 ( ! .11 s.e. of slope ) ,

the reaction is conceivably exEernally

monomer. Fig. 5.2 shows a plot of *Oo vs

confidence intervals marked.

r50

indicating that
firsE order in

I l"lull I t wirh g0%' -o

(b) External Order with respect to Active Bonds

Table 5.3 indicates initial active bond concentrat-

ions and corresponding irritial rates of reaction, for an

initial nìononer concenEration of .7BsM(250K).

Table 5

Ini tial

3:

Active Bond Conc x 103

6.4g\l

11.u M

t5', M

25. M
o

R x 104 molpo

6.3

l-1. s

t4 .,

26 .,

dm- 3 min- I

25OK,

order

o

A plot of logRpo vs 1ogIPtrMglo produced a straighË line

wiEh slope L.04 (t.06 s.e. in slope), indicati.ng that the

reaction is probably externally first order with respect

to acrive bonds. Fig. 5.3 shows a plot of *Oo vs tehMglj

assuming such a relationship (9O7" confidence limits

marked ) .

2 Kinetic Dilatometry
Toluene /residual

Ph2 Mg /wt/
TltF / 2 50K

5.4.r

In conErast

difficulties arose

with respect Eo monomer

to the PhMgBr system studied at

ln the deEermination of external

using Phrltlg as initiator.

Although regions of

time plots were f otrnd,

linearity in
calculati-ons

meniscus height-

the theoretical

Èhe

of.



I'ig. 5.2 Plot of fniti,aì lìate of Polymerisation vs.
90% Confidence Limits Marked.

Line of best fit: Slope :

I.ntercept :

S.[. in Slope :

S.E. in Intercept :

luunl I

.^+ -ttu mrn
1 0a moÌ dm-3 min-l

./ x 10+ min-l

.56 x L0+ x 104 mol dm-3 min-I

7.3 x
.11 x

Tenperatnre : 250K
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yield produced conversions much lower than those found

experimentally, in contrast to those experiments in
section 5.4.t.I, which indicates fast reactions. A plot of

log *Oo vs logIMMA]o produced a gradient, cr , such thaE

when ta'o vs It'l¡,t¡ ]ü vüas plotted the origin dicl not lie
within one standard error of the intercept.

NI'ÍIì kinetic experi ments ( see later ) wi th the Ph z Mg

system confirm that rapicl consumpËion of monomer occurs in
the first 5-10 minutes of reaction a period which cannot

be monitored due to re-equilibration problems in dilat-
ometry followed by significant retardation of reaction

due to termination of growing chains at about 607" conver-

sion. Such conditions render dilatometry ineffective.

'Ihe PhMgBr kinetic experiments vüere carried out using

nr/rhltg= .6o , implying that appreciable amounts of Ph 2 Mg

must exist. However, the disparity in behaviour observed

between dilatometr:ic studÍes of both initiator systems

suggests that Ph, Mg is not present in the PhMgBr initiator
w j-th Br/I'hMg:.6,r, otherwise there would have also been

discrepancies beEween theoretical and experimental yields
for reactions with this laEter initj"aEor. It is possible

that the presence of bromide, through its enhanced

bri dging abi 1iLy, modif ies Ph 2 Mg 1-,y f ormation of assoc-

iates to produce slower propagating active centres.

5.4.2 NMR Kinetic Studies

Obtaining the right conditions for reactions in NMR

kinetic experiments \^/as difficult and success vùas only



achieved by invoking

ions, particularly for

152

the following experimental condit-

initiators containing bromide:

(1) Enstrring that the external- bath vüas set to tt're temper-

ature at wh j ch polymerisation in the NlvlR probe v,/as to

take place. Preliminary runs, where the NMR tube vúas

taken from liquid nitrogen and melted in an acetone

bath at roon Eemperature invariably failed, probably

because Ëhe tube contents are elevated to Èemper-

atures conduci.ve to side reactions and a loss of

initiaEor efficiency.

(2) The most critical factor, for the PhMgBr initiator
system in particular, hTas the observation that suc-

cessful polymerisations only occurred when Xef,ltg/UUn

was set at values consiclerably higher (tu.2-.3 ) than

those described in the large scale polymerisations of

ChapEer 4 (tu.04). Only smalt/negligible conversions

of monomer \dere ot¡served in NMR experi ments when

X ef,Ug/¡t¡t^ r,tras set to the value of these large scale

exper:iments for the Phl'ÍgBr system. Mention has been

made in Chapter 4 of the inabi 1i ty of ttri s init iator
to induce polymerisation at 200K for large scale

runs, alChough subsequent transfer of the reaction Ëo

a bath at 2 50t( produced the same polymer, ancl in
si nlÍlar yield: âs that obtained when reaction r,r7as

initiated and propagated at 250K. Inactivity of the

initiaLor possibly arises from the formation of inert
aggregates which are disrupted and activated at

higher temperatures. Inactivity of the initiator in
NN{R kinetjc experiments carried out at XenUg/tt¡,l^:.04,
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especially lvhere the tube contents are melEed from

the frozen state, may arise from the persistence of

some of these inert aggregates. Increasing Xef,Ug/VUn

vras initially avoicled on the basis that it might be

conducive to excessive side reaction with the monomer

carbonyl, but finally appeared as the only means of

following PhMgBr initiated runs to high conversion.

Possible reasons why variations exist between

Xfnltg/tqUn:.0+ and XphMg/UUn=.2-.3 are discussed later

in this chapter.

Although lcineEic experiments using the Phz Mg init-

iator in toluene were also examined at high XenUg/'l¿l

(for reasons of comparison with Lhe PhMgBr system),

this initiator appeared more robust than PhMgBr under

similar initiation and propagation conditions. This

is exemplified by two reactions carried ouE at 250K

for the Ph, Mg and PhMgBr initiators, where the rê-

action parameters were .03l ,O6l u.01-.02 (: Xef,Ug /WLl
X¡tro /to;-/ *rn¡, l,tot) and .03 / .051 ,01-.02 , respectívely,

with the former initiator producing a sigrrificant

conversj-on of monomer to polymer (50-60%) in contrast

to the latter. If the proposition presented in (2)

above is feasible; that inactivity of organomagnesium

bonds is governecl by the presence of inert aggregates

(u.g., linear associates ), then the proposition is

sErengthened by l-he comparison between Ph. Mg and

PhMgBr initiators. The tendency for enhanced assoc-

iation in the presence of halide has been noted by

Ashby r0 'rr ' n the f ormati on of linear associates. This

propensi ty to associate appears to parallel the reac-



tivity of the organomagnesium

ents carried ouE here.
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compound in NMR experim-

(4) NMR scale reactions have been examined almost exclus-
ively at low XfUf,/foa due Ëo the more ÍnËeresting

stereoregular polymerisations occurring under such

conditions. NMR scale reactions using Ehe phMgBr

initiator h/ere attempted in THF, primarily at 2501(,

but invariably failed to produce anything but trace
amounts of polymer. This observation seems in accord

with large scale polymerisations examined in Chapter

4, where yields vüere also low at high mole fractions
of TI{F.

5.4.2.t NMR Kinetic Experiment PhMgBr /VtVlt,l
Toluene /d u-toluene/residual THF

Figs 5.4, 5.5 and 5.6 show plots of vinyl line
Íntegral as a funcEion of time for the PhMgBr system at
250K, 24OK and 230K while Figs 5.4(a), 5.5(a) and 5.6(a)

show plots of (Area,(l-order) vs Ëime for the best estÍm-

ate of internal order 'in each case. Table 5.4 below shows

the estimated order with respect to temperature as well as

the tacticity of polymer producecl in each case.

Table 5.4
TacticiEy
i:h:s

60 L4 26

66 22 t2
63 L6 2L

Estimates of internal order hTere made on the basis of
correlation coefficient, with conversions in each c.ase

being taken to greater than 757". The variation in micro-

Temperature
2 50K

240R

2 30K

Internal 0rder
1-.7 (:t.1 )

1.5(t.1)
1.1(!.1)
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Fig. 5.4(a) pl-ot ot (Area)-'7 vs. Time

phMgBr/MMA/Toluene/d, ToIu ene

Reaction Parameters: .I7/ .Ol/n .01

nr/ltrt'lg = .6
o

Temperature : 250K

n 40 60 80 100 120 140 160

minutes

Lincar L¡:ast Stluares Regression:

Slope : 1.363 x 10 -3(Aruu)-'tmirf I

rntercept : 6.837 x 10 -2(lrea)-'z

Sample Std. Deviation ¿ 1.223 x lO-2

S.E. in Slope : .038 x 10 -3

S.E. in fntercept : .030 x 202

125¡

75



Fie. 5.5 Plot of Peak Area vs. Tine

PhMgtlr/Ml'[A /roluenef d e Toluene

Reaction parameters: .21/.03/n,.Of
nr/nnug = .6

o

Temperature : Z|OI(
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Itig. 5. 5( a ) Plot of ( Area ) 
- 't .rr" . Time

PhMgBr/l"tMA/Toì-uene/d s Tol u ene

Reaction parameters: .2I/ .93/^,.01

nr/nhltg = .6
o

Temperature: 240K
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minutes

Li.near Least Squares llcgression:
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Fig. S.6 Plot of Peak Area vs. Time

PhMgIJr/MMA / T oluene f d, Toluene

Reaction parameters : .2I/ .03/n,.01

Rr/t"tst"tg = .6o

Temperature: 2301(
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strucEure vùit.h Ëemperature varied in an erratic
although the small anounts of polymer obtained from

NMR runs meant the tacticity data was less accurate.
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manner

these

The same increase in internal monomer order with

temperature has been observed by Mair 6 for terBuMgBr

initiated polymerisations under similar 1ow mole fracLion

THF solvent conditions over the temperature range 200-

275K, aLthough under these circumstances internal order

varied between zero and one, with some evidence of a

mixture of these orders at intermediate temperatures.

Sone anomalies exist between dilatomeË,ric data exam-

ined in section 5.4.t.t at 250K and the NI,IR kinetic
experiment at the same Èemperature. The deviations from

linearity in meniscus height-time ploËs at 2-3% conver-

sion, observed in the determination of external order wiÈh

respect to monomer at constant active bond concentration

hrere designated as a probable effect of chain termination.
In particular, one of the dilatometric runs car:ried out aE

250K with [¡lltnJo=.37rM and IfhMg]o=8.7, x1-0-3M cleviated from

linearity at 3% conversion. However, the NMR kinetic run

showed a consistent internal order of reaction for monomer

over the duratj-on of examination of vinyl peak integrals,
with ItvtUnlu:.3rt"t and Ienf"fglo=.07uM. A simple terminaËion

reaction, in the absence of chain transfer processes,

should manifest itself in terms of tt¡u /t t¡, and tt/, lr r/,

values indicative of different orders of reaction, with
t zrr/t rr, implying a higher order of reaction than tr/r/rr/r.
Such is noE the case in the NMR experiment (Fig.5.4, Fig.
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5 .4(a ) ) . Goode and co-workets t' have shown that chain

transfer does not occur in the Phl'{gBr/tt¡¡ln/Toluene f Erace

diethyl ether reaction and so termination by this process

can be discarded. Possible reasons for the discrepancies

in behaviour between NMR and dilatometric experiments are:

(1) The different mode of iniLiation, and in particular

the inexact specification of Ehe initiation temper-

aÈure when NMR reaction solutions LTere melted from

the frozen state r may render dilatometry unsuitable

for compari son with NMR results.

(2) Matsuzaki and co-worket" t'noted that pMMA producecl by

PhMgBr (Br/PhMg:1) reactions in toluene had molecular

weÍ-ght distributions which were unaffecEed by conver-

sion and vüere described as slow initiation-rapid
propagation systems. For this to be satisfied in an

eneidic pathway, the different Eypes of acEive

centres must slowly become availabl,e in the same

relative proportions otherwise relative inËensities

of GPC peaks would change with respect to each other

over time. These workers did not clarify how such a

system would operate. If this were the câse in the

NMR kinetic experiment using PhMgBr (Br/Phl,tg=.60 ) exam-

ined at 250K, where the initial active bond concen-

tration hras approximately ten times that of a similar
dilatometric run, then the effects of termination

observed aE about 3% conversion in the dilatometric
run may be masked in the NMR kínetic experiment by

the slow availability of potential active centres

from a larger source of organomagnesium bonds. This
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may also explain ü/hy NMR kinetic runs with XenUg/UUn

.04 showed little or no conversion in comparison to

runs examinecl at a similar XUUR/Solvent and with
v .) .3. Dilatometric runs for the evaluation
^PhMg /pltqn- ' '-
of external order with respect to active bonds

(section 5.4.1.1(b)) confirm that as the initial

concentration of phenyl magnesium bonds increases,

then so doe s the convers i.on at which terminat ion

(manifest in deviations from linearity of height vs

time plots ) becomes evident. The pool of inert active

bonds, from which potential active polymerisation

sites becomes available could be envisaged as arising
from the same source which endowed inacËivity on

large scale polymerisations in Chaptêr 4 using PhMgBr

in toluene as initiator at 200K i . e. , the previousl.y

proposed polymerisation inert aggregates. Although

the presence of aryl magnesium bonds could not be

confirmed for polymerisations in Èoluene using t 
H

NMR, due to solvent overlap, the terBuMgBr/UUn/

toluene kineEic system examined by Mair 6 showed resid-
ual active bonds even at high monomer conversion,

indi cating that these bon<ls were different to those

responsible for pol-ymerisation.

The issue as Eo whether molar mass distributions
remain invariant with conversion, as proposed by

ì1MatsuzakL,'- and hence whether the above explanation for
discrepancies between dilatometric and NMR kinetic exper-

iments is valid, remains contentious . Fig. 1r.18, where

samples from a sirrgle reaction mixture !ùere decanted into
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sidearms and terminatecl at 250K, shows chromatographs

which vary with time. This result has been confirmed by

Hagiasla under similar conclitions to those of Fig. 4.L8,
although changes occurred over a longer periocl of time.

Fig . 4 .22 (A) and Fig . 4 .23 ( A) , where reactions rÁ/ere

carried ouÈ in separate reaction vessels, do, however,

show invarj-ance of chromatographs with time/conversion.

T'he caLrse of this variation in behaviour is not known. rt
is possible that the decantation process used to extract
samples of polymer from the same reaction vessel (Fig.

4.18 ) modifies the type/proporCions of discrete actÍve
centres operating, in comparison with the separate un-

perturbed reactions of Figs 4.22(A\ and 4.23(A). If this
is so: then unperturbed Nl'1R scale reactions could most

effectively be represented by a slow initiation /rapi"d
propagation/termination character as proposed by Matsuzakir.3

5 .4.2.2 NNIR Kinetic Experimenr Ph2 Mg lVtptt/
Toluene /d, -Toluene /res iduaf fHf'

Figs 5.7 , 5.8 and 5.9 show plots of vinyl peak area

decrement vs time at 270K, 250K and 230K, respectively. In
each case termination is eviclent at about 607" monomer

conversion. The nature of these conversion curves confir-
med the futi lity of dilatometric studies usi ng this
initiator, since the reaction hras already retarded af ter
the ten minute re-equilibration time required before sig-
nifi-cant measurements could be made.

The

Phl''le=. 6 )o

implication of these

initiated reaction

NMR results upon

systems of Figs 5

entities cannot

PhMgBr: (Br /
.4, 5.5 and

5.6 ís that discrete Ph, Mg be present,
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Fig. S.8 Plot of Peak Area vs. Time

ph2 ME/MMA, / r oluene fd 6 Toluene

Reaction parameters: .30/.O2fn,.OZ

Temperature: 2501(
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Fie. 5.9 P-Lot of Peal< Area vs. Time

l'h 2 Mg/MMA / r oluene f d, Tol u ene

Reaction parameters: .3a/.o2/n.02
Temperature: 230K
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otherwise terminaEion would have been manifest here also,

given that the nr/fhUg quotient indicates that 'rPh, Mg-

likerr acti.ve centres should be theoreÈically available.

This observation is in accordance with the conclusions

reached in the dilatometric studies of sections 5.4.L,1,

and 5.4.I.2. The kinetic behaviour of Ph2Mg under these

cir:cumstances must be modified by the presence of bromide.

l-ractionaEion of polymers obtained by MaÈsuzakir 3

using PhMgBr (gr/phl,4g:f ) in tol-uene as iniÈiator have been

shown to produce low and medium molar mass material which

these workers attributed, on the basis of microstructure,

to t'Ph, Mg-like" active centres . Variations in micro-

structure have also been noEed in this thesis (Chapter 4)

across the motar mass disËribution for the PhMgBr(nr/ehUg

= .4o) initiated MMA polymerisation at 250K, indicating

that "Ph, Mg-l-ikerr active centres could be operating.

Although the behaviour of such centres may be kinetically

altered by the prsence of bromide, the mode in which

monomer addition occurs may not change, for PhrMg present

in PhMgBr ßr lPtrMg=. 6o ) initiated kinetic runs of Figs 5 .4 ,

5.5 and 5.6.

If one

one MgBr z ot

Ph

Ph. Ilg

PhMgBr

entity lrere to become associated with

uní8, for example, to provide either:

B Ph

M

Ph

,/\
Ph

B g

Br

\'* ,/
Mg

P/ \u

I

or

II mixed bridge associate
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it is conceivable that the magnesium centre ('t) at which a

co-ordination or covalent bond insertion polymerisation

takes place mây be kinetically altered in both instances,

but if the mocle of addition of a monomer unit is affected

by groLrps surrounding a poEentially active site, Ëhe micro-

structure of the polymer woulcl probably also be affected
by the presence of bromide adjacent to the active
magnesium site. TacticiËies would not be indicative of a

rrPh2 Mg-likerr centre .

One nìeans by which kinetic variation could be

achievecl whí 1e the active centre retained its "PhzMg-likerl

behaviour in terms of the tacticity of the polymer

produced, would be Eo again invoke the slow initiatLonl
rapid propagation/termination theory. In this manner

kinetics would be governed by the dissociation of a poten-

tial rrPh, Mg-liketr centre from more extended f orms of I and

II above, prior to initiation, with the mode of monomer

addition decided subsequently. This approach does not

negate the feasibility of eneidic pathways with discrete,
different, non-exchanging sites, particularly Lf only high

order associates are associated with active bond inactiv-
ity, with dissociation into discreEe, low order assoc.iated

species (monomers, dimers etc. ) providing poEentially

active polymerisation siEes of different reactivity and

stereospecif i.city.

Ttre

obtained

ancl those

differences between

with PhMgBr (Brllht"tg:. 6o i

the kinetic
Fi.gs 5.4, 5

(Figs 5.7, 5

NMR plots

5. and 5.6 )

.B and 5.9)obtained using PhzMg
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could be explained by the unfavourable disposition of

aryl I aLkyL groups toward the formation of Lhree-centre-

two-electron bonded associates in the case of the Ph2Mg

initiator, althor.rgh some aryL bridging groups might be

expecEed to be present. Given the plausibility of aggreg-

ation, inferring inactivity of organomagnesium bonds, the

number of active bonds capable of reacting at the instant
of initiation for PhrMg may constitute the great majority
of phenyl magnesium bonds capable of polymerising anyhray,

in contrasE to the situation where more favourable bromo-

briclged associates form, from which potential active

centres are slowly released. If those centres formed with

the Ph, Mg iniËi.ator: are rapid propagat Lon/termination

entities then the obvious termination revealed in Figs

5.7 , 5.8 and 5.9 could be readily explaÍ-ned.

It is not certaÍn whether the kinetic plots for the

Plr z Mg initiator come to a full stop ( Figs 5 .7 , 5.8 and

5.9). Fig. 4.20, where polyrner products from large scal.e

rllns using the Ph2Mg initiator in toluene r/r7ere examined as

a function of reaction time, indical-e that there is a slow

increase in conversion coincident with a rel-ative increase

in the proportion of medium molecular weight polymer aE

longer reaction times, possibly indicating the presence of
pseudo-terminatecl or rrsl eeping centres'r.

The possibilíty of centres that terminate but which

reactivate at some later time, arises as a consequence of

the possible termination of growing chains by an intra-
molecular I'back bitingrr reactí.on, initially proposed by

Glusker, t u whereby the final three monomer uni ts in the
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grohTing chain cyclise in the following manner:

o
CH¡

I

cH2

Oz CH:

H3

CHs OzCHs

cHs ll

\-\

CH¡ zCHg

Cll s

H2

I

c

LiOCH3 + 
- 

CH,

o2cH3

CHz

H3

OzCHs

CHs COz CH¡

Goode and co-vüorkers, I 2 examining Polymerisation

products from PhMgBr initiated runs in Èoluene at 0" C,

found significant amounËs of the cyclic ß -keto ester

(resultl-ng from terminaÈion of chains afÈer three monomer

units ) and spectra of low molar mass polymer also con-

tained this moiety. The reactivaËion of this cyclised end

group, described wj-th respect to the lithium counÈer ion

examined by Glusker, I 5 l^ras explaÍ.ned by the f ollowing

equil ibria :

o
CH 3 co 2cH 3 ocH o ]-3

CH,
o2cH3

I

IJ

ocH.
\c/

o

l
CH 3

CHt
Li@

oo
ö" "' c:.

CH,

CO

I

C

I

CH

C

I

c'l
c

CH

l:-ri
CI

I

cl{ 3

t=- 
-cll 2

CHz_CH

3

+

cHa co2cH3

ocH 3



Lochmann and Trekoval I 6 have shown,

concept of site reactivation, that
capable of cleavage in the presence of
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ín support of the

ß -keto esters are

sodium ter-butoxide.

Goode and co-workers noEed I 2 thaE, in the case of
isotactic chains, cyclisation is unfavourable because the

ring so formed would be forced into a conformation in
which the bulky polymer chain or Ëhe carbomethoxy groups

occupy axial posiÈions. In conÈrast, chains not exhibiting
isotacEic stereochemistry would show disposition to ring
closure, since a more stable conformation of the ring,
with all or at least two of the bulky groups in equatorial
positions, would be formecl. Thus, since Ph2Mg initiators
produce non-sEereospecific polymer, even in non-polar

solvent, termination by intramolecular cyclisation is feas-

ibl.e, and as a consequence future reactivaLion of such a

terminated site is also possible.

Other modes of livíng end Lermination, summarised by

L{arzelhan, Höcker and Schul"t'Ln Ëheir examination of the

anionic polymerisation of MMA using sodium as counter ion

are:

(1) TerminaEion reaction with monomer

CHzCTI :
Ico
ICO
I

ocH 3

CHs

I

C

Ico
I

ocH 3

CH¡

I

C

Ic=+

HC

I
(,

I

c
I

o

3

CHz cll2
CHz

CH

o

o



Diagnostic of Èhis manner

presence of low molecular

elution curvea .t n' I e'2s

+' cll2

of termination

weight tailing
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is the

in GPC

(2) Intermolecular termination by reaction of a living

end with the ester group of another polymer chain:

2

/â
CH, + " OCH.

CH

I

-C

cH3 0
til-c-c
IC=O
I

I

Ctlz 
O

cH,, - I U - ocH3

l

I

CH

I

C

¿

I

0

3

o- CHz -
o=

1

HCH 3 OC
3

This rnoáe of Eermination has been shown"'2 to be slow

on the basis of grafting experiments for the poly-

styryl anion on pMMA, and is manifest in GPC elution
curves by the presence of high molecular weight

Eailing. Its appearance in phenyl magnesium initiated
pol.ymerisations is doubtful, based upon the work of

Goode and co-wor:kers, 1' who utilised radioactivity

studies to show that it does not occur to any measur-

able extent

5 .4.2.3 NMR Experiment MsMgBr/¡lUe/Toluene
de -Toluene /tUf SysEems

Figs 5.10,5.11 and 5.11(a) show plots of peak area

decrement with time at 2501(, 230K and the best estimate

î Vinyl Area \ r ' vs time atevaruaEron of Vinvl Area ( I -rnLernal order )

230K, rêspectively. These reactions hTere carried out in
predominantly toluene solvent. At 250I( (Fig. 5.10) termin-

ation is apparent at high conversion (ca. 807") in contrast

to the same reaction examined at 230K (fi.g. 5.11, 5.11(a))

where an internal order of 2.O t .1 !üas estimated on the



Fig. 5.10 Plot of Peak Area vs. Time

MsMgBr/MMA f r oLuene /d sToluene

Reaction parameters: .20/ .03/¡,.01
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Fig. J.11: Plot of Vinyl Peak Area vs. Time (min)

MsMgBr/MM,t/o u rot/rot
Reaction parameters: .2A/ .OJ/t.01

Br/MsMg = .8o

Temperature: 23OI(
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F'ie. 5. 11 ( a ) Plot of Reciprocal Peak Area vs. Time

MsMgBr/MMA/Toluene/d rTotu ene

Reaction parameters: .20/.03/.\,.01
nr/MsMg = .8o

Temperature: 230K
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basis of correlation coefficient. If this initiator

behaves in a similar manner to PhMgBr and Ehe reaction

does constitute a slow initiation/rapid propagatíon/termin-

ation system, with slow initiation imparted by the

presence of inert associated species, then the tendency to

shorter half life at higher Eemperatures (Eyr\ 10-15min at

250K (Fig. 5.10); ,r/, tu 60min at 230K (Fig. 5.11)) may

reflect the ability of these associates to be thermally

disruptecl, giving rise to polymerisation active nonomeric

species or low order assoc:iates. ExEended half lives aË

depressed temperatures are also evident for the PhMgBr

initiator (Figs 5.4, 5.5 and 5.6), despite the fact that

examination of the Schlenk equilibrium has indicated that

potentially more reactj-ve2t PhrMg entities should exist at

lower temperat.tt.. 'u

Figs 5.12 and 5.t2(a) show pictorial and graphical

representations respectively of a polymerisation using

MsMgBr carried out in mixed toluene /tlHF solvent at 250K.

Again, termination is apparent at high conversion (ca.

80%) . The lower value of Xu"t,tg/MMA (:.07 ) ls generally

reflective of the abilify of this initiator to produce

higher yieLcls of polymeric material at lower initiator:

nìonomer ratios, in comparison wil-h the PhMgBr iniËiator
(Chapter 4), particularly when TtlF is the principal

solvenL component.

If initiator inactivity is explained by inert

iates, then explanation as to why, in particular,

produces such low yields of polymer i.n relaEively

as soc-

PhMgBr

polar



Fig.5.12 Pictor-i"al Representation of Vinyl Proton Resonances show-ing
Time Dependency of peak areas.

Relevant to the kinetic data of tr'ìg. 5.12(a)

. r'l

C)
É

,F{

F
a

J

ôl

@

t\

@

e

-f
@

@
N

o

N

o

o

N



Fis. 5.12(a):
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Plot of Peak Area vs. Time
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THF is required. Evidence for this behaviour vrras found in

the large scale runs of Chapter 4, and diminished yietds

at high Xt"f,/lof were also noted for MsMgBr. Under condiE-

ions of high solvent polarity the tendency to form aggreg-

ates of a high degree of association should be greatly

diminished, allowing for high conversions of pMMA. This

argument neglects some importanE points:

( 1 ) If the mechanism for monomer addition is via co-

ordination of monomer at the active site prior Eo

insertion into the C(polymer)-Mg covalent bond, âs

proposed by Erusalimskiir3 Allen'u and Bateupr2 this
site may be effectively blocked by TIIF leading Lo

slow or negligibl.e reaction.

(2) Those active sites operating in PhMgBr, MsMgBr and

chexMgBr systems are fundamentally dífferent frorn

those present in TllF if the variation in micro-

structure, from isotactic-like behaviour in toluene

to less stereoregular configurations in TIIF, is
consiclered. As such, potentially actíve sites in THF

may be differently disposed to the possibility of

side reaction with monomer carbonyl groups, reducing

initiaEor efficiency.

s.4 3 Alternatíve Mechanisms f or AlkyL lê:r.yL
Magrres ium Polymeri sations

The provided kinetic data for PhMg initiated polymer-

isations has been used to partially vindicate the slow

initj ation /rapLd propagation mechanism proposed by

Matsuzaki. I 3
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llowever, although a generalised theory for alkyllaryT
magnesium initiated polymerisation of MMA is desired,

particularly in toluene where high stereoregularity is
evident, there is no certai-nty that such a Èheory is
attai-nable. If the origins of a slow ÍniÈiating system do

Iie with the presence of associated species in solution,
from which actÍ-ve sites become available, then the

tendency for a given Grignarcl reagent to form such

entÍ.ties in a given solvent may be vital in a ki.netic

examination. This may be particularly so in the case of

PhMgBr which tras been shown by Ashby and co-workers l0'ì r in
dietllyl ether to be associated past the dimer stage, and

to be effecti.vely represented by a linear polymeric model

of the form:

X

tz

5.4.3.1 Rapid Initiation

Allen ancl Bateup 2 6 have

of MMA initiated by n-butyl

butyl magnesium proceed via

mechanism proceeding Ehrough

actÍ.ve cerrtre:

k

Mechani sms

proposed that polymerisations

magrìesir¡m bromide or di-n-
a rapid initiation-insertion

a complex between monomer and

Ph
I

n
Ie
OE

* Mg-
c

+ M -r=::=\
k-c

Mg-*uMg <- M

c P

where

dIM]-ãrp

P

k" [* Mg- ] [ M ] -k_. [v'u Mg+U ] Ec¡un 5 .6
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tPltMl k tcl-c
and M : monomer

A similar mechanism has been proposed by ErusalimskiL2T f.or

alkyl magnesium initiated polyrnerisations of acryloniErile.

Using n-butyl magnesium iniEiators the 'initiation

stage vüas viewed by Bateup and A11en26 as being a rapid but

inefficient process, completecl early in the polymeris-

ation. The f ollowing kinetic scheme r^ras envisaged f or

iniËiation:

I + M s::\ I < M 
-+- 

inert side products

-k c

k,
]-

lunMg-] + [-^
P

k
S

g <- Ml f trl

( polymerisation active )P I
aM, ki

where I : initiator M monomer

Assuming rapicl initiation:
I

M

c

o

:( ki IM Jol tr<. Ir*lìo+k, ) ) [ r ]o

f = iniEiator efficiency Equn 5.7

If steady states in P and C are assuned then the overall
kinetic relaÈionship resulting is: 6

Vp k c

5.8

where the second bracket represenËs the initiator effic-
iency , f, varying between unity ancl zero. Examination of

the limiting conditions of Èhe brackets indicates that
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internal order with respecÈ to monomer can vary between 0

and 1 whereas the external order shows a variation beLween

0 and 2. Zero orders inter:nally with respect to monomer

arise when the l(c IMl/ {t<_"+tO ) term of the third bracket

becomes large, indicating that the complexed form of the

growth centre becomes predominant and:

II] o

where f is low for the nBuMgRr system examined by Allen
and Bateup 'u in THF-toluene solvent. The variation of
internal order between 0 and L, found by Mair t for the

terBuMgBr /¡,lt'tA / toluene s ys Eem over the Èemperature range

2OO-275K, conforms with the mechanism presented above,

with internally fi.rst order reactions with respect Ëo

mononer occurring uncler the critical condition:

k. [u]/(k_c + uo) 

- 

o

where rp f u.u' ltll¡ll/tto_. +tt')

This reaction scheme is obviously unsuitable for the

NMR kinetics described in t-.his thesis since the PhMgBr

system shows variations in internal order between l- and 2

over the temperature range 230-250K while aE 230K the

MsMgBr i.nitiator shows an internal order of 2, with termin-

ation at high conversion for'the 250K reaction.

Sonle modificabions t-o the scheme described above,

however, can be used to satisfy internal orders between 1

and 2, although this mechanism cannot cope wi_th the

problems of living end termination observed wiEh MsMgBr at

250K. The propagation reaction could be envisaged as:

p=kfV
P
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Mg

170rklc
rru'"Mg + M =-èk-.

Pn

vwMg+-M-;} \.rw

Pn+I

k
P

which differs from the already cited mechanism in its

requirement that another monomer uniË should be available

for co-ordination at Ehe active centre before insertion of

the already co-ordinated MMA unit into Èhe growing chain.

Such a condition does not appear too stringent, particular-

1y for reactions examined in non-polar solvent, where

there exisÈs a paucity of electron donors capable of

replacing the co-ordinated monomer unit.

AppIyí.ng Bateup Ínitiation conditi-ons to Ehe above

modified propagation mechanism, as well as the steady

state parameters indicated in the previous mechanism,

leads to a raLe equation of the following form:

rp -d IM ) /at 2( kpkc /k_") ( t I I ol tt + (k" /ki IM ]o ))

.(t¡,r) ltt+(k"+ko)llr]/t<_"¡) Equn 5.9

Examination of the critical conditions of this raE,e

equation imply:

( 1 ) External Orders between 1 ancl 3

(2) Internal Orders between l- and 2

The integrated form of this equation ís:

C - k't k'r 1n[¡,1] - I/[M] Equn 5.10

where c = k" tn IM ]o i. / [M ]o

anct k, 2(kpkc/k_.) (trJol tt+(k"/r<rIuJoll¡

and k" ( k. * kp ) /k_c



indicaEing that the reaction is a linear combination

fi rsE and second order kinetics wiÈh k" defining extent

contribution of the first order component.

17:|
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5.4.4 Preliminary Kinetic
using I 3C- Enriched

Experiments
Monomer.

An intensive kinetic examination using carbonyl

carbon enriched MMA r^/as thwarted by the presence of i.mpur-

ities in the vicin i l'y of both monomer and polymer carbonyl

resonances (Fig. 5.1,3). These impurities persisted despite

fractional disti llation procedures and drying of the

enriched monomer/toluene solution over sodium benzil.

Despite these difficulties, the results indicated in

Fig. 5.13, for the MsMgBr initiated run carried out in

toluene at 250K for the cj-ted reaction par:ameters, indic-

ate the applicability of this technique to the study of

MIIA polymeri sation :

( 1 ) The downfiel d resonances ( "uL7 Tppm) of the polymer

carbonyl show sensitivity to stereochernical environ-

ment with overlapping isotactíc, heterotactic and

syndiotactic conËributions to the triad structure

clearly evident, and the relative peak area of this

environment slowly increasing with conversion/time.

The polymer formed appears less isotactic than

material produced in large scale reactions (Chapter

4), possibly due to the higher THF content in the

initiator solr¡tion made up for thi-s run.

(2) The upf ield resonance (tu166ppm) of Ehe carbonyl dimj-n-

ishes wj th ti¡ne/conversion.



figSlgl3C Enriched Kinetics using MsMgBr in PredominantlyTotuene Solvent;2SOK
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( 3 ) A multiplet consisting of at least two peaks is
apparent at a chemical shift intermediate between

monomer and polymer carbonyls, which appears soon

after reaction initiation. Its most Likely origins
are due Èo the presence of side reactions and/or

termination products. Most recent sÈudies'8 carried

ouE on totally prlre, enriched monomer using the

terBuMgBr i-nitiator under conclÍ-tions suitable f or

side reaction ( elevaEed active bond concentrations

and higher mol.e f ractions of THF ) show a great

increase in the intensity of this peak, consisEenË

with its postulated origins.

Studies are presently under vüay using pure, enriched

more deËailed numerical evaluations.

5.5 Summary

Kinetic observations of phenyl magnesium systems and

the MsMgBr ini tiator indicate that the reactions examined

are compli.cated, not si-mply because an unknown variety of

discreËe, different active centres may be operati.g, but

also because centres are terminating and possibly pseudo-

terminating with reactivation at some later stage.

Evidence for termination is manifest in di-latometric exam-

inations carried out here with Ehe PhMgBr initiator at
250K in predominantly toluene solvent with tsr/phMg:.60,

and is also obvious in NMR kinetics using the ph, Mg

initi ator in toluene.
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The influence of bromide i-s kinetically important. In

its absence, dilatometric data using PhrI{g in toluene as

initiator at 250K shows that theoretical yields are much

l ess than the acl-ual yiel.d and the initial rates estimated

are much slower than the actual yield pr:edicÈs. These

observations concur with NMR lcinetic evidence where fast

reaction/termination properti.es applied.

The presence of bromide altered behaviour markedly.

At 250K using PhMgBr (BrlPhMg:.6o) as initiator, dilat-

ometry indicated that theoretical and actual yielcls for

reacti-ons in toluene r^7ere in agreemenE. At constant

initial acEive bond concentration, meniscus height-time

plots deviated from linearity at beEween 2-3% conversion,

despite changes in the initial monomer concenEratíon. At

constant initial monomer concentration but wíth varying

initial actíve bond concentration, meniscus height-time

plots showed deviation from linearí-ty at conversions of

2-77", correlating with the increase in active bond

content. At 250K, in predominantly toluene solvent with

ßr/PhMg=.6o, external orders with respect to both monomer

and active bonds hiere found to be unity.

Differences were al so apparent beËween the behaviour

of PhMgBr ( nrlehUg:.6o ) initiated NMR kinetic runs and

clilatometry. NMR experiments indicated that, between 230K

and 250K, constant internal orders of react j-on \^Jere

achievecl wiLh respect to monomer at conversions greater

than 75'L, despite the fact that dilatometry indicated the

presence of termination. Successful NMR analysis hras only



achieved by increasing the

about ten times that used in

to achieve high conversion.

1 and 2 between Z3O-250K.
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acÈive bond concentration Eo

dilaEomeEry ( section 5.4.2.L)

Internal orders varied between

note here because of solvent

phenyl resonances of the

Both dilatometry and NMR kinetics support the obser-

vaEion that PhrMg, which must be present in PhMgBr solut-

ions with Br/PhMg:.6o, must be kinetical ly modif ied by tl're

presence of bromide.

The current model for phenyl magnesium initiated

polymerisatíons is the slow initiation/rapid propagatLonl

termination model proposed by MaEsuzaki.l 3 This theory hTas

basecl upon the invariance of mol-ar mass clistri.bution with

conversi.on, but the basis for sl,ow initiation has not been

explained by these workers. Results from Chapter 4,

combi-ned wiEh those of this chapter tend to indicate that

(high order) associates may be l.inked with inactivity and

that polymerisation active bonds become slowly available

fron these associates, per:haps as monomeric speci es or as

entities of low associ.ation (dimers etc. ) capable of

proclucing an eneidic mechanism. This posEulate is based

upon the following evidence:

(1) Lar:ge scale runs of Chapter 4 using PhMgBr as j"nit-

iator inclicate ínactivity of phenyl magnesium bonds

aL 200K which could tre reactivated at 250K. This

could indicate thermal disruption of associates

present at 200K.

(2) Althougtt

toluene

impossible to

overlap with
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initiator using t H NMR, it is assumed that a consid-

erabl-e proportion of potentially active phenyl magnes-

ium bonds remain unreacted even at high monomer

conversions, basecJ upon results by Mair u using the

terBuMgBr initiator. These bonds are fundamentally

different from those which are polymerisation active.

(3) Ashby ancl co-worker"to,tt have proposed that in diethyl

ether PhMgBr is highly associated and they propose<l a

linear polymeric model of the form:

tz

(4) Between 23O-250K, for simil.ar reacËions usirrg PhMgISr

in toluene, the monoûìer half life increases as the

temperature decreases, consistent wiEh aggregation at

lower terÌperature.

( 5 ) Bateup2 and Mair 6 have noted that as the concentrat-

ion of bromicle increases, the rate of reaction
decreases. This could be explained in terms of the

enhanced bridging ability of bromide, giving rise to

inert, higher orders of associaEion. Suc.h an ef f ect

may explain the difference between NMR decay curves

for PhMgBr and PhrMg iniEiators since, if association

is not highly favoured in the case of Ph, Mg due to
3-cenÈre-2-electron bonds, then the number of l¡onds

capable of reaction aE initiation const-itutes the

greater proportion of those reacting anyr^/ay, Rapid

propagation/termination woulrl then make Ph, Mg decay

curves self evident. PhMgBr initiated runs would have

Iì

h

E

P

J
I

o
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the effects of termination masked by the slow avail-
ability of further active cenEres emanating from

(high order) associaEes. This mo<lel does not explain

how the different types of active centre arise in the

same relative proportion so as to create the invar-
iance of GPCs with time/conversion, as proposed by

Matsuzaki. 13

Rapid initiation mechanisms, based on information

obtained by BaEeup and Aller-r r'u r"t. examined. The propagaË-

Íon step involved monomer complexation before insertion at

the growing end of an active site. Based on this scheme

internal order varied between zero ancl one, which did not

fic the data in this chapter. However, inclusion of an

extra monomer term rdas capable of varying orders between

one and two, where internal orders seem l-o lie in this
chapter. These theories do not translate well to termin-

ating systems.

In conclusion, the nìonomer co-ordination-insertion

propagation mechanism cited above for fast Ínitiation
processes may be common to a slow initiation process as

well, Ëhe only clifference between slow and rapid initiat-
ion being the propensiËy for clifferent Grignard reagents

to form associated species.
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6. STEREOCHEMICAL ASPECTS AND CONCLUDING COMMENTS

6.1 Stereoregular Monomer Additi.on

ObservaÈions in Chapter 4 reveal that at least some

of the active centres present in PhMgBr, MsMgBr and

chexMgBr initiated polymerisations add monomer in stereo-

regular isotacEic fashion, but little attempÈ has been

made Èo present an evaluaEion of previous or present

models offered in an attenrpE to explain the mechanism of,

stereoregular addition.

For the systems examined in this Èhesis, the ideal

model should be sufficiently versatile to explain the

following phenomena:

( 1 ) The loss of highly stereodirecting centres as the

polar component of the solvent is increased.

(2) The tendency Èo lower isotactic content at low temper-

aEure.

( 3 ) The appeararìce of highly isotactic centres when

halide is present, but not when the initiator is
halide free, dialkyL/dLaryL magnesium.

(4) Monomer co-ordination at the active site before

addiËion, in keeping with kinetic evidence.

Fleter:ogeneous catalysis using ZLegler-NaEÈa caÈal-

ysts, such as TiCl3 /nC, Rt, for the stereoregular formation

of polyhydrocarbons I 
" provide some insight into the

possible controlling facËors for the homogeneous polymeri s-

177
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aEion of polar MMA using alkyl/aryL magnesium compounds.

l{eEerclgeneous stereospecif ic pol ymerisations are believed 3

to arise at the surface of the catalysË which sEeers the

monomer to the active centre in such a I^Jay that facEors

such as direction of delivery, rotation of active 
"ttg

groLlp, aspect of presentation and mode of bond opening

(cis/trans) are controllecl. These factors are also crit-

ical in homogeneous polymerisation. In the various models

f.or stereospecific homogeneous polymerisation to be dis-

cussed here, the role of the surface in heËerogeneous

caLalysis is assumed by a cyclic intramolecular complex of

the end group formed by chelaEion of the penultimate or

antepenrrltimate pMMA carbonyl4 r 5 r b to the metal of the

active centre.

Examinations of Grignard iniÈiated polymerisations of

o, ß unsaturated carbonyl compounds have been performed by

Yoshino ancl co-workers t using PhMgBr and o¿, ß dideutero-

isopropyl acrylate. These examinaEions concerned them-

selves with the mode of double bond openi-ng in such

systems. Double bond opening can be envisaged as occurring

by one of three possible pathways.

1) Cis opening, where the MetaI-R bond (postul-ated to be

formally a covalent bond for organomagnesium systems, but

i t could alternatively be clefined as an ion pair or

solvent separ:ated ion air for typical anionic systems )

lies on the same side with respect to Lhe approaching

monomer double bond:



179

ô+ o

CO, iPr

I

I

I

I

C

Mr- R
I
I

I
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.lJ'\.-
D

,1,

6+

Fig. 6 .t

2) Cis/Apparent Trans Opening

The evidence for trans opening of the monomer double

bond observed by YoshinoT and Bovey I creates some problems

for those proponenÈs e of an active cenÈre which is a

covalenÈ magnesium carbon bond with insertion of the

monomer unit into that bond. The solution invokes the

process of an isomerisation following a cis addition

Process:

Mt

co2iP

tM
I

I

I
c

R
I

I

I
c\

R

H

D

------*
D

cis addiËion

l'ig. 6.2

3) Trans Addition. This model assumes the existence of a

four centred, skew transiËion stat.e similar to that obser-

ved in the insertion reactions of acetylenes with metal

hydrides: I o
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The consequences
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of cis and trans double bond opening
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Fig. 6 .4

Utilising the Isopropyl a-cis- ß -dideuteroacrylaËe

monomer/enUgnr/Toluene and/or diethyl ether sysEem at 195K,

the results of both Bovey I I and Yoshino 7 show that in
predominantly toluene solvent, with trace amounts of di-

ethyl ether, both cis and trans opening modes occur produc-

ing nearly equal amounts of erythro and threo diisoEacËic

forms, based upon tH 
NMR evidence. In the near Eotal

absence of ether trans addition is precluded, but this

mode dominates in excess eEher.T
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The mode of double bond opening shows temperature
7dependencê, with high temperaÈures favouring a trans

opening ( > 215K) and cis opening becoming increasingly

predominanE aE lower temperatures.

Perhaps the most serious defect in the examination o'f

double bond opening modes by Yoshino and co-workers 7 as a

function of solvent composition and temperature lies in

the lack of definition of the molar mass distribution as a

funcËion of Ëhese parameÈers. As such it is conjectural as

to whether the change in double bond opening from cis to

Erans under condiEions of varying temperaEure or solvent

occurs for a unimodal molar mass distribution orr as has

been intoned in this thesis, the mode of bond opening has

been altered by virËue of the destruction/appeararìce of

different types of non-exchanging active centre posËulated

to explain the mulEi - modal distribuÈions evident in
Chapter 4.

Using the diphenyl magnesium initiaEor similar behav-

iour !r7as observed rT although the changeover f rom a Èrans

to cis opening mechanism occurred at higher temperatures.

By variation of the initiation and propagation temper-

aEures, Yoshino ' r"" able Ëo show that the mode of bond

opening, which persisted Èhroughout the polymerisation,

hras determined in the first few minutes of Èhe reaction.

If reactions of PhMgBr with MMA are correcËly described as

slow iniEiaEing, then Ehe observations of Yoshino may noÈ

be correct, particularly if Ëhe nature of different active

centres released varies, for example, with the decreasing
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polarity of the solvent as polar monomer is removed by

polymerisation at already activated sites. Yoshino's exper-

iments involve examinaEion of the ß methyrene proton NMR

signal and related sËereochemistry, which is less lmpor-

tant than that arising aE the c carbon in the deËerminaË-

ion of the physical properties of the polymer formed.

Study, by Yoshinorrt on the various oligomers formed from

isopropyl acrylate - G, ß -0, confirms that Ëhe regular
isotactic placement of terminal o methine carbons of a

growing chain do not require the prior occurrence of an

isotacEic placement and is independenË of the mode of

incorporaEion of the ß carbon of the terminal unit inËo

the growing chain. Monomer units other than the last two

of a growing chain appear to be of no importance in
directing the mode of approach of another monomer unit
into a transltion state.

Further evidence by Yoshino and co-workerst' suggests

that isotacÈic ends formed in Ëhe phenyl magnesium bromide

initiated polymerisation of isopropyl acrylate show the

same sËereospecificiËy in their reactions with water,

hydrochloric acid, acetic acid and monomer. Allen and

Bateup t t have inEerpreted these results as indicating thaË

the symmetry of the polymer chain carbon is determined

before the addition of a succeeding monomer uniÈ and that
this condition is most readily satisfied Lf. the chain end

carbon has a teËrahedral configuration, as would be

evident Lf it \,\rere covalently bonded to the magnesium aÈom

of an alkyl magnesium initiated system. These workers

discount a tetrahedral carbon end formed Ín an intimate
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ion pair with the magnesium ion on the basis that rapid

ion-ion pair and intimate-loose ion pair equilibria would

result in rapid inversion of configuration, in violation
of Èhe observations of Yoshino. 7

Glusker, Lystoff and Stilesrs examining alkyl lithiúm
initiated polymerisaËions of MMA, have postulaËed Ehat

centres responsible for isotactic addiËion to a pMMA ani-on

are Ëhe result of lithium counter ion complexaËion wiEh

both Èhe ultimate and penultimate ester groups on the

polymer chain. Displacement of the penultimate ester group

from the complex by the entering monomer is forced to

occur in a specific direction. They found that the intro-
duction of an alternative complexing agent such as diethyl
ether led to competiEion with Èhe ester groups for Ëhe

lithium ion leading to a decrease in isotacticity of the

polymer formed.

Cram and Kope"ky 
t u have postulaËed the following

cyclic inEermediate for stereospecific isotactic polymer-

isatlon:

CHe

CH,

Fig. 6.5

In this model Ëhey propose that an incoming

must enter from below at each step because

from Ehe axial methyl group.

I
l+

,
cH3 o

I ---Li

monomer unit
of hindrance
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Goode and co-work"r"tu have presented a similar inter-

mediaEe as a source of isoÈactic propagation, but it is

assumed that preliminary complexation of monomer to the

lithium counÈerion (or other meËal centres such as magnes-

ium) is the driving force rather than hindrance by Eh,e

axial meEhyl group.

3
CH

P P

CH, o ocH3 ocH3

cHc 3 3

I
l-Li-

CHs I
I
I

L

CHs

P

o2cH3

.+
]- ---o

OCHs

--o

CHz

o'

il
cC

I

CHe

CHs

I

CHg

I
c
I
c

CHz

cH 3o
ocH3

Fig. 6.6

These u/orkers inÈroduced Èhe concept of monomer com-

plexation in order to explain the possibility of isotacËic

polyacrylates, which could not be explained. by the model

of Cram and Kopecky ì a in the absence of bulky axial o

methyl groups. Prior complexation would constrain the

monomer to enter from below the ring since it could noÈ

complex with the cation and enter from above. The

corollary to the above model is Ëhat the addition of
monomer is random unEil at least three monomer uniÈs have

been added.

I
l-Li'--
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The models presented by both Cram and Kopeckyt u and

Goode and co-workets t u involve participation by previously

added monomer units at the active site and as such Markov-

ian statistics at these centres should prevail. Little has

been said about the capability of acEive siÈes becoming

involved in equilibria with centres which propagate wiËh

different stereospecificity, with the lifetime in each

different active site sufficiently long that monomer uniËs

add in a manner characteristic of that site i.e., where

Coleman-Fox statistics prevail. The PhMgBr initiated poly-

merisation of MMA in toluene at 195K has been foundt u 
Eo

follow such behaviour. However, equilibria between sites
does not always confer Coleman-Fox staÈístics, with such

staËistics very dependent upon the lifetime of each state.
For example, Schulz and co-workersrT-20 have examined Èhe

cumyl caesium initiated polymerisation of MMA in THF under

conditions of supressed ion pair formation and have

described Ehe following equilibrium as being responsible

for Markov statistics:

xr t

xr r

ttt .l
MT

(b)

X X co rMetlt

.l'

MÈ

(a)

Fig. 6 .7

with infrequent cransformations of (a) into (b), and (b)

being of lower stereospecificity Ehan (a). Penultimate and

antepenultimate ester carbonyl co-ordination under these

circumstances must persist, despite the facL that the
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reaction has been examined in THF, an efficient complexing

reagent. Analogous sodium systems 2 I indicated Ehat Bernoul-

lian sËaEistics $rere foIIowed, with the assumed raÈe of
transformation of these active cenËres being higher than

the propagation rate. Erusalimskii and co-worket"" have

used an alternative equilibrium to explain the differences
apparent between the caesium and sodium counterion:

È

\
M

xtt ttt xtr
t
Mt

(a) (c) (b)

Fig. 6.8

with the reactivity of the extended active cenËre greater

than that of the cyclic forms. t t St.bility of these cyclic
forms is dependent on the nature of the metal atom and is
lowest for the Cs counterion, Ëhus implying that cyclisat-
ion only influences to a small degree the reactivity of
the (polymer )-t"tt bond. Polymeri sation under these condit-
ions proceeds through all of (a), (b) and (c) above.

Contrary to this, the pseudocyclic forms for the the Na

counterion are stable and show lower reactivity than the

extended formr so polymerisation proceeds primarily
through (c) with resultant Bernoullian statistics.

Bovey and co-workersa provide an alternati-ve model

for stereospecific propagation. using organolithium
compounds as initiators these workers proposed that differ-
ences in the configuration of polymers under varying
experimental conditions reflected Èhe different propor-
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tions of three propagating species: unsolvated contact ion

pairs, peripherally solvated contact ion pairs and solvenE

separated ion pairs. These species predominate in hydro-

carbon, hydrocarbon ftrace ether and ether-rich systems,

respectively. Presence of free ions vüas discounted on the

basis of conducÈivity measurements' even in THF.

The intermediates postulated by these workers for

unsolvated and peripherally solvated contact ion pairs are

shown in Figs 6 .9 , 6.10 r rêspectively. The unsolvated

contact ion pair has both terminal and penultimaËe

carbonyl groups co-ordinated to lithium, giving rise to an

eight membered ring (Fig. 6.9 ) . Monomer is deemed to

co-ordinate with the 1iÈhium ion before incorporation in

the chain and adopts an isotactic-like disposiÈion before

insertion in the growing chain. Using deuterium labelled

monomer, Ehreo meso sequences are seen to result. The

presence of trace amounts of ether effectively blocks

prior co-ordination to lithium, but does not displace the

chelated polymer chain. Monomer approaches in a sterically

preferred syndiotactic sense ( Fig. 6 .10 ) . Addition to the

growing chain followed by rotation about the o , ß bond

produces erythro meso placements via syndiotactic like

approach. The driving force behind such o , ß bond rotation

is, in the opinion of Bovey and co-workers, 4 the prefer-

ence for chelation of the terminal carbonyl function with

the lithium ion. Some racemic placements should also

occur, however, before reorganisation and formation of the

new Èerminal/penultimate carbonyl complex. The third

source of changing chain configuration, solvent separated
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Bovey models for Isotactic and Syndiotactic-Like Adclition
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ion pairs, are viewed as possessing no co-ordination of

previously added monomer units, with monomer approaching

in a syndiotactic sense (similar to Fig. 6.10) and with

terminal uniËs adopEing a syndiotactic configuration. The

mechanistic model proposed by Bovey and co-worket, u has

advantages over those of Cramtu and Goodetu in that it is

able to explain the changes in stereospecificity evident

at the ß carbon; observable when monomer is labelled at

this site with deuterium.

Allen aà¿ Mair2 u have proposed a slighcly different

nrodel for propagating sites in Grignard reagenE initiated

¡rolymerisations of MMA. This model has as its basis Lhe

following observations and assumptions:t'

(1) The ultimaEe unit added in the growing chain has its

asymmetric carbon configuration conferred before

addiËion of the next monomer unit.

(2) The end carbon of the growing chain is assumed to

have a tetrahedral configuration with the o¿ carbon of

the final uni-t covalently bound to magnesium. A tetra-
hedral configuration present in an intimate ion pair

is discarded since ttìe lability of ion-ion pair and

intimate-loose ion pair equilibria would lead to

rapid inversion of configuration.

( 3 ) Addition of the nexE monomer unit into the growing

chain involves prior co-ordination of this monomer

unit to the active site followed by insertion into

the covalent C-Mg bond. Evidence for this lvas mainly

kinet Lc r" '2s with analogies to organoaluminium polymer-
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26 co-ordination via the monomerisations suggesting

carbonyl.

24According to Allen and Mair two forms of an active

centre can be postulated for such a covalent C-Mg bond

insertion reaction at a tetrahedral site. Models for these

forms are reproduced in Figs 6.11-I and 6.tz-II, the

principal difference between them being the absence or

presence of chelation of monomer residues in the polymer

chain to the magnesium atom. Both models are shown intro-

ducing the co-ordinated monomer unit so as to complete a

meso dyad. The difference between them lies in the propen-

sity for each model to persist in adding monomer in such a

fashion, which is in turn dependent upon the constancy in

aspect of presentation of the monomer unit, and Ëhe invar-

iance of asymmetry at the chiral magnesium centre. In Fig.

6.I1,, which could be imagined as operating in the presence

of strongly solvating THF which has destroyed penultimate

carbonyl chelation, dyad formation could be altered from

meso to racemic by either:

(1) Rotating the co-ordinated monomer unit l-80" about the

Mg 
-0 

bond f ollowed by a 180' rotation about the

monomer ( carbonyf ) C- ( cr ) C bond such that the opposite

side of Ëhe monomer double bond is presented.

(2) The inversion of chirality of the magnesium centre.

The rapid occurrence of either of these processes

would induce a Bernoullian distribution.



Fig. 6.tt: Model for the production of Stereoblock or Bernoullian
Pol-ymer (dependent on the rate of inversion of the chiral
magnesium site or the frequency of internal rotations of
the co-ordinated monomer) Proposed by Aì-Ien aud Mair.
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Fig. 6.tZ: I'fodel for the Production of Meso Pl-acements at a Tetrahedral Covalent tC-Mg

Site proposed by Allen and Mair.
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Vùhen polymer chain chelation is evident (Fig . 6.1'2-

II ) , which might be envisaged as occurring in a paucity of

solvating solvent, approach of the monomer vinyl from the

opposite side is negated by forward aspects of the carbo-

methoxy group attached to t C and the t C methyl group. The

presence of the ring prevents attack of monomer or THF

leading to inversion of symmeLry at the Mg centre. Follow-

ing insertion of the monomer an eight membered ring

results, with the originally co-ordinated polymer carbonyl

remaining intact until the chain relaxes to the more

stable six membered ring, thereby protecting the Mg centre

from inversion. This aspect of the model is similar to

that suggested by BoveY. \

In toluene, where at least one of the centres formed

persists in the production of isotactic polymer, centre II
( fig . 6.t2) and its enantiomer ( II ' ) are deemed resPon-

sible by Allen and Mair.26 In an eneidic mechanism, where

other centres may be present producing less stereoregular

polymer, propagation at such sites is thought to occur in

an isotactic manner via II (or II') for some period,

followed by transformation in the presence of THF (disrup-

ting penultimate co-ordination of II ( II' ) ) to the less

sEereodirecting active centre I or its enantiomorph I I

( Fig. 6.11 ) :
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This mechanism is similar to a Coleman-Fox system.

The following observations are relevant to this model:

( 1 ) At rapidly inverËing centres or in situations where

free chain growth occurs, the influence of temperat-

ure is explained by the thermodynamic tendency for

syndiotactic placements at low temperature, as r^7as

experimentally noted ín Chapter 4.

(2) l,iith all f our permutations in Fig. 6.13 at a given

centre, isotactic blocks arise, separated by Bernoul-

lian or near Bernoullian blocks.

( 3 ) Both models employed by Allen and Mair in Figs 6.II

and 6.L2 involve a 2+2 cycloaddition with opening in

a cis fashion at the monomer double bond. The obser-

vation by YoshinoT that trans opening is also evident

in Grignard reagent initiated polymerisatíons under

certain conditions, can only be rationalised by the

cis/apparent trans opening behaviour observed in Fig.
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double bond has6.2, where rotations

developed single bond

occur after the

character.

(4 ) Totally syndiotactic polymer l^ras never observed in

these systems. If Èhe models of AlIen and Mair'u are

correct, the active centre I (Fig. 6.11) would either

have to alternate the chirality of the magnesium

centre between each addition or present alternate

aspects of the monomer double bond by 180" rotations

abouE Mg 
-0 

and ( carbonyf )C- ( o )C bonds , which is

unlikely. Another model, presented by Allen and Mair2a

for syndioËactic placements (Fig. 6.L4), involves a

ligand migration mechanism, which seems just as

infeas ible .

In the models I and II depicted in Figs 6.tI and 6.1,2

the entity X is assumed to be halide. Some inconsistencies

between these models and experimental results are evident

if X is an unreacted aryl or alkyl group formed at an "R,

Mg-tikerr centre. Under these circumstances the chelated

isotactic producing centre of II (Fig, 6.LZ) appears jusË

as likely to add with high meso placement, independenE of

whether X is a halide or an unreacted alkyllaryL group.

Highly isotactic polymers have not been observed with RrMg

initiators, although Matsuzaki2 7 suggests with the PhMgBr

system thaE one of therrisotactic-1ike" sites produced is

attributable to Ph, Mg. This problem with Èhe model of

Allen and Mair 2 a could be solved by invoking the principle

that both alkyl I aryL magnesium bonds induce polymeris-

ation, with the magnesium aËom losing its chirality.

Alternatively, the effect of bromide may be secondary,



Fig. 6.t4: Ligand Migration Mechanism for Production of Syndiotactic
Polymer.
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allowing the formation of more favourable bromo bridged

associates (in comparison to electron deficient alkyllaryL

bridges ) , through which isotactic polymerisation proceeds.

Mairt u h"s indicated a model whereby bromo bridged dimers

may assist in the production of such polymer, by prior

co-ordination of the incoming monomer at the magnesium

site next to the active centre.

Pham and co-workers 2e-33 interpret the effecË of halide

in a dif f erent manner. Studies of MMA/THF lflgCtl_ model

systems using t H NMR suggest complexes of the form MgCl2 .n

THF and MgClz .m MMA. Equating these results with terBuz

Ug/llgClz ratios for actual polymerísations, these workers

claim that the polymer structure formed is dependent on

whether MMA in the reaction mixture exists in the free

form or complexed with MgCl z or the active centre.

A further source of information on the nature of

active centres is provided by model compounds, normally

o-metallated oligomers with a degree of polymerisation of

one or two. Bywater'u h"" examined the 13c NMR spectrum of

o-metallated methyl isobutyreate in THF:

CHs
M+

M Li, Na, K
C

CH OCH
3 3

Fig. 6. 15

which gave evidence of a planar spt hybridised structure.

The a -methyl groups l^tere found to be non-equivalent at

least up to room temperature, confirming a degree of

double bond character.
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Equivalent studies l,\,ere attempEed in this thesis with

the Grignard reagent formed from ethyl o, -bromoiso-

butyreaEe, in order to investigate the hypothesis of

covalent C-Mg bond formation, with consequenE sp' hybridis-

aÈion at the q, -carbon and free roEation of the o-methyl

groups. However, this Grignard reagent showed a tendency

to react with iEself, evidenced by the increased complex-

ity of the NMR spectra as a function of storage time. Any

further studies on such Grignard models will also have to

be conducted via the RzMB species to avoid the complicaË-

ions of the Schlenk equilibrium on the observation of

equivalence/non-equivalence of the cr methyl rèsonances.

Bywater and Vancea'u ha.re also examined living dimers

of MMA in THF using Li, Na and K as counter ions. In such

dimers two possible forms of the centre exist in prin-

ciple, with the counter ion on one side or the other of

Ëhe plane of the anion. The preference for one form or the

oÈher may be based on steric effects or on the enhanced

interaction of the cation with polar groups on the pen-

ultimate uniE. Although t'C 
NMR by these workers did show

evidence of two species whose proportions \,vere dependent

on counterion, these species appear to arise from cis and

trans forms of the active centre rather than di-astereo-

isomers. No observaËions could be made in toluene due to

solubility problems.

36
Lochmann and Trekoval have claimed success in the

infra-red examination of a -metallated oligomers of MMA in

both benzene and THF solutions. Esters of these o -
metallatecl (Li, Na or K) diacids and oligo (carboxylic
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acids ) have an intensive band in benzene between 1630 and
I

1645cm-1 corresponding to absorptions of the ( C Ò ..;--
aO)-Mt* group. In the presence of THF this band is found

between t626 and 1660cm - I. In hydrocarbon solution an

absorption near 17lZcm-t corresponding Eo a more remote

alkoxy carbonyl grouP co-ordinated with the counterion is

evident and shows decreased intensity in the presence of

THF. At 1738cm a further alkoxy carbonyl absorption is

evident, probably due to free carbonyl grouPs.

Provided the absorption at !7I}cm-t ."n unequivocally

be related to intramolecular co-ordination of remote

alkoxy carbonyl groups to the counterion and not to inter-

molecular effects that could be evident in aggregaEed

forms of metallated dicarboxylic acids which have to be

shown to exist r 
3T then these results are in agreement with

the previously cited models Presented by Gooderrs Cramrlq

Gluslcerr s Boveyru Allen2u and their co-workers who have all

postulated thaË at least one isotactic producing state,

present in apolar solvents, must involve co-ordination of

carbonyl groups from previously added monomer residues in

the growing chain.

6.2 Concluding Comments

The problems associated with Grignard reagent init-

iated polymerisations of MMA seem to correlaÈe with the

uncertain composition of the initiator. Factors which seem

interrelaËed with the Schlenk equilibrium:

RrMg + MgX, -=\ 2RMgX Equn I.L
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and which affect the molar mass, molar mass distribution

and stereochemistry of pMMA formed are: nature of solvent,

temperaÈure, halide to active bond ratios and the extenE

of association.

A consensus among differenE workers, using the same

initiator to produce pMMA, has been difficult to attain,

with pMMA properties for similar reaction condiËions vary-

ing greatly. For example, Goode and co-workers,tu by addit-

ion of PhMgBr/diethyl ether to monomer in toluene under

nitrogen at 273K, reported high yields (69%) of highly

isotactic polymer after 4 hours . Nishioka, 3 e using a

toluene solution of PhMgBr added to monomer in toluene

produced highly isotactic polymer ( 38% yield ) under

nitrogen atmosphere at reacÈion times of 46 minutes at

273K. Matsuzaki and co-workers'7 carried out in vacuo

polymerisations by pouring neat monomer on to PhMgBr/

toluene ftrace THF solutions at 273R, but only succeeded in

producing a polymer of 577" isotacticity in low yield (3%)

after 24 hours. This result seems in agreement with in

vacuo experiments carried out in this thesis where PhMgBr/

toluene ftrace THF solutions v;ere added to monomer/toluene

mixtures producing, âË 273K, only trace amounts of Poly-

meric material after 3 hours reaction time.

Allen t ' h"" noted, in agrgement with the observations

of Yoshinor T that conditions applying at the moment of

initiation may be critical in the determination of the

type of polymer formed, which may help to explain discrep-

ancies. A number of trhidden" parameters exist which could
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the initiation conditions

for different workers:
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and hence the polymer

The adventitious presence of trace amounts of water

adsorbed Eo the reaction vessel walls. Under Lhese

circumstances isotactic producing centres have been
40shown to be favoured.

lùhether the initiator is added to the monomer or the

reverse. Mair2'h"" shown this to be relevant in NMR

kinetic experiments, although the observed retard-

ation of reaction observed here may be due solely to

the inefficiency of introduction of the initiator

into the NMR tube with correspondent decrease in the

number of potential active centres.

For polymerisations initiated at low temperature the

nature of the initiator solvent may be important.

Evidence from MsMgBr polymerisations at low temperat-

ure (200K; Fig. 4.6) suggests that initiator added in

THF provides a significant increase in Ëhe proportion

of intermediate molar mass material, in comparison Ëo

iniËiator added in toluene, for reactions where the

final mole fraction of THF vúas high. The observations

prompted speculaÈion that magnesium sites existed in

initiator/fHf solution with co-ordination number

higher than the solid state predicted value of 4,

which are responsible for production of intermediate

molar mass polymer.

(4) Nishioka and co-worket"" claim that the tacticity of

dependent upon the

(1)

(2)

(3)

pMMA produced with PhMgBr is
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maximum temperature of the reaction mixture and not
the equilibrated bath temperature of the reaction
components. For reaction volumes of about 30cm3,

maximum reaction temperatures 20" -30'c above equilib-
ration temperatures vçere noted. These temperature

rises r^7ere far above those noted (chapter 4) in this
thesis using similar reaction volumes.

( 5 ) The initial mole fraction of monomer may be important
since its consumption during polymerisation means

thaÈ polarity of the medium is constantly changing.

Its importance is two-fold:

a) rn a slow initiation system, which seems plausible
based upon kinetic evidence presented in this thesis
and those results presented by Matsuzaki | 7 decreasing

polarity of the medium may affect the types of
centres produced, in a reaction forlowing eneidic
pathways, by altering the position of the schlenk

equilibrir-rm, its lability and the degree of assoc-

iation of centres 
. 
becomíng slowry available. This

factor may be less important for rapid initiation
systems proposed by Bateup and Allent' ancl by Mair,2B

were active centres are assumed to be created soon

after reagent mixing.

b) Assuming the active centre models of Allen and

Mair'" {Figs 6.11, 6.12) are correct, then the persis-
tence of isotactic growth centres is governed by Ehe

frequency of inversion at the chiral magnesium site.
rn a similar manner to THF, excess monomer is likely
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to decrease the isotactic content by increasing the

frequency of inversions, even when Iittle or no THF

is present. In this thesis the initial mole fraction

of monomer has been kept deliberately low to minimise

the effects of (a) and (b).

( 6 ) For reactions carried out in non-polar solvent, the

presence of residual ether (THF) in the initi,atorl

toluene solutions has become a vital parameter

because it affecEs the uptake of MgBrz. De-etheration

of PhlulgBr solutions in this work has characteristic-

ally yielded nr/ehUg ratios of about .6 under mild

evaporation conditions, while drastic de-etheration

has produced nr/ehug values of about .4. The Presence

of bromide has a pronounced effect on both molar mass

distribution and microstructure.

The object of Chapter 3 has been an aEtempt to

characËerise iniËiator solutions on the basis of

variables: active bond content, the bromide to active bond

raËio and temperature by the use of t'C NMR. Grignard

reagent I dLaryL magnesium concentrations have been elev-

ated far above those used for polymerisations to make I 3C

NMR a viable tool for these studies, so a direct correlat-

ion with the initiation conditions applying in polymer

forming reactions should be made with caution. Variable

temperature studies of PhMg, MsMg and chexMg sysËems in

the presence of bromide seem to confirm the presence of an

exchange reaction, with aryL/alkyl grouPs existing in Ëwo

chemically distinct environments'corresponding to RMgX and

B ,Nfg of the Schlenk equilibrium. NMR evidence for the
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presence of associates is less well defined' esPecíally in

the case of bromo briclged RMgBr species where chemical

shift difference between R groups of associated and mono-

meric forms may noË be significantly different at 22.62MlIz

resolving povúer. Additionally, the exchange between mono-

meric and associated forms may be too fast for the NMR

time scale so that only a time average signal may be

evident. NMR evidence for associates is more likety for R2

Mg solutions since the R group is present in a 3-centre-2-

electron bond, with consequent deshielding and downfield

chemical shift with resPect to Lerminal and monomeric R

groups. Even so, evidence for association is only confir-

med in this thesis for Ph2Mg/toluene solutions (Fig. 3.9)

as a precursor to precipitation. Additional evidence for

association may be present in the MsMgBr/.fHf system (Fig.

3.1-1-), where at low temperature the high field position of

the tC-tg resonances (farthest downfield) corresponding to

the R z Mg site shows distinct broadening indicating the

possibility of the onset of slow exchange between mono-

meric and associated forms.

Broad molecular weíght distributions in RMgX/R, Mg

initiated polymerisations have been attributed to dis-

crete, índependent centres propagating with differenË

rates and stereospecificity.tt t27t2 8'32'33 uncler conditions

employed by Bateup and Allenql in nBuMgBr or nBu, Mg

initiated systems, where the presence or absence of

bromide has littte effect on reaction products, it is

assumed that the more reactive sPecies of the Schlenk

equilibrium, RrMB, carries out initiation. The relaxation
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rate of this equilibrium in the direction of Rz Mg is

thought to be so rapid compared with the rate of reaction

of RMgX with monomer that RMgX iniEiated polymerisations

may be neglecÈed. Under circumstances where RMgX is highly

reactive it may contribute significantly to the polymeris-

ation, even if such sites are at low concentration. In

summary, equilibrium position, the labitity of the Schlenk

equilibrium and species reactivity are critical factors in

the nature of the polymerisation factors governed by

those obvious parameters of temperatttre, solvent and

halide content as well as those less obtrusive elements

such âs initiator solvent and exothermicity of reaction,

examined more fully at the beginning of this section.

The same critical conditions equilibrium position,

lability and species reactivity must also apply to the

extent of contribution of the various associated species

in a polymerisation following eneidic pathways:

monomer .f..-\ dimerS , trimers etc.

Association studies for organoaluminium compounds

indicate t' that these equilibria have short relaxation

times at ambient temperature so that only the position of

Èhe equilibrium and relative reactivities are important.

For alkyl lithium compounds this is not the case and slow

relaxation of association equilibria have a pronounced

effect on the polymerisation proce"". u t Kinetic studies

have assumed that monomeric forms of alkyl lithium initiat-

ors are the most reactive in hydrocarbon media r 
rr3 r rr4 

even

though absolute evidence for those monomeric forms still
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does not exist. The same observation may be true for alkyl

magnesium initiators as well. Although variable temperat-

Llre NMR stuclies of terBuMgBr'u and isoBuMgBtu t in THF have

revealed the presence of associated Species, its impor-

tance as a means of determining the nature of potential

active centres is severely limited by iËs inability to

distinguish the extent of association, although Mair2udo",

tentatively assign 2 of the 4 methyl resonances of

terBulrlgBr in THF to a dimeric f orm of this initiator.

Future studies of initiator solutions by NMR will have to

be coupled with variable temperature ebulliometry for a

futler understanding of initiaLor constitution.

Chapter 4 presents a study of polymer products formed

from PhMg, MsMg and chexMg compounds as a function of TI{F

concentration, temperature, bromÍ-de to active bond ratio

and iniEiator solvent. The nature of GPC traces for Poly-

merisation reactions in toluene with the presence of

bromide provides complex, broad molar mass distributions

for all initiators studied. The high molar mass component

(MI,J tu 2x1O 
6 ) seems very depenclent uPon the Presence of

bromide and in all cases is destroyed by the presence of

THF. The relative proportion of this high molar mass

material increases with temperature, which is consistent

with increased equilibrium concentrations of RMgX under

these conditions. The sensitivity to THF content implies

that associatecl forms of RMgX may be resPonsible for high

molar mass forming, isotactic centres. Simultaneous with

the greater proportion of high molecular weight pMMA at

elevated temperatures in apolar solvent, is the increased
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isotacticity of the polymer formed. There aPPear to be at

least three different independent centres operaLing to

produce the broad molar mass distributions for PhMgBr,

MsMgBr and chexMgBr in non-polar solvent, which concurs

wilh observations made by Matsuzaki et al. ," who ascribed

the high molar mass, highfy isotactic component to "PhMgBr-

likerr active centres, and the low molar mass, isotactic-

like and intermediate molar mass syndiotactic-like polymer

to centres based LrPon Ph, Mg. Mair 28 has noted that

terBuMgCl and terBulr{gBr operate via similar eneidic path-

vrays with 3 or possibly 4 different active centres, while

secBuMgBr operates with 2 ot 3 centres Present.

The addition of THF has a three-fold effect on

Lrolymer formed. This is best illustrated in the case of

the MsMgBr system (Figs 4.3-4.6). Beside the effecLs of

reduced isotacticity and loss of high molar mass Peaks,

the yield of methanol insoluble polymer ís lowered which,

in terms of monomer-active centre co-ordination mechanisms

proposed by Bateup and Allen + I ancl Erusalimskii ra 
6 is

satisfactorily explained by blocking of co-ordinating

sites by strongly solvating THF. In the case of MsMgBr,

addition of THF produces unimodal/near unimodal low molar

mass polymer (t-2x1,0'- ). At 250K the heterodispersity index

of this peak increases with increasing THF content (Fig.

4.4), but varies erratically at 2301(. At 200K (Fig . 4.6)

the molecular weight distributions in the presence of THF

are complex and dependent on the initi-ator solvent ( Chap-

ter 4). PhMgBr and chexMgBr systems behave in a similar

fashion to MsMgBr aË 250K with the low molar mass peak
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( 1--2x10 

4 ) dominating (Figs 4 . 15 and 4 .26 ) in the Presence

of THF.

Diaryl magnesium initiators examined here produce

less isotactic polymer under alI solvent condiEions than

their bromo equivalenEs. Lower molar mass material ( 1-2x101

predominates (Figs 4.10-4.13) under all circumstances for

Ms, Mg, although at 273K reactions in high final mole

fractions of toluene show small amounts of higher molec-

ular weight material ( Fig . 4 .1-0D-H ) . In accordance with

Mslr{gBr systems, polymer yield is higher for reactions

carried out in toluene but diminishes when THF is added.

At 200K (Fig. 4.I3) the presence and proportion of inter-

mediate molar mass polymer is directly dependent on the

nature of the initiator solvent at high final mole ftac-

tions of THF, in a similar manner to MsMgBr. At 250K the

unimodal low molar mass polymer produced by both MsMgBr

and Ms, Mg (Figs 4.4, 4.LL) in the Presence of THF show

similar increases in the polydispersity index with increas-

ing amounts of THF, suggesEing that Ehis peak in chromato-

graphs produced with Ëhe initiator MsMgBr may be due to

active centres formed at 'rMs2 Mg-1ike" Sites. A similar

comparison between Ph, Mg and PhMgBr initiated polymer

product is less conclusive (Figs 4-t5, 4.19), with pMMA

formed wiÈh the Ph, Mg initiator producing large propor-

tions of intermediate molar mass material in the mid-range

of THF/toluene solvent polarities.

Results from ChaPter

ions in an interPretation

4 which are important considerat-

of kinetic data in Chapter 5 are:
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(1) The inactivity of the PhMgBr: initiator in toluene at

200K, with its reactivaÈion at 250K to produce Poly-

mer identical to that found when the system is thermo-

statted and initiated at 250K.

(2) The presence, under certain conditions, of invariant

GPC eluograms with increased conversion. The reaction

conditions for such observations appear more exacting

than those sPecified bY MatsuzakL: "

a) The gr/phl"lg quotient may be quite critical in the

observation of chromatograph invariance. Figs 4.22

and 4.23 show that, particularly when a gr/pht'4g value

of .3r is used, obvious differences are apParent in

the nature of eluograms at 30 minutes and 3 hours

reaction time.

b ) The temperature at which reaction occurs may be

critical. Fig. 4.17, where a series of unstirred

reaction vessels were left to react at 230K (Br/ehUg

.r,1-), produce<1 GPC traces which varied with both time

and conversion.

c ) The manner in which polymerisations are carried

out in Lerms of the method of collection of procluct

may be another important parameter. At 250K, with

sr /lhtr,tg: .6 , , tlne chromatographs of pMMA product f or

reactions in toluene are similar (Figs 4.22A, 4.23A)

at varying reaction time. These products \À7ere

produced from separate unperturbed reaction vessels.

However, when samples were with<lrawn from the same

reaction vessel ( Fig. 2.9) by removing the vessel

from the thermostatted bath, followed by decantation



26
into sidearms ( at 250K and with Br/ehUg=.6 t ) , the

molecular weight distribution varied drastically with

time (Fig . 4 .1-8 ) . If the reaction f ollows a slow

initiation mechanism, then the origin of this phen-

omenon, suggested in this thesis as initiator aggreg-

ation, mây be altered by removal of the mixture from

equilibrated bath conditions, creating different

acl-ive centres to those which might be released under

unperturbed conditions at 250K. The Schlenk and assoc-

iation equilibria may be altered during the 40-60

seconds required for removal from the bath and decan-

tation into sidearms. If this is so, then the MsMgBr

initiated reaction carried out at 250K with nr/MsMg

:.7 + (Fig. 4.L4 ) under similar conditions shows dimin-

ished sensitivity to such a variable. After 5 minutes

reaction time GPC traces remain quite similar.

Although access to yields is not possible for samples'

from the same reaction vessel, the increasing viscos-

ity of the reaction mixture indicates GPC similar-

ities occur with increasing conversion.

A slow initiation-rapid propagation mechanism does

seem to be reinforced by kinetic t H NMR measurements made

in ChapLer 5. The conditions used here closely resemble

tlre large scale unperturbed runs of Figs 4.22^ and 4.23A

where GPC traces l,üere similar with time/conversion. The

differences in the nature of the monomer conversion curves

for PhMgBr (er/phMg:.6o) and Phz Mg initiated runs (".9.,

at 250K, Figs 5.4 and 5.8, respectively) have been inter-

preted as arising from different propensities of each
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initiator to form inert, highly associated species in

toluene that tendency being enhanced in the Presence of

bromo-bridging grouPS. In the presence of bromide slow

release of cliscrete, different poËentially active sites

obscures the observation of termination effects, which

must be evident Lf GPC traces remain invariant with conver-

sion. If PhrMg is used as the initiator, then the unfavour-

able disposition toward formation of aryL bridged assoc-

iates may imply that a much larger proportion of polymeris-

ation active monomeric or lower order associated forms are

present at the time of mixing, so that if termination of

growing chains occurs, it will be obvious in the upward

deflection of the monomer decay curve.

Some inconsistencies are apparent with this model:

( 1 ) Figs 4.22 and 4.23 reveal that for a given reaction

time, the yields of methanol insoluble polymer are

approximately the same across the range of nr/ehVg

ratios, which seems inconsistent with an anticipated

s10wer release of active sites when bromide is

present. Other factors may be operating which negate

a valid correlation between large scale and NMR

kinetic runs in particular the mode of initiation

in NlvlR kinetic experiments, described in Chapter 5,

ancl its relation Eo the number and type of potential

active centres available at initiation. Other forms

of the initiator beside linear, highly associated

species may be responsible for inactivity. Allen and

l{agias \ 7 have note<l f or di-isobutyl magnesium that

either cyclic or cluster compounds may be evident,
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they have ân average degree of polymer-

(2) Slow initiation-rapid propagation does not seem

compatible with the idea of a maximum reaction temper-

ature being attained in the first few minutes of

react ion , as proposed by Ni shioka et al . ' s lr{onomer-

initiator adduct formation and propagation are likely

to be exothermic but these aPPear to be pre-empted by

availability of initiator in the rate determining

step. side reactions aE the monomer carbonyl should

also be exothermic but most recent theoriesal suggest

that both initiation of polymerisation and side

product formation proceed through the Same monomer-

i-nitiator adduct, which is again pre-empted by avail-

ability of potential active sites. For similar

reaction volumes r. temperature rises noted in this

thesis are much lower than those of Nishioka et al.3s

Those

inactivi ty

factors which support the concept of initiator

via association are:

( 1 ) The observations of Ashby, u u'u t who suggested that

PhMgBr may exist in polymeric form.

(2) The previously described inactivity of PhMgBr toward

polymerisation at 200K, with reactivation on transfer

to a hígher temPerature bath.

( 3 ) The longer half life for reactions involving PhMgBr

at lower temperature, despite the fact that more

reactive Ph, Mg is thought to become predominant under

these conditions. This suPports the concept of
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potenÈial active sites.
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associates to Produce

(4) The MsMgl3r initiator, which f or reactions in toluene

also presents the prospect of slow ínitiation, Shou/s,

at 230K (Fig. 5.11) , tr/u ltt/,, and 
'r/, 

/tr/u values

indicative of the same internal order of reaction,

but at 250K (Fig. 5.10) termination is present with

Ls,lE t, implying a higher order than ttt- ltr,. This- "/; ,/z "'r - r - --e /2 /4

supports argument (3) above.

(5) Grignard reactions with MMA, particularly in toluene,

produce intense colorations on mixing, which have

been assignecl to the formation of a monomer-initiator

adduct .25'28 These colour changes have not been evident

using PhMgBr and MsMgBr initiators. In Chapter 4 it

\¡Jas proposed Ehat the change trans f er band produced

by the monomer-initiator adduct may be hindered by

overlap of p orbitals of the II aromatic system with

the orbital of magnesium resPonsible for accepting

electrons from the carbonyl grouP of the MMA donor.

Given the evidence suggesting slow initiation,

absence of coloration may be alternatively explained

by the fact that such a monomer-initiator adduct

never reaches a concentration high enough to produce

colorations visible to the eye. A corollary to this

argument is that the intense orange colour aPParent

in the toluene reactions of chexMgBr with MMA may

indicate thaE the rate determining step of this reac-

tj_on is not dependent upon aggregation of the

initiator.
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(6 ) Although no experiments l^7ere performed in this

thesis, the presence of excess bromide has been shown

to retard the rate of polymerisation for nBuMgBr"and

terBuMgBt.tu this is consistent with the model proposed

here, where bromide should favour the presence of

inert aggregates.

(7) Unreacted organomagnesium bonds noted

Mair'u in polymerising systems must

those initiating polymerisation.

50by Yoshino

be different

and

to

Studies of Grignard initiated polymerisations have

been instigated in an attempt to examine and control

factors which affect stereochemistry, molecular weight and

molecular weight distribution, with the ultimate aim of

producing tactic pMMA with well defined physical and mech-

anical properties. These polymers are also ideal for

testing the properties of blends and work has been under-

taken by Truongrtt,tsing some of the pMMA produced here, in

such endeavours.

In Grignard reagent initiated polymerisations follow-

ing eneidic pathways, the producLion of pMMA of narrolÀ7

molar mass distribution equates with an understanding of

the different active centres present. The choice of

aromatic Grignard reagents, in particular PhMgBr, has

followed the precedent of other workerstt"tv;ho have routine-

Ly used this initiator to produce highly isotactic

polymer. However, results presented in this thesis tend to

indicate that PhMgBr j s unsatisfactory in this regard.

Isotactic content, for reactions performed in toluene, is
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low and accompanied by broad molar mass distributions. The

Grignard reagent of choice for the production of isotactic

polymer appears to be terBuMgBr, which provides high

yields of isoËactic polymer at short reaction times, and,

under certain circumstances , 
t' narro\^J molar mass distrib-

utions.

In conclusion, a greater control of polymer proper-

ties must lie with a fuller understanding of the nature of

acLive centres present. This will entail:

( 1 ) Intensive studies on the nature of aggregation in

. 
initiator solutions.

(2) Utilisation of t tC enriched monomer studies which

provide kinetic data, time dependent microstructure

evaluations and details of side reactions.

( 3 ) Examination of higher order microstructure data such

as pentad assignment, using rapidly advancing NMR

technology, to examine the mode of monomer addition.
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