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ABSTRACT

2-Methyleneglutaronltrlle (MSN) has been prepared by the catalytic 

dlaerlaatlon of acrylonitrile. The radical honopolynerlaatlon of 

dlnltrlle aonoaer was Investigated. As a aethod of preparing PMGN, 

radical Initiation suffers froa the drawback of coapetlng reactions, 

resulting In the foraatlon of ollgoaerlc aaterlal of Irregular structure.

The anionic polyaerlsatlon of MGN was perforaed using organo llthlua 

and organo aagneslua reagents, PMGN prepared by dlplperldlno aagneslua 
Initiation was characterised.

The radical copolyaerlsatlon of MGN with a variety of coaonoaers was 

carried out. The tendency of MGN to fora alternating copolyaers with 

"donor" aonoaers was observed. The spectroscopic, theraal, and 

theraoaechanlcal properties of selected copolyaers was deteralned.

Proton nar studies Identified the presence of weak electron 

donor-acceptor coaonoaer coaplexes In CCl^ solutions of MGN/lsoprene 
and MGN/ot—aethyl styrene.

The aechanlsa of the alternating copolyaerlsatlons of MGN/lsoprene 

and MGN/ot-aethyl styrene were Investigated In teras of the possible 

Involveaent of such coaplezes using a non-llnear least squares curve 

fitting analysis of the coaposltlons of copolyaers prepared over a wide 

coaonomer coaposltlon range. The analysis coupled with a statistical 

testing aethod reveals that In both systeas. Invoking coaplez 

participation does not provide a statistically significant laproveaent, 

over the standard Mayo-Lewis teralnal aodel. In the ability to describe 
the ezperlaental data.

The possible orlgln(s) of the saall deviations observed between the 

ezperlaental copolyaer coaposltlons and those predicted by the Mayo-Lewis 

■odel are discussed. In the MGN-lsoprene systeas, such deviations aay
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1*1 2-METHYLENEGLUIAROWITRILE m o n o m e r

In the early 1960’s, U.S. Industrial Chemicals Company (USD* were 

«tlvely InyesUgatlng th« gro»lng field of catalytic polynerlaatlon and 

dlnerlaatlon. As a result of these studies, a tertiary phosphine 

catalysed dl«rlsetlon of acrylonitrile uas developed which made 

available for the first time the unique trlfunctlonal compound 

2»^~^^cyanobut-l-ene (2~nethyleneglutaronltrlle - MGN).

N = C - CH^ - CHj - C - C = N 

(I) 2-Methyleneglutaronltrlle (MSN)

Subsequently, almost all research on the dimer has been carried out by 
major chemical concerns.

In 196Î, USl Isaued a bulletin which Illustrated the potential 

variety of commercial products which might be obtained by the chemical 

transformation of the dlnltrlle.^ Enthusiasm within USI was such that 

a pilot pUn t  was set up at their central research laboratories In 

Cincinnati to produce around 100,000 lbs per year of MON. Consequently, 

numerous patents on the preparation of MON began to appear In the 

chemical literature. By 1972 USI,^ El Du Pont de Nemours and Co.,^

Shell oil Co.,* and Mitsubishi Rayon Co. Ltd.,^ were all In 

possession of patents, while Rhone Poulenc In Prance* and Mitsubishi 

Petroleum In Japan^ Joined USI In producing MON, by their own patented 
process, on the pilot plant scale.

Today, however, only Mitsubishi Petroleum produce MON on a

commercial basis. The OSI process failed to achieve this level of

operation, while the French plant was never restored following a major 
explosion.

A division of National Distillers and Chemical Corporation.



HoaopolymerlsatIon and Copolymérisation of 

2-Methyleneglutaronltrlle

Relatively little Information concerning the polymerisation

properties of MGN Is available In the literature. A brief coniunlcatlon

by Pritchett and Kamath reported a reluctant radical homopolymérisation

but a facile copolymerisation with butadiene, styrene and nmthyl
0

methacrylate as comonomers . In each case the reactivity ratios were 

determined from limited analytical data.

In their search for compounds to model branching In 

polyacrylonitrile. Martlnmara et al. prepared copolymers of

acrylonitrile and MGN but again analysis was limited to the determination 
of the monomer reactivity ratios.

The patent literature reports the anionic polymerisation of MGN In 

toluene. DMF. and liquid ammonia. Initiated respectively by n-butyl- 

lithium, sodium cyanide and metallic s o d i u m . H o w e v e r ,  these 

reactions were reported to give poor yields of coloured polymers of low 
Intrinsic viscosities.

In 1973 studies carried out by Galln et al.^^ In France Into the 

lithium-naphthalene Initiated homopolymérisation of MGN showed that such 

systems yielded a highly polydlsperse and branched polymer. Their 

results were tentatively attributed to chain transfer to polymer via the 

labile methylene protons a to the nitrile function.

The late sixties and early seventies saw a great deal of patent 

literature emanating from the Mitsubishi Rayon Co. In Japan 

concerning the anionic polymerisation of MGN by complex organometalllc 

catalysts such as magnesium bls[(dlethyl)(plperldlno)alumlnateJ and the 

bls(dlphenyl amides) of zinc. This Interest was primarily stimulated by 

the potential fibre forming capabilities of a linear

polymethyleneglutaronltrlle.



However, the homopolymérisation of MGN has never been a wholly 

satisfactory operation and the more facile copolymerisation reactions are 

the systems most likely to produce useful and Interesting materials.

1.2 RADICAL CHAIN COPOLYMERISATION

By the 1940s considerable progress had been made In Interpreting the 

polymerisation of single monomers, but a systematic study of 

copolymerisation had been hampered by the absence of a theoretical basis 

for comparing the behaviour of monomers In such a system. Early 

research by SUudlnger^^ had shown that the composition of a copolymer 

In most Instances differed from that of the comonomer feed and that the 

relative copolymerisation tendencies of monomers bore little resemblance 

to their relative rates of homopolymérisation. However, It was not 

until 1944 that Mayo and Lewis Introduced the first successful 

kinetic analysis of free radical copolymerisation.

1.2.1 The Terminal Model

This was a mathematical treatment of Dostals' hypothesls^^ that 

the rate of addition of a monomer to a radical Is Independent of the size 

and nature of the radical chain and Is Influenced only by the nature of 
the radical end group.

The Mayo-Lewis model, or terminal model, recognised four propagation 

steps (the four combinations of the two chain end radicals and the two 

monomers, discussed later In chapter 4). This allowed the copolymer 

composition to be related to the monomer feed composition through two 
reactivity ratios r̂  ̂and

The monomer reactivity ratios provide a measure of the preference a 

radical exhibits for reacting with Its o%m monomer compared to that of 

the comonomer. U r g e  values of r (both r^ and »1) are Indicative 

of a tendency of the monomers to form long homopolymer sequences, whereas





19and Walling was that the tendency towards alternation in

copolymérisation Increases as the difference In polarity between the two

monomers Increases. Dramatic Illustration of this polar effect Is

evidenced by the facile copolymerisation of monomers which show little or

no tendency to homopolymerlse, for example maleic a n h y d r i d e , a n d
26diethyl fumarate .

Therefore alternation, as described by the Mayo-Lewis terminal 

model. Is considered to be a result of transition state stabilisation of 

the cross propagation reactions by electrostatic Interactions between the 

Incoming monomer double bond and the propagating radical chain. This

hypothesis has been extended In a seml-quantltatlve manner by Alfrey and 
Price In their Q—e scheme.

The terminal model proved to be extremely successful In accounting 

for the experimental observations In many copolymer systems, but several 

systems existed which could not be satisfactorily described.

1*2.2 The Penultimate Model

In an attempt to explain some of these deviations, Alfrey et al.^^

postulated that the reactivity of a propagating chain end radical could

In some Instances be Influenced by the penultimate group In the growing

chain. This work was later developed by Barb^^ In 1953 and extended 
33by Ham. Barb found evidence for a penultimate effect In the 

copolymerisation of styrene and sulphur dioxide^ and attributed It to 

electrostatic repulsion between a penultimate SO2 unit and a styrene 

-SOj complex. Ham and coworkers"^^ found that penultimate effects 

are particularly pronounced with monomers of the type CHX-CHX where X Is 

a polar substituent. More recently Ebdon^® has reported that the 

styrene-maleic anhydride system may also be described by a penultimate 

mechanism, although much controversey still exists In this case.^^



1»2.3 The Complex Model

An alternative rationalisation of the deviations from the Nayo-Lewls 

terminal model, in systems which tend to alternate, was proposed by 

Bartlett and Noaakl^® In 1946. They observed that solutions of some 

comonomers exhibited a yellow colouration, for example In mixtures of 

styrene and maleic anhydride, a system knovm to deviate from the terminal 

model. This colouration was attributed to the formation of a monomer 

(1) - monomer (2) charge transfer complex. The authors proposed that 

this comonomer complex may participate In the propagation reactions to 

the extent that It adds to the chain end radical as a discrete unit, 

therefore Invalidating the terminal model which considers only four 

propagation reactions. However, Bartlett and Nozakl did not present any 

mathematical analysis of the complex model scheme and Indeed some 

subsequent work by Walling et al.̂  ̂ and Lewls^° did not provide 

evidence which would substantiate the proposed mechanism. These workers 

found copolymer systems that were characterised by a high degree of 

alternation but which showed no evidence of monomer (1) - monomer (2) 

complexation. This, and the lack of dilution effects on the 

copolymerisation kinetics,suggested that comonomer complexes were 

not participating In chain propagation. Consequently the complex 

participation model fell Into disfavour. For about three decades the 

explanation for deviations In the compositional data of copolymers and/or 

the kinetics of copolymerisation was attempted mainly on the basis of the 
penultimate model.

In 1971, Seiner and Lltt^^ reported the first mathematical 

analysis of alternating copolymerisation systems In terms of the 

participation of a monomer-monomer complex In the propagation 

reactions. Since then a considerably Increased research effort has been 

devoted to the study of this model, with Investigations ranging from the



theoretical treatnent of nethoda used to analyse the experimental 

data, • to the mainly experimental study of alternating systems 

which may proceed via complex participation/^»^®

1.3 ALTERNATING COPOLYMERS

Although the precise mechanism of alternating copolymerisation Is an 

area of Intense research and controversy, the alternating copolymers 

themselves are of Interest and utility In a number of ways. Control of 

the regularity of the copol}rmerlsatlon may provide copolymers of desired 

physical or chemical properties In greater consistency. For example, 

the tensile strength and ultimate elongation at break of poly(acrylo- 

nltrlle-alt-butadlene) were found to be considerably greater than the 

random copolymer of similar composition.^^ A butadiene-propylene 

alternating copolymer has found use as an Industrial elastomer.^

This material exhibits a high degree of orientation on stretching, high 

flex resistance, good resistance towards oxidative degradation and 

superior stress-strain characteristics coo^ared with conventional rubbers.

Alternating copolymers offer the possibility of distributing 

potentially reactive side groups regularly along the polymer-backbone.

Very little research has been undertaken to exploit this feature which 

may find use In the fields of catalysis or metal c h e l a t i o n . S u c h  

alternating systems could also be used to anchor mesogenlc moieties to 

the polymer chain, for example Flnkelmann et al.^^»^^ have demonstrated 

the feasibility of preparing liquid crystalline pol3rmers by linking 

conventional low molar mass mesogens to linear polymers.

1*^ l i q u i d c r y s t a l l i n e m a t e r i a l s

Low Molecular Weight Liquid Crystals 

The terms "liquid crystalline" and "mesomorphic state" are used
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synonymously to describe a state of natter that Is intermediate between a

true crystal and a true liquid. The phase has the optical properties of

a crystal and the mechanical properties of a liquid. The uniqueness of

the mesomorphic state was not recognised until the late 19th century,

%rith the literature at the time containing a number of papers by 
5A 55

Rein tzer and Lehmann in which their relative claims for priority 

in observing this phenomenon are contested, at tines quite acrimoniously.

Correlations between the chemical and structural constitution of a 

molecule and its ability to form a mesophase are largely based on the 

work of VSrlander,^ Wlegand,^^ and Gray^® These investigators 

determined the general criteria that indicate a molecule»s predisposition 

to forming a liquid crystal. Elongated and rigid rod-shaped, or 

lathlike, molecules were identified as having the most suitable 

geometry.(Chandnasekhar®® has discovered "dlscotlc ” nesophases 

composed of large platelike molecules.) For a mesophase to be formed, 

the cohesive forces operating between the molecules must be anisotropic 

and of a suitable magnitude. Permanent dipolar groups are present in 

almost all molecules that form a mesophase, the size and direction of 

both the total moment and the group moments have been shown to be 

I m p o r t a n t . K a s t , ® ®  and more recently Demus et al.,®^ have 

provided an extensive tabulation of molecules capable of mesophase 

formation illustrating the large number and variety known.

^•A*2 Classification of Liquid Crystals

Liquid crystals are termed lyotropic or thermotropic depending upon 

whether the mesophase is observed by variation of solvent content or by 

variation of temperature. Thermotropic liquid crystals can be further 

classified as either nematic, cholesteric (chiral nematic), or smectic, 

depending upon the arrangement of the molecules in the mesophase.

This is Illustrated in Figure 1.1. This cUsslflcatlon and terminology
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FIGURE 1.1 Schematic representation of (a) nematic (b) cholesteric 

(chiral nematic) and (c) smectic mesophases.



Is based almost entirely on Prledels* observations with the polarising 
microscope,

In typical nematic liquid crystals the only structural restriction 

Is that the long axes of the molecules maintain a parallel or nearly 

parallel arragement over macroscopic distances (Figure 1.1a). Gray^^ 

proposed that In cholesteric liquid crystals the molecules are 

arranged In layers which have a local nematic packing of the molecules. 

However» the orientation of the molecular axis Is displaced regularly In 

successive layers such that the overall change In orientation describes a 

helix (Figure 1.1b). There are eleven known smectic structures. With 

one exception» a smectic phase constitutes a stratified structure In 

which the molecules are arranged In layers (Figure 1.1c). Each 

structure possesses a characteristic packing between and within layers. 

(The exception» smectic D» possesses cubic packing.)

The effect of structure and the chemical constitution of a molecule» 

on the type of mesophase exhibited» has been extensively studied and has 
been reviewed recently by Gray.^®

Such ordered structures are the basis for the practical applications 

of liquid crystals. For example» the alignment of the molecules can be 

controlled by magnetic and/or electric fields»®® leading to their use 

In display devices. Cholesteric liquid crystals possess an optical 

activity» the magnitude of which Is without parallel In any solid or 

liquid. (This Is due to the unusual arrangement of molecules and not 

directly to their as3rmmetry.) Ferguson®^ has shown that» due to the 

helical arrangement of the molecules» cholesteric liquid crystals can 

behave as a multilayer Interference grating» and can selectively reflect 

Incident radiation. The sensitivity of the helical structure to 

temperature» electric fields» magnetic fields and Impurity doping has 

opened up a host of uses for cholesteric liquid crystals.
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1.4.3 Polynerlc Liquid Cryat»!»

Even before Staudlnger bed fln<aiy recognised the true nature of

«acronolecular conpounds, VBrUnder'^ had conaldered the possible

mesooorphlsa of 'Infinitely long Boleeules' and concluded that It must

exist. Liquid crystalline properties have been Identified In

polyethylene aelts, (a snectlc atructure proposed),

polydlethylslloxane^* and polyphosphazenes.However, such systems

exhibit only s distant analogy to the aforementioned low molar mass 
materials.

In the past few years, numerous resesrch efforts have concentrated 

on using known aesogenlc molecules to prepare liquid crystalline 

polymers. * por the preparation of these polymers, the mesogens

can be either connected -head to tall" forming liquid crystalline main 

chain polymers, or linked ss side chains to the polymer backbone yielding 

combllke polymers. This Is Illustrated In Figure 1.2.

The liquid crystalline main chain polymers*® are already 

commercially used as "high modulus fibres" because the rigid rod like 

molecules form highly ordered fibres when spun In the anisotropic state.

Compared to the conventional low molar mass liquid crystals,

however, these polymers can hardly be ordered In the magnetic or electric 
81

field. The liquid crystalline side chain polymers, on the other 
hand, are more similar to the low molar mass mesogens.

Flnkelmaim et al.«^ shlbaev and coworkers®* have shown that 

If conventional mesogenlc molecules are fixed as side chains to a polymer 

backbone via sufficient length of "flexible spacer", then nematic, 

choleaterlc, and smectic mesophases can be observed In analogy to the low 

molar mass derivatives. The flexible spacer (usually an alkyl or alkoxy 

chain of five or six atoms) la Introduced between the polymer backbone 

and the rigid mesogenlc groups In order to decouple the motion of the
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main chain (which tries to achieve a statistical conformation) and the
84 ^mesogen. The sterlc and conformational limitations on the packing 

of the mesogens are also alleviated. Interestingly, It has been found 

that In contrast to most low molar mass liquid crystals, the liquid 

crystalline polymers exhibit a glassy state on cooling. X-ray and 

polarising microscopy proved that the glassy state of the polymers still 

shows the macroscopic anisotropic orientation of the mesogens. This

procedure may have practical applications as It allows the storage of
85Information.

The synthesis of pol3nners having mesogenlc side chains has taken two 
. 86.87approaches. The most convenient method Is to Introduce Into a

mesogenlc molecule a reactive group capable of undergoing addition

pol3nBerlsatlon. A number of polymerisable monomers have been

synthesised and have been comprehensively reviewed by Shlbaev et al.®®
89and Blumstein and Hsu. In most cases the polymerisable group Is a 

methacrylate or acrylate moiety.

The second synthetic route starts with preformed reactive polymers

which can be modified to mesogenlc side chain polymers by using suitably

reactive mesogenlc monomers. This approach has been en|>loyed by 
82Flnkelmann resulting In the smooth addition of vinyl substituted

mesogens to poly(hydrogenmethylslloxane).

Recent research efforts on polymeric liquid crystals have

concentrated on three areas. The synthesis of new technologically
90Important materials, the elucidation of the detailed structure of the 

91 92mesophases, * and the effects of the nature of the polymer backbone, 

flexible spacer, and the mesogen, on the mesophase observed.
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2.1 THE DIMERISATION OF ACRYLONITRILE

Diners of acrylic conpounds have In the past been prepared by

heating the nononer In the liquid phase to at least 433K In the presence

of a polymerisation I n h i b i t o r . H o w e v e r ,  when acrylonitrile Is

heated to A73K by this method, the formation of polyacrylonitrile resin

Is reported as well as a diner of unspecified strucutre.^^ Heating

acrylonitrile to higher temperatures, l.e. 573K, favours the formation of
971,2-dlcyanocyclobutanes.

The catalytic dimérisation of acrylonitrile at 298K In the presence 

of a trlalkylphosphlne or cycloalkylphosphlne was reported by the 

National Distillers and Chemical Corporation,^® to lead to 

2,4-dlcyanobut-l-ene (MGN) In approximately 35Z yield. Appreciable 

amounts of 1,4-dlcyanobut-l-ene (els and trans) have also been reported 

to form when trlphenylphosphlne Is used as the c a t a l y s t . I n  the 

presence of ruthenium salts and hydrogen, acrylonitrile dlmerlses to a 

mixture of 1,4-dlcyanobut-l-ene and adlponltrlle, the ratios of the two

products varying considerably depending on solvent temperature and
100

catalyst. Adlponltrlle Is the predominant product when cobalt or Iron 
carbonyl are used as catalysts.

Preparation of 2-Methyleneglutaronltrlle (MGN) (I)

By using trl-n-butylphosphlne as the tertiary phosphine catalyst, 

acrylonitrile was dlmerlsed to 2-methyleneglutaronltrlle In reasonable 
yields (equation 1).

CH
II ^

NC-CH-CH^ + HC-CN
323K

CH
II ^

NC-CH^-CH^-C-CN
(I)

( 1)

Reagents: Toluene was refluxed over CaH^, distilled and stored over 

sodium wire. Acrylonitrile was fractionally dlstlUed prior to use. 

Trl-n-butylphosphlne (Aldrich 95Z+) was used as supplied.
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Procedure: Under a nitrogen atnoephere, 39.5g (0.74 nolO of 

acrylonitrile was added dropvlse to a stirred solution of 0.8g (3.95 x
-3 -

10 m o U  of trl-n-butylphosphlne In 70 cm toluene at 323K. This 

addition was accompanied by a discolouration of the solution and the 

simultaneous formation of brown polymeric resin. The mixture was

for a further 30 minutes, cooled to room temperature, and then
3

100 cm of IM HCl added to destroy the catalyst. The organic layer 

was separated, washed twice with water, dried over magnesium sulphate and 

filtered. The solvent was removed and the residual pale yellow liquid 

purified by vacuum distillation, giving a 45Z yield of colourless MGN 
distilling at 330-332K/0.2 torr.

Characterisation: The purified monomer was characterised by ^  and 
13

C nmr. Infrared and ultraviolet spectroscopy. The spectra are shown 

in Figures 2.1 and 2.2 and the physical properties of MGN are listed In Table 

2.1. 2-Methyleneglutaronltrlle Is miscible with most polar organic 

solvents and aromatic hydrocarbons. It Is, however Immiscible with 

water, aliphatic, and allcycllc hydrocarbons.

2-2 POTENTIAL MONOMERS DERIVED FROM 2-METHYLENEGLUTARONITRILE

Numerous derivatives of MGN have been prepared by the elementary 

chemical transformation of the monomer's trlfunctlonal structure. This 
Is Illustrated In Figure 2.3.

The application of MGN derivatives Is envisaged as twofold.

(a) Their use as monomers In hom<^olymerlsatlon and/or copolymerisation.

(b) Their use as the "polymerisable moiety" In the synthesis of 

potential mesogenlc polymers.

2*2.1 2-Methyleneglutarlc Acid (II)

This acid has been extensively reported In the literature as the

product of numerous and diverse chemical reactions. 102 It has
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FIGURE 2.1 (a) The (90MHz) nmr spectrum of MGN.
13(b) The C nmr spectrum of MGN.
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FIGURE 2.2 (a) Infrared spectrum of MGN.

(b) U.V. spectrum of MGN, e - 6200; « 205 nmmax
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been prepared In this study by the acid catalysed hydrolysis of NGN.
3 3Procedure: 10.8 cn (0.1 aol) of NGN was added to 20 cn of

concentrated hydrochloric acid. The solution was warned cautiously

until the reaction proceded and the solution began to reflux. Prolonged

heating was avoided as It nay lead to the formation of the saturated

chloro-derlvatlve. On precipitation of amnonlun chloride, the nlxture
3was cooled and 20 cm of water added. Extraction of the product with 

diethyl ether yielded 10.8 g (75Z) of 2-nethyleneglutarlc acid, m.pt. ■ 

403-404K. The product was characterised by n m r and 1 r spectroscopy, 

NMR (D^0)6ppm: 0.0 (Na TMS), 2.58 (s, 4H), 4.5 (Exchangeable protons),

5.70 (s, IH), 6.15 (8 , IH).

where s ■ singlet; d ■ doublet; t ■ triplet; q ■ quartet; m ■ 

multlplet.

IR (KBr disc) cm~^t 3250-2600 (b), 1700, 1620 (s).

where b > broad, s - sharp (characterisation absorptions only).

2.2.2 2-Methyleneglutarlc Anhydride (III)

The preparation of 2-methyleneglutarlc anhydride has been reported 

In the patent literature and may be accomplished by the dehydration of

2 -methyleneglutarlc acid using acetyl chloride, thlonyl chloride or
103phosphorus pentoxlde.

Procedure: Equimolar amounts of II and acetyl chloride were heated at 

reflux until all the dlacld had reacted. The solution was allowed to 

cool and the acetic acid formed was removed under reduced pressure. The 

product 2-methyleneglutarlc anhydride was obtained In 70% yield by vacuum 

distillation of the residue, b.pt ■ 343-348K/0.5 torr, (m.pt. >

332-324K). The anhydride was characterised by n m r and 1 r 

spectroscopy.

NMR (CDClj)ippm: 0.0 (TMS), 3.60 (m, 4H), 5.90 (s, IH), 6.50 (s, IH).

IR (Thin Film) cm~^: 1850 (s), 1765 (s), 1655 (s).

i |

K’ 1
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2.2.3 Monoeaters of 2-Methyleaeglutarlc Acid (IV and V)

The close structural slallarlty between 2-nethyleneglutarlc acid and 

Itaconic acid is evident.

COOH

I
(CH,)-

1  ̂ ^
CX)OH

CH,

COOH

2-Methyleneglutarlc Acid (11) Itaconic Acid (Xll)

The feasibility of the monoesterlflcatlon of Itaconic acid has been
104thoroughly demonstrated by Baker et al. and In this study the 

analogous reaction of 2 -methyleneglutarlc acid Is described.

Procedure: The 2-methyleneglutarlc acid monomethyl and monoethyl esters

(IV and V respectively) were prepared by refluxing a mixture of 

2-methyleneglutarlc acid and a 3-4 mole excess of the required alcohol 

with a catalytic amount of acetyl chloride for 20-30 mins. The excess 

unreacted alcohol was removed rapidly under reduced pressure and the pure 

monester was Isolated and recrystallised from toluene—petroleum ether 

(1:1). Yields of monester were ca. 60Z with m.pt. IV " 339-340K, m.pt.

V ■ 326-327K. The monoesters were characterised spectroscopically.

(IV) NMR (CDClj)6ppm: 0.0 (TMS), 3.36 (m,4H), 3.71 (s,3H), 5.84 (s,lH), 

6.47 (s,lH), 11.5 (a, IH).

(IV) IR (Thin Film) cm~^: 3200-2800(b), 1730(b), 1700, 1625(s).

(V) NMR (CDClj)gppm: 0.0 (TMS), 1.31 (t,3H), 3.31 (m,4H), 4.25 (q,2H), 

5.82 (s,lH), 6.30 (s,lH), 11.45 (s,H).

(V) IR (Thin Film) cm~^: 3200-2800(b), 1730(b), 1700, 1625(s).
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5.86 (s, IH), 6.33 (s, IH).

IR (KBr Disc) cm~^: 3380 (b), 3200 (b), 3100-2600 (b), 1700 (s), 1670

( 8 ) ,  1640 ( 8 ) ,  1590 ( 8 ) .

2.2.5 2^ethyleneglutaraalde (VII)

Thl8 Intereatlng material haa been reported In the patent literature 

aa the precuraor to the aaturated derivative 2 -methylglutaramlde.^^^

In thla atudy 2-methyleneglutaramlde was prepared by the 

Intermediate hydrolysis of 2-methyleneglutaronltrlle. A conventional 

preparation employing aqueous sodium hydroxide containing lOZ H^O^ 

proved unsuccessful due to the addition of hydrogen peroxide across the 

vinylic system to yield the epoxyamide compound XV.

H 2 C - C- CONH2

(CH^ ) 2

CONH^

(XV)

The desired amide VII \ias however successfully prepared by the 

hydrolysis of MGN employing (a) concentrated ^ 2 8 0 ^ or (b) MnO^ 

heterogeneous catalysis.

(a) The product resulting from the acid hydrolysis of MGN depends to a 

large extent on the concentration of the acid employed. The use of 

dilute sulphuric acid results In the complete hydrolysis of MGN to the 

corresponding 2-methyleneglutarlc acid. Vfhen concentrated (85Z)

sulphuric acid Is employed, partial hydrolysis to the dlamlde VII results,
3 3Procedure: 19.0 cm (0.17 mol) of MGN was added to 40g (228 cm ) of

85Z H2 S0 ^ at 323R. The reaction mixture was carefully and slowly

heated to 338R and held at that temperature for 15 mlnutres, then poured
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Into 200 cn of Isopropanol. Dry anmonla gas vas bubbled through the 

solution until It was neutral. The alxture was filtered and solvent 

removed to give crude 2-^thyleneglutaramlde In 4SZ yield. The dlamlde 

was recrystalllsed from methanol, a.pt. 438-440K, and characterised by Ir 

and nmr spectroscopy.

NMR (D^0)6ppm: 0.0 (Na TMS), 2.60 (m, 4H), 4.5 (exchangeable protons),

5.6 (s, IH), 5.85 (s, IH).

IR (KBr Disc) cm~^; 3360 (b), 3250 (b), 1650 (b), 1660 (b), 1600 (s).

(b) 2-Methyleneglutaramlde was also prepared by the less drastic 

heterogeneous hydrolysis using Mn0 2 .

In this Instance the probable mechanism of reaction Is considered to 

be a solid phase catalysis of the hydrolysis by H^O which Is known to

be present on the surface of MnO^. However, the length of the

reaction time and the quantity of MnO^ employed made this procedure 

unattractive.

Procedure: A lOZ solution of MGN In CH^Cl^ and a ratio of substrate 

to MnO^ of 1 : 1 0  by weight was stirred at room temperature for 24 

hours. The Mn0 2  was washed with methanol, evaporation of which gave 

2-methyleneglutaramlde In 35Z yield.

2.2.6 2-Methyleneglutarlmlde (VIII)

Attempts to synthesise methyleneglutarlmlde, a potential cyclic 

monomer, proved unsuccessful, but the N-ethyl-2-methyleneglutarlmlde 

derivative was prepared and characterised (2.2.7). Neither system has 

been reported previously In the literature.

Attempts to cycllse 2-methyleneglutaramlc acid, VI, to the title 

Imlde were unsuccessful. Therefore, an alternative procedure using 

2-methyleneglutarlc anhydride as a precursor was proposed. This route 

Is outlined In Figure 2.3.

This synthesis Involved the condensation of 2-methyleneglutarlc
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anhydride with urea followed by cycllaatlon to yield the

N-carbaoyl-2-methyleneglutarlnlde X, deconpoaltlon of which It was hoped

would lead to the title lalde, VIII.

The first step proceeded smoothly. Ho%iever, the subsequent

cycllsatlon reaction of IX—> X  was unsuccessful. Proton nmr and Ir

spectroscopic analysis of the reaction product Indicated that

nucleophilic attack on the vinyl system of IX had occurred.

2.2.7 N-Ethyl-2-methylene8lutarlmlde (XI)

Although this cyclic monomer has not been reported In the

literature, the analogous preparations of N-substltuted malelmlde^^^
108and N-alkylltaconlmldes are known.

Procedure: 56g (0.5 mol) of 2-methyleneglutarlc anhydride Is dissolved
3In 250 cm of xylene at room temperature and 22.5g (0.5 mol) of 

ethylamlne added dropwlse. The water white solution Immediately turned 

deep red. The mixture was refluxed for a further three hours. The 

solvent was removed and the residue was vacuum distilled to give XI b.pt. 

" 328K/0.1 torr In low yield (20Z).

The product was characterised by nmr and Ir spectrosocpy.

NMR (CDClj)gppmt 0.0 (TMS), 1.20 (t, 3H), 3.36 (m, 4H). 3.60 (q. 2H),

5.71 (m, IH), 6 .34 (m, IH).

IR (Thin Film) cm~^: 3100 (s), 1690 (b), 1640 (b), 1620 (s).

2.3 HOMOPOLYMERISATION OF 2-METHYLENEGLUTARONITRILE

2.3.1 Radical Polymerisation of 2-Methyleneglutaronltrlle

The literature contains no Information on the radical 

homopolymérisation of NGN. In this study the radical homopolymérisation 

was attempted using conventional bulk and emulsion techniques.

The details of the polymerisation conditions are contained In Table

2.2.
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Bulk polynerlMtlons eaployed AIBN (a ,a'-Azoblslsobutyronltrlle) or

dlcuayl peroxide as the Initiating species. The eaulslon polyaerlsatlon
109of MGN used a conventional recipe which Is set out In Table 2.3. 

Procedure: Pyrex reaction flasks were charged with the polyaerlsatlon 

Ingredients and degassed by two freeze-thaw cycles. The flasks were 

sealed under vacuua and placed In a thermostated oil bath controlled to 

^ . 5 K  for the required reaction period. In the eaulslon systea, 

agitation was effected by means of a Griffith flask shaker.

The polymer was Isolated by precipitation Into methanol and purified by a 

minimum of two repreclpltatIons from acetonitrile solution Into 

methanol. Polymers were vacuum dried at 303K and characterised by iznr 

and Ir spectroscopy, differential scanning calorimetry and vapour 

pressure osmometry.

2.3.2 Anionic Polymerisation of 2-Methyleneglutaronltrlle

The details of the pol3rmerlsatlon conditions which were employed In

the anionic polymerisation of NGN are given In Table 2.4.

Catalysts Pentane solutions of n-butylllthlum and t-butylllthlum were

used as supplied (BDH reagents). These solutions were analysed for

active reagent by the back titration method of Gilman.

Dlphenylmethylllthlum was prepared by the addition of

dlphenylmethane to a THF solution of lithium naphthalene according to the

procedure of Normant.^^^ The concentration of active catalyst was

again determined by Gilman's titration procedure.

The synthesis of the anionic Initiators dlethylmagneslum and

dlplperldlnraagneslum Is outlined In Figure 2.4. This procedure has
112been reported briefly by Joh and It necessitates the use of an Inert 

atmosphere. The most satisfactory results were obtained by employing a 

polyethylene glovebag (Aldrich Chemical Company "Atmos Bag") containing 

petrl dishes of P2 O 5 to remove residual moisture.

I I



TABLE 2.3

Typical Formulation for the Emulsion Polymerisation of MGW

Constituent

Mononer

Potassium peroxydlsulphate 

Soap (sodium lauryl sulphate) 

Water

TABLE 2.4

Conditions Employed In the Anionic Polymerisation of MGN^

System/Sample Initiator System 
Ref No _________________

7 n-butyllithium

8 t-butylllthlum

9 Dlphenylmethylllthlum

10 Dlethylmagneslum

11 Dlplperldlnomagneslum

a) [Monomer] - 2 M; [Initiator]

Solvent Polymerisation Polymerisation
_________ Temperature/K Time/hours

4x10“^ M; Solvent ■ 100 cm^.



2 M g  .2C.H,,9r 

Step 1 I 

2 C j H s M g B r

C j H ® *  C j H ^ M g B i f  2CjHsMcP* 2B(® (C,H,),Mg ♦ MgBr,

H s C j - M g  M g - C j H j  ; 
^Br^

Step 2

C,H.. Br
/ M g M g

\  /
Br

Dioxane

MgiC^Hjp. Dioxane + M g  Halide Precipitates. 

Step 3

MglCjHjlj

a) Centrifuge
b) A

Step 4

M g  n ;

2 moles piperidine

• 2 C,He

FIGURE 2.4 The synthesis of the anionic initiators diethylmagnesium 

and dipiperidinomagnesium.
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Preparation of OrganpaaRneslua Initiator«; Ethylmagneslun bromide was

prepared by a standard Grlgnard procedure and good yields of

dlethylmagneslum were obtained by the dloxane precipitation method of 
113Dessy. This method Involves the addition of dloxane to the

Grlgnard solution and the subsequent removal of the precipitated 

magnesium halides by centrifugation. Diethyl ether Is evaporated from 

the mother liquor to give the dlethylmagneslum-dloxane complex, which 

upon heating at 393K/0.1 torr for 36 hours, yields the white crystals of 

dlethylmagneslum. Addition of piperidine (2 mol. eq.) to a toluene 

solution of dlethylmagneslum (1 mol. eq.) at 298K results In the 

depolymerisation of the magnesium alkyl and concurrent evolution of 

ethane. The yellow crystals of dlplperldlnomagneslum were Isolated by 

the evaporation of toluene.

vniere possible, the magnesium compounds \rere characterised by the 

tltrlmetrlc analysis of their hydrolysed solutions.

Polymerisation Procedure: The reaction flasks i#ere flamed and purged 

with nitrogen. The solvent and monomer were Introduced Into the 

reaction flask and the system cooled to the desired temperature. The 

pol3rmerlsatlon was started by the Injection of the Initiator solution 

which, with the exception of the alkylllthlum systems, resulted In the 

formation of an orange colour In the reaction medium. This colouration 

persisted until the end of the polymerisation. Termination was effected 

by the addition of methanol to the systems and the crude polymer was 

purified by repeated precipitation from acetonitrile solution Into an 

excess of methanol and dried under vacuum at 323K for 24 hours. The 

polymers were characterised by nmr and Ir spectroscopy, differential 

scanning calorimetry, thermogravlmetrlc analysis and osmometry.

u 1

I' I
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2.4 RADICAL COPOLYMERISATIONS

2.^.1 Radical Copolymérisation of 2-Methyleneglutaronltrlle

The 2-methyleneglutaronltrlle copolymers which have been prepared 

are Hated In Table 2.5, together with the details of the 

copolymerisation conditions.

The monomers were purified by literature procedures.

Procedure* Copolymcrl sat Ions were carried out using bulk, 

solution, or emulsion techniques. A conventional redox emulsion recipe 

which Is given In Table 2.6 was used for the copolymerisations performed 
at 303K.

The reaction flasks were charged with the required Ingredients, 

evacuated by freeze-thaw cycles, and sealed under vacuum. The flasks 

were then placed In a thermostat bath controlled to +0.5K. Where 

"Instantaneous copolymer composition" data was required, 

copolymerisations were allowed to continue to a maximum of 1 0 1  conversion.

Gravimetric analysis was employed to yield the Initial rate of 

copolymerisation In systems 16 and 19.

All copolymers were Isolated by precipitation Into nmthanol and were 

purified by repreclpltatlon from an acetone solution Into an excess of 

methanol. The copolymers were vacuum dried at 333K for 36 hours and 

subsequently fully characterised.

Copolymer composllons were determined both by C, H, and N elemental 

analysis, and by nmr analysis.

2A,2 The Copolymerisation of MGN with Selected Monomers In the

Presence of a Lewis Acid

The copol3rmerl sat Ions which were carried out In the presence of zinc 

chloride are listed In Table 2.7, together with the reaction conditions. 

Procedure: Zinc chloride was heated at 383K/0.1 torr for 24 hours before 

use. The Lewis acid was dissolved In the comonomer solution and the

i





TABLE 2.6

Copolymerlaatlon Redox Emulsion Recipe

Constituent Quantity,

MonomerCs) 1 0 0 . 0 0

Emulsifler/Sodluo Lauryl Sulphate 50.00

Sodium Pyrophosphate 0 . 1 0

Ferric Sulphate 0 . 0 2

H2O 2 (20Z) 0.35
H2O 2 0 0 . 0 0

Solvent (Toluene) 25.00
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subsequent copolynerlsatlon procedure used was analogous to that set 

out In the previous section. Copolymers were Isolated and purified 

by repeated dissolution In acetone and precipitation Into 

methanol. The elimination of ZnCl2 from the product was 

confirmed by the addition of the polymer solution to an acetone 

solution of dlthlosone (dlphenylthlocarbazone). The copolymers 

were then fully characterised.

2.5 MONOMER-MONOMER DONOR-ACCEPTOR COMPLEXATION

In this study, the stoichiometry and the equilibrium quotient

of monomer-monomer donor-acceptor complexes were determined by

proton nmr spectroscopy employing a technique proposed by Hanna and 
llAAshbaugh. The theory of this technique and Its utilisation In

the form of the Benesl-Hlldebrand equation (or modifications) Is 

described In Chapter 5.

Complex stoichiometry was determined by the nmr equivalent of 

the continuous variation method of Job.^^^*^^^ For this 

procedure solutions were prepared by mixing x cm^ of IM MGN with
3

(lO-x)cm of IM donor solution, both In CCl^ (where x was varied
3 “Îfrom 1 to 9 cm ) and the total volume was kept at 10 cm"̂ . The

H nmr spectrum of the resulting solutions were then recorded for 

analysis.

To satisfy the criteria for the reliable determination of 

formation quotients of weak c o m p l e x e s , t h e  concentration of the 

"donor" molecules was Increased In the range 2-lOM In an Inert 

solvent (In this study CCl^) while the concentration of the
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"acceptor molecule" was kept low and constant at around O.IM. The 

nmr spectrum of the resulting solutions were then recorded and 

analysed.

Ideally, the reverse system should also be studied, l.e. 

keeping the concentration of the donor molecule low and constant, 

while varying the acceptor concentration In the range 2 -lOM, 

Unfortunately, due to the limited miscibility of MGN and CCl^, 

such experiments were not possible.

All samples were run on a Perkln-Elmer R32 90 MHz 

spectrometer. The chemical shifts were measured using 

tetramethylsllane (IMS) as the reference signal In either an 

Internal or external capacity. The sweep width setting of 100 Hz 

permitted direct reading to s 1 Hz. A nitrogen stream was used as 

the temperature control and allowed the system to be studied at 

selected temperatures.
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2.6 INSTRUMENTATION

2.6.1 Number Average Molar Mass (Mn) Determination

Several techniques based on the colllgatlve properties of dilute

solutions are available for the determination of the number average molar

mass. In this study, vapour pressure osmometry and membrane osmometry
were used to determine M .n
Vapour Pressure Osmometry (VPO). This Is a useful method of measuring

values of M^ from 50 to 20,000g mol“^. It Is a relative method and

Is calibrated using such low molar mass standards as benzll and methyl

stearate. The technique and Instnmentatlon are thoroughly described In 
liftthe literature.

The property measured In VPO Is the small temperature difference

resulting from the different rate of solvent evaporation from, and

condensation onto, droplets of pure solvent and polymer solution

maintained In an atmosphere of solvent vapour. The temperature

difference Is detected by two differential matched thermistors which form

part of a Wheatstone's bridge, AT Is thus recorded as a difference In

resistance, AR. The number average molar mass (M ) can then ben
calculated from equation (1) by extrapolating the data to C-0.

m 1

K* - M (AR/C)
n 'c->o ( 1 )

K* Is a calibration constant estimated by measuring AR for solutions of 

known concentration (C) prepared from standard compounds of known 

molecular iralght.

The Instrument employed In this work was a Hewlett-Packard Model 

302-B Vapour Pressure Osmometer. The basic features of the Instrument 

are sho%m In Figure 2.5. The operating temperature was 308K and 

acetonitrile was used as solvent. The system was calibrated using

I) 1
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(b)

FIGURE 2,5 Schematic diagram of vapour pressure osmometer*

(a) Thermal chamber showing probe and syringes.

(b) Simplified circuit diagram.
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benzll (Mol.Wt. ■210.23 ), giving a value for K* the calibration constant 
3 “ 1  3of 8.8x10 Vg dm . The concentrations of the polymer solutions

-3employed were In the range l- * 2 0 gdm .

Membrane Osmometry. Measurements of the osmotic pressure (x) of a

polymer solution enables the number average molar mass (M ) to ben
determined from equation (2 ),

(w/c) c->o RT/Mn ( 2)

(R Is the gas constant and T Is the temperature In degrees Kelvin.)

This Is again a limiting form, valid at Infinite dilution. Only under 

special conditions, when the polymer Is dissolved In a pseudo-ideal 

solvent, e.g. a theta solvent. Is (w/c) Independent of concentration.

Experimentally, a series of concentrations Is studied and the 

results treated according to a vlrlal expansion, the most familiar of 

which Is equation (3),

(w/c) - RT(M|j^ + A 2 C + + ....... ) (3)

where A 2 and A^ are the second and third viral coefficients 

respectively. When solutions are sufficiently dilute a plot of (w/c) 

against (c) Is linear (A2 *0 ). The Intercept of such a graph at zero 

concentration gives (RT/M^), enabling the number average molar mass to 
be determined.

In this work a Knauer membrane osmometer and detecting bridge were 

used. The basic features of this Instrument are shotm In Figure 2.6. 

Calibration Is by the application of a known external pressure. On 

addition of polymer solution the pressure change Is detected by the 

diaphragm and a signal proportional to the pressure change Is registered



FIGURE 2.6 Schematic of membrane osmometer.

outlet valve 
inlet valve 
membrane
thermostatted chamber 
pressure detecting membrane 
osmotic pressure dial 
Wheatstone bridge circuit 
chart recorder.

n

t
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on a chart recorder.

Menbranes (Sartorlus, regenerated cellulose) were conditioned to

butan-2-one and proved satisfactory for M neasurements down to ca.n
2 0 ,0 0 0 g mol-1 The operating temperature was 313K and the

concentration of the polymer solutions employed were In the range l~2 0 g
. -3 dm

2.6.2 Thermal Analysis

Differential Scanning Calorimetry (DSC). Perhaps the simplest 

definition of the glass transition temperature (T^) Is the temperature 

below which the polymer Is glassy and above which It Is rubbery. The 

molecular Interpretation of the T Is widely accepted as the onset of

long range cooperative motion of the polymer backbone (macro**Brownlan 

motion) which Is frozen In below T . From the experimental

viewpoint the glass transition temperature of a material may be detected 

by monitoring any one of a number of properties which can be measured as 

a function of temperature. These Include specific heat, specific 

volume, dielectric and mechanical b e h a v i o u r . I n  this study 

differential scanning calorimetry was employed In the vast majority of 

cases to locate the T of polymers and copolymers.s
The system employed was a Perkln-Elmer model DSC-2, equipped with a 

low temperature mode accessory and capable of measurements In the 

temperature range lOO-lOOOK.

This Instrument records the differential power required to maintain 

a zero temperature difference between the sample and an Inert reference, 

as the temperature of both Is changed at a linear programned rate. A 

schematic diagram of the DSC-2 Is shown In Figure 2.7. Thus when the 

sample undergoes a thermal transition, the power to the two heaters Is 

adjusted to maintain their temperatures, and a signal (AH/dt) 

proportional to the power difference Is plotted on one axis of an X-Y

/
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FIGURE 2.7 DSC schematic.
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i 1

recorder with temperature plotted on the second axis. Details of the

theory and design of differential scanning calorimeters have been
1 2 1  177described by Watson et al. and by O'Neill,

In experiments Involving subamblent scans, dry helium was used as 

the purge gas, with above ambient work being conducted under oxygen free 

nitrogen. In all cases the scan rate was 20K mln” .̂

Thermogravlmetrlc Analysis (TGA). This Is a dynamic thermal analysis 

technique In which the weight loss of a material Is measured as a 

function of Increasing temperature at a linear programmed rate. Weight 

loss can also be measured as a function of time at constant temperature 

If required. The technique was applied to most of the polymer samples 

prepared In this work In order to evaluate their thermal stability and 

degradation temperatures.

A Perkln-Elmer Thermogravlmetrlc System model TGS-2 connected to the 

Perkln-Elmer DSC-2 temperature programmer %ias used In this study.

Thermal degradation of all polymer samples was carried out under a 

nitrogen atmosphere at heating rates of 20K mln“ .̂ The results are 

displayed as a graph of Z sanq>le weight loss against temperature.

2.6,3 Thermomechanical Analysis

Torsional Braid Analysis (TBA). This Is a technique used to measure the

dynamic thermomechanical properties of polymers over a wide temperature
1 2 3range. TBA was originally developed by G1Ilham from the

conventional torsional pendulum. A schematic diagram of the Glllham 

apparatus Is shown In Figure 2.8. Unlike the torsional pendulum, TBA 

measurements can be made on relatively small (ca. lOOmg) amounts of 

material which are Impregnated Into a multlflllment glass-braid which 

acts as a support for mechanically weak materials. This allows the 

study of thermoplastics above their melting or softening points.

Perhaps the major disadvantage of the TBA technique Is that It cannot



FIGURE 2.8 Torsional pendulum and torsional braid apparatus of 

Gillham (schematic).
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provide absolute neasurenents (for example, a polymer's mechanical 

modulus) since the material under test Is a composite and not a pure 

polymer of known dimensions.

The Instrument used In this work was a torsional braid analyser 

manufactured by Chemical Instruments Corporation of New 

York. The normal frequency of measurement Is approximately IHx and It 

may be operated over the temperature range 83K-773K. The TBA was 

Interfaced to an APPLE II microcomputer In order to facilitate data 

collection and analysis. The logarithmic decrement, LD, and the 

relative rigidity, 1 /P^ (which Is proportional to the shear modulus of 

the polymer/glass fibre composite) were measured for each oscillation 

along with the temperature e.m.f. from an Iron-constantan thermocouple 

Inside the apparatus. About 80 to 120 damped oscillations were 

collected to construct each TBA-thermogram. The location of the Tg Is 

evidenced by a maximum In the LD and a large drop In the relative 
rigidity.

Dynamic Viscoelastic Measurements. If a sinusoidal tensile strain Is 

applied at one end of a polymer sample (at a fixed frequency), the 

resulting stress w l U  also be sinusoidal but will be out of phase when 

there Is energy dissipation or damping In the polymer. This Is 

Illustrated In Figure 2.9. Satisfying the condition |ü^| - IÜ2 I -1, 

where and 012 the electrical vectors from the force and 

displacement transducers, the tangent of the phase angle 6 between the 

stress and strain may be calculated from equation (4 ).

1 ® 1 ”  ̂ (5/2) K tan 6
(4)

7 :

The operation of adjustment followed by subtraction of the 

electrical vectors Is performed directly In the recording circuit of the iiil
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analysing Inatrunent.

The complex elastic modulus E* Is given by equation (5)

E* - (21/DA) X 10® Nm“^ (5)

where D Is the dynamic force obtained directly from the Instrument, I Is

the length of the sample In cm, and A Is the sample cross sectional area 
2

In cm . The tensile storage and loss moduli E' and E" respectively, 

follow from equations (6 ) and (7 ),

E* - E* cos 6 (6)

E* sin 6 (7)

In this study the viscoelastic nature of polymer sanóles were 

Investigated using a Rheovlbron model DDVIIC direct reading dynamic 

vlscoelastoraer supplied by Toyo Baldwin Co. Ltd., Japan, and capable of 

operating at 3.5 Hz, 11 Hr, 35 Hz, and 110 Hz. A schematic of the 

Instrument Is shown In Figure 2.10. Analysis using this Instrument 

alloira the complex elastic modulus and damping characteristics of the 
polymer to be obtained.

Polymer samples were prepared by a compression moulding technique 

using a Moore variable temperature 20 ton hydraulic press.

Dynamic vlscoelastometry Is sensitive to the onset of molecular 

motion In the polymer chains and as such It may be used to detect the 

glass transition temperature of the material. The precise location

of the Tg Is dependent upon the frequency of the applied force, therefore 

operating the Instrument at the four available frequencies (assuming 

Arrhenius behaviour) allows the determination of the apparent activation

IF 1
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124energy of the Tg.

2.6.4 Spectroscopic Techniques

Nuclear Magnetic Resonance. NMR were recorded either on a

Perkln-Elaer R32 (90 MHz) spectrooeter or a Bruker WP80 Fourier transform 

NMR spectrometer.

The former Instrument was operated In standard mode and samples were 

studied as 10-152 wt./vol. solutions in D^O, or In deuterated 

chloroform, dlmethylsulphoxlde, or acetone. Tetranmthylsllane (TMS) was 

used as the Internal reference.

13“Carbon NMR and Nuclear Ovenhauser enhancement double resonance 

experiments were carried out on the Bruker WP80 Instrument equipped with 
an Aspect 2000 minicomputer.

Infrared Spectroscopy. Infrared analysis was carried out using a 

Perkln-Elmer 577 Grating Infrared Spectrophotometer. Samples were 

studied either as KBr discs or as films cast on NaCl plates.

Ultraviolet Spectroscopy. UV absorption spectra were run on a 

Perkln-Elmer 402 ultravlolet-vlslble spectrophotometer.

2.6.5 Miscellaneous Techniques

Elemental Analysis was carried out on a model 1106 Carlo-Erba Elemental 

Analyser (Milan, Italy) under standard conditions. Carbon, hydrogen and 

nitrogen were determined directly and oxygen by difference.

Polarising Microscopy. Transition temperatures of oesomorphlc materials 

were measured by optical microscopy using a Reichert Thermovar polarising 

microscope fitted with a hot stage and capable of accommodating a 

Polaroid Landpack camera model ED-10 on the eyepiece of the Instrument.

b i
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3.1 RADICAL POLYMERISATION OF 2-METHYLEWEGLUTAROWITRILE

The radical polymerisation of MGN carried out In bulk or emulsion 

leads to reasonable yields of white or coloured powdery 

polymethyleneglutaronltrlle. However» the reaction time necessary to 

achieve such yields, 6-144 hrs, Illustrates that this Is not a 

particularly facile radical polymerisation. Table 3.1 contains the 

results of the polymerisations and characterisation of the polymer 
samples.

The polymer samples 1-5 have solubility properties which are similar 

to those of radically polymerised polyacrylonitrile, being soluble In 

dipolar aprotlc solvents such as acetonitrile, dlmethylformamlde, and 

nltromethane. No solvent tias found for sample 6 .

A representative Infrared spectrum of polymethyleneglutaronltrlle Is 

shown In Figure 3.1. Polymer samples 1-6 displayed well defined 

absorptions which can be Identified with "structural Irregularities" In 

the polymer. The absorption at 2000 cm”^ Is also found In the 

spectrum of polyacrylonitrile and polymethacrylonltrlle and has been

Identified with the presence of a ketene-lmlne structure IC»C*N] In the
, 125,126polymer.

In the polymerisation of MGN this structure may arise from a 1—4 

propagation mechanism, giving XVI,

/\/>CH - C - C N<

(CHj ) 2

CN

(XVI) P

alternatively, from a termination reaction Involving a growing a,.
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1

I
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chain radical of the form XVII with Its resonance hybrid XVI, producing 

the ketene-lmlne group XVIII by combination.

C ’
1

(CH,),
1

+ *N - C - C - 
1
1

(CH,) 
1 ^

CN
1
CN

(XVII) (XVI)

CN

CH, - C - N
 ̂ I

CN

C - C -
I ^

(CH2 > 2

CN

(XVIII)

( 111)

; i

I'?

A sharp and well defined absorption at 1630 cm”^ Is present In the 

spectrum of all samples and Is attributed to the presence of ethylenlc 

double bonds In the polymer. Residual monomer was ruled out as the 

source of this absorption as repeated precipitation of the polymer 

samples did not reduce the Intensity of the absorption. This 

unsaturation can arise from both chain transfer to monomer and 

degradatlve chain transfer, leading to structures such as XIX.

HC^vry.

CH,

.1
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I
There Is also evidence for the - C - H nethlne group vibration at 1320

-1  * 
cm in accord with t h i s  s t r u c t u r e .

In polymer sample 6 the broad and intense absorption at 1660 cm”^

is correlated with the presence of a ketimlne structure (C-N) , arisingn ®
from the cyclisation of the a nitrile groups XX— > XXI. 127

c C  f
CN ¿N CN

Y W (iv)

t - (CH2>2CN 
(XX) (XXI)

This process Is known to occur In polyacrylonitrile and has been the

subject of a wealth of literature. It may occur by the thermal

treatment of the polymer or by the addition of various chemical reagents,

particularly bases. Such structures have been cited as the origin of

the discolouration In the polymer. A more detailed account of this

cyclisation reaction will be presented later In section 3 .2 .
13 1Both the C and H nmr spectra of samples l—S are essentially 

Identical and representative spectra are shovm In Figure 3.2. The 

Important feature of the proton nmr spectrum are the signals at 6.16 and 

6.26 arising from ethylenlc protons of the type

substantiating the Infrared
H

assignment and confirming the occurrence of chain transfer In the



ppm (6 )
(a)

ppm ( 6)

(b)

FIGURE 3.2 (a) H (90MHz) nmr spectrum of radically polymerised MGN.
13(b) C nmr spectrum of radically polymerised MGN;

(X) » solvent signals; (y) * NaTMS signals. J I
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system,
13,The C nmr spectriim Is Interesting. The weak signals at 135.6 6

and 148.2 5 are due to the carbons of the ketene^lmlne functionality.

The low Intensity of the signals is due to the lack of Overhauser effect

and the realtlvely long relaxation time of the quarternary carbons. The

nitrile signals at 120.76 and 121.96 are however very Intense and the

reason for this is not yet clear.

The measurement of the glass transition temperature of radically

initiated MGN shows a wide variation of 365K - 403K. All Tgs were

determined by differential scanning calorimetry, leaving two possible,

but not mutually exclusive explanations for the variation observed.

The spectroscopic analysis has shotm the presence of structural

irregularities in the polymers, and the variation in the extent of such

structures may, to some degree, explain the variation in Tg.

The second effect, the dependence of the glass transition

temperature on the molecular weight of a polymer, is well documented in 
130the literature, and has resulted in the formation of relationships 

such as the Flory-Pox Equation (8 ).

I f  i

Tg - Tg. - a/Mn ( 8)

(Here "a** is a constant and Tg. is the glass transition temperature for a

polymer of Infinite chain length.)
131Beevers has observed a large variation in the Tg (325-403K) of

3
polyacrylonitrile for molecular weights in the range 8 x 1 0  - 3  x 

1 0 ^ g mol with the greatest variation occurring in the oligomeric 

region. In this present system, the M^s were determined by vapour 

pressure osmometry (Table 3.1) and reveal a maximum in the degree of 

polymerisation of around 20. Although this appears an explanation for

i'
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the variation In glass transition teiqperatures, a direct correlation of 

Tg Is not observed probably because of the previously mentioned 

structural variations In the polymers.

The Inability of MGN to polymerise radically to high molecular 

weight material may be rationalised at the basis of reactions (v)-(vl).

(V)
RCH2 C *

(XVII)

(CH2>2CN
CN

R* + H_C - C 2 I
(vl)a

RH + H2 C Distribution of Products

CH2 CN (XXII)

(vl)b Cl
I

RH + H 2C - C

(XXIII)

This considers two fundamental reactions between a propagating radical 

R* and MGN, polymerisation Is therefore a coopetltlon between radical 

addition (v) and abstraction reactions (vl). Equation (vl)a Illustrates 

the behaviour of MGN as an allyl monomer, a class of monomer which Is

notoriously difficult to polymerise radically because of degradatlve
1 3 2chain transfer.

In radical polymerisations of this type, the kinetic chain Is 

considered to be terminated by the transfer of an allyllc hydrogen atom 

from a monomer molecule to a growing radical. This results In the

n*
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formation of a radical %rhlch la resonance stabilised by virtue of Its 

allyllc structure and It resists propagating long enough to terminate by 

blmolecular combination. This Is effectively autolnhlbltlon by the 

monomer, and In fact due to this type of behaviour allyl compounds have 

found use as Inhibitors and stabilisers of prepolymer mixtures.

In the case of MGN however, this behaviour may be reduced as the 

resonance promoting nitrile function attached to the ethylenlc nucleus 

tends to Increase the reactivity of the monomer toward propagation 

(v). Nevertheless, the cyanoethyl moiety of MGN does offer potential 

chain transfer sites capable of reducing the degree of polymerisation In 

the system. Such reactions are substantiated by the spectroscopic 

evidence.

The additional possibility that very fast mutual termination of the

growing radical chains takes place In the polymerisation of MGN and that

this limits the rate and degree and polymerisation, as In the case of 
1341,3-butadlene, was discounted on the grounds that the emulsion

polymerisation (%dilch Isolates and localises the radical species) still 

yielded oligomeric material.

As a method of preparing polymethyleneglutaronltrlle, radical 

Initiation suffers from the drawback that there are competing reactions 

which results only In the formation of oligomeric material of Irregular 

structure.

It may be possible to reduce the effects of such side reactions by 

carrying out the polymerisation at low temperatures and/or by employing 

an alternative method of Initiation.

J-;-

■ii

3.2 ANIONIC POLYMERISATION OF 2-METHYLENEGLUTARONITRILE

The electron deficient nature of the vinyl double bond of MGN and 

the ability of the a-nltrlle group to stabilise a propagating anion
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suggests that anionic Initiators should be used to polymerise MGN.

Table 3.2 contains the results of the anionic polymerisation of 

2-methyleneglutaronitrile by organollthium and organomagneslum reagents.

Much of the chemistry of organollthium compounds is dictated by the 

nature of their electron deficient bonding and can be predicted by 

considering them as carbanlon donors. The alkyllithium initiated

polymerisation of MGN results in poor yields of low molecular weight 

yellow polymer. The increase, albeit small, in M^ when diphenyl- 

methyllithium is used may be attributed to a variety of factors such as 

the greater stability of the anion, leading to greater selectivity in the 

reactions of the initiator, the greater steric requirements of the 

reagent or simply related to a difference in the number of actual "active 

centres** present in the three systems.

Spectroscopic analysis of polymer samples 7, 8 and 9 shows the 

presence of conjugated ketlmlne structures. By analogy with 

polyacrylonitrile, such structures may result from termination by

cyclisation, a reaction which is favoured by anionic conditions and an
136isotactic sequence of nitrile groups.

There is no spectroscopic evidence to suggest a direct attack of the

anionic initiator on the nitrile function, a major competing reaction in

the anionic polymerisation of polar monomers such as methyl 
137methacrylate. Abstraction of the cyanoethyl protons of both

monomer and polymer are also envisaged as possible side reactions, 

transfer to polymer would of course lead to branching in the system, a 

well documented problem in the anionic polymerisation of 

polyacrylonitrile initiated by the alkylllthlums.^^®

There are numerous publications on the difference in the behaviour 

of organollthium and organomagneslum reagents towards unsaturated

»1 .
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coopounds. Inportant In this respect Is not only the polarity of the 

oetal-carbon or nitrogen bond but also the degree of nolecular 

association In the coopound and the complex equilibria Involved. In 

general organoaagneslum Initiators have been found to exhibit a 

relatively lower tendency to undergo various deactivating reactions (as 

set out above) and therefore led to a situation which Is more favourable 

for polymerisation.

An extremely facile polymerisation of MGN Is achieved by the use of 

the organomagnesiurn Initiators dlethylmagneslum and

dlplperldlnomagneslum. The resulting polymers are off-white powders, 

soluble In dipolar aprotlc solvents such as DMF. The previously 

unreported glass-transition temperature of PMGN (390K) has been 

determined and may be compared to that of polyacrylonitrile (370K) and 

polymethyacrylonltrlle (393K).

It Is Impossible to draw any rigorous conclusions about the Increase 

In the rate of polymerisation and molecular weights of PMGN observed In 

systems 1 0  and 1 1  (eg. the concentration or nature of "active centres" Is 

not known) as the preparation of PMGN was the object of the exercise not 

a kinetic study of the system. However, It Is possible to suggest 

reasons for the dramatic Increase In the rate of polymerisation In system 
11.

Reaction rates are knoini to depend on the dielectric constant of the 

solvent, the resonance stability of the propagating carbanlon, the 

electronegativity of the Initiator,and the nature of the gegen-lon and 

Its degree of solvation.

The major Influence In this system Is probably the nature of the

solvent, the polar solvent promoting Ionisation of the already polarised 
S'̂  S—Mg - NR^ bond. Such an effect has been shown to lead to an

¿i
i - í
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enhancement In the rate of polymerisation In the dlethylmagneslum 

Initiated polymerisation of acrylonitrile and a reduction In concurrent

side reactions such as attack at the nitrile function. 142 This

effect, combined with the ability of DMF to stabilise the propagating 

chain end anion - gegen Ion system may account for the observed 

polymerisation rate.
13The Infrared and C nmr spectra of sample 11 are sho%m In Figure 

3.3. This again shoirs the difficulty of preparing "pure" PMGN. The 

broad absorption at 1660 cm ^ Is due to the ubiquitous (C*N) structure, 

the extent of which Is unknown but Is probably limited to low values 

(unless the magnesium gegen-lon Induces a stereospecific polymerisation) 

as an IsotactIc placement of successive a nitriles Is required, %#hlch 

would entail Increased sterlc hindrance around the cyanoethyl moieties.

Thermogravlmetrie analysis of sample 11 was performed In an Inert

atmosphere and the thermogram Is shown In Figure 3.4. This analysis

sho%rs little or no evolution of volatiles below 500K with a 60K weight

loss In the region 50(HC-6S0K. The result of this pyrolysis Is the

production of a thermally stable residue reminiscent of that obtained In
143the thermal degradation of polyacrylonitrile. Further to this work

two PMGN-11 samples were heated to 400K and 500K respectively, each for 4 

hrs., and examined by Infrared spectroscopy. Visually It was found that 

the Increase In the temperature of treatment was accompanied by an 

Increase In the discolouration of the sample, again a similar observation 

to that found In the degradation of polyacrylonitrile. In the latter 

system, such discolouration has been attributed to an Increase In the 

number of conjugated ketlmlne structures, an analogous process may well 

be Involved In the present system as evidenced by Figure 3.5 which shows 

the Ir spectra of three PMGN samples varying In the degree of heat

’-.I
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FIGURE 3,4 Thermogram of PMGN-11.
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FIGURE 3»5 Thermal treatment of PMGN-11.

(a) No treatment.

(b) PMGN-11 heated to 400K for 4 hrs (inert atmosphere)

(c) PMGN-11 heated to 500K for 4 hrs (inert atmosphere)
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treataent and Intensity of ketlmlne aboarptlons. Although Batty and 
144Guthrie have shown that such sequences alone would not be expected 

to absorb In the visible region (the terminal function being Important, 

represented by A In structure XXIV). As 10 or 8 atom rings are 

unlikely, cycllsatlon should occur predominantly via the nitrile groups 

to the backbone Initiated by some radical species (A).

\  / ‘=«2 v, /
CR CR CRI T I IC ^  C ^  C CN

a / ■N*

(XXIV)

However, It would be reasonable to assume that the cyanoethyl moieties

participate to some extent In the degradatlve process, for example by a

crosslinking reaction tihlch may In Itself be part of a ketlmlne system. 
145Grassle et al. have proposed that the thermal degradation of 

polyacrylonitrile Is a radical process and that the methlne hydrogen 

atoms play an Important role In the degradatlve process. This role In 

FMGN may be filled by the hydrogen atoms of the cyanoethyl moiety.

The poor thermal stability of PMGN above Its Tg would obviously 

limit any potential use for the material although It would be possible to 

temper such a deficiency and prepare more Interesting materials by 

copolymerlslng MGN with a variety of monomers.

The similarity between pol}nBethyleneglutaronltrlle and polyacrylo

nitrile Is very much In evidence and not all together surprising.

i..;.
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4.1 COPOLYMERISATION OP 2-METHYLEWEGLUTAROWITRILE; A GENERAL SURVEY

Theraal studies on PMGN*-11 have shown the propensity of 

polyaethyleneglutaronltrlle to discolour and degrade at teoperatures 

above Its glass transition teoperature. Therefore rather than turning 

to more sophisticated Initiating systems (such as modified Zelgler-Natta 

catalysts) In an attempt to prepare higher molecular weight material 

(-lO^g mol an Investigation Into the copolymerisation behaviour 

of MGN tras thought to be more promising.

The polymerisation of a single monomer Is relatively limited as far 

as the number of different products that can be prepared Is concerned. 

Copolymerisation greatly Increases the number and type of products 

possible, by variations In the nature and relative amount of the two 

monomer units In the copolymer.

Thirteen speculative copolymerisations, encompassing a wide spectrum 

of comonomers, were performed at equimolar monomer feeds. The systems 

Investigated, together with the analysis of the resulting copol3nners, are 

contained In Table 4.1 It Is evident that MGN exhibits a wide variation 

In Its copolymerisation behaviour, ranging from the facile NGN-‘l,3-dlene 

systems to the unsuccessful MGN*trans**stllbene and MGN~ltaconlc anhydride 

systems.

The Inability of MGN and trans-stllbene to copolymerise under the

conditions employed may be rationalised on the basis of a sterlc

Interaction between the molecules f#hlch would hinder the approach of one

molecule to another and, additionally. Impose a strain on the bonds being

established In the transition state. Unlike the successful
146copolymerisation of maleic anhydride and trans-stllbene, the 

favourable polar Interactions In this system do not seem to overcome such 

sterlc restrictions.
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Also unsuccessful wss the MGN-ltsconlc anhydride copolyaerlsatlon. 

Both these mononers possess allyllc hydrogen atoms, therefore one might 

expect degradatlve chain transfer to play a part In this system (both 

monomers are reluctant to homopolymerlse, essentially forming oligomeric 

®*terlal). Additionally, unlike the oujorlty of copolymerisation 

systems In Table 4.1, there Is no favourable polar Interaction between a 

chain end radical (1) with a monomer molecule (2). Both monomers being 

considered to possess "electron poor" vinyl bonds (relative to 

ethylene). A similar situation was encountered by Gilberts et al.^^^ 

%dio noted the reluctant copolymerisation of vlnylldene cyanide with 

maleic anhydride.

The low reactivity of the vinyl bond of vinyl acetate towards free 

radicals, compared with other i#ell kno%m monomers, was reported as far 

back as 1948 by Mayo et al.^^® The copolymerisation of acrylonitrile 

with vinyl acetate was shown by these authors to be a sluggish reaction 

and In fact comonomer solutions comprising ca. 15Z acrylonitrile failed 

to polymerise. Therefore, the slow copolymerisation of MGN and vinyl 

acetate Is not surprising.

The copolymerisation of furan, essentially the cyclic analogue of 

dlvlnyl ether, with "electron poor" vinyl monomers such as maleic 

anhydride has been found to yield equimolar copolymers.

Although the subject of much controversy. It has been postulated that 

such copolymerisations are actually homopolymérisations of a Dlels-Alder 

adduct and that furan shoirs no propensity to copolymerise In the 

conventional m a n n e r . F r o m  the analysis of sample 15, the attempted 

copol3rmerlsatlon of furan and MGN results only In the formation of 

oligomeric FMGN. One can only assume that no Dlels-Alder adduct Is 

formed under the conditions employed here, resulting only In the 

homopolymérisation of MGN.

[.*•1
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Sanples Isolated froa the successful copolymérisations were

subjected to elemental analysis and/or nmr measurements allowing the

copolymer composition to be obtained (see Table 4.1). However, direct

correlation between the comonomer feed ratio and the copolymer

composition can only be made (excepting azeotropic copolymerisations) for

systems terminated at a low degree of conversion («10Z), where the

comonomer feed Is relatively unchanged from Its known Initial value.

With conversions greater than this,composition drift cannot be ruled 
152out. In this situation the comonomer feed changes In composition

as one of the monomers preferentially enters the copolymer. Therefore 

there Is a drift In the comonomer feed towards the less reactive monomer 

as the degree of conversion Increases. This results In a similar 

variation of copolymer composition with conversion.

The solubility characteristics of the copolymer samples are shown In 

Table 4.2.

The previously unreported Infrared spectra of the MGN copolymers are 

shown In Figure 4.1 (a-J). All spectra (excluding that of sample 15) 

show the characteristic absorptions expected for their respective 

copolymers. Especially Interesting are the spectra of samples 12, 14,

18 and 22. All exhibit. In varying Intensities, an absorption at 2000 

cm This absorption was observed In the Infrared spectrum of 

radically polymerised MSN and was ascribed to the presence of 

ketene-lmlne structures [OC"N] In the polymer. Without doubt this Is 

the source of the present absorption, the structures again arising from 

propagation or termination reactions Involving the resonance structures 

XVI and XVII.

I
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FIGURE 4.1 (a-j) Infrared spectra of MGN copolymers,
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Chain growth In the copolyaerlsatlon of conjugated dienes may 

proceed In a number of ways leading to geometric Isomerisation In the 

copolymer. Infrared spectroscopy has been employed to Identify such 

Isomeric structures In Isoprene and butadiene homopolymers,however 

this was not found to be a satisfactory method In this copolymerisation 

study. A detailed discussion of this problem and a thorough analysis of 

the copolymer structure Is presented later In section 4 .4 .

Number average molar masses were determined by vapour pressure 

osmometry and membrane osmometry. This analysis showed samples 12, 15, 

18 and 22 to be of rather low molar mass. Although no kinetic studies 

were undertaken here, this Is probably the result of extensive chain 

transfer In these systems. Certainly in the copolymerisation of vinyl 

acetate and MGN, one has a combination of an unstable/reactlve radical 

(the vinyl acetate radical XXV) and potential chain transfer sites on

H
I

0
I II0 - C - CH^

(XXV)

both monomers. For example, the allyllc hydrogen atoms of MGN and the 

acetoxy hydrogen atoms of vinyl acetate are prime targets for chain 

transfer to monomer (both would result In the formation of a resonance 

stabilised radical).

Provided that comonomer pairs do not have a tendency to form blocks 

of **homopolymer" upon copolymerisation le. ^^ ~ ^ 2 ^m*

copolymers will exhibit a single Tg which normally lies between the 

values of the Tg for the two homopolymers. At this stage the 

ccmnectlvlt/ of the monomers In the copolymer samples has not been 

established, but the copolymers do show a single Tg In the temperature 

regions expected. Copolymerisation of NGN with a 1,3-dlene moiety

: .
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(Isoprene and butadiene) yields a tough flexible thermoplastic with a Tg 

around room temperature. The addition of rigid bulky side groups to the 

polymer backbone results In a restriction to rotation loçosed by sterlc 

restraint, this decreases the flexibility of the polymer chain leading to 

an Increase In Tg, The effect Is accentuated by Increasing the

size of the side group (there Is some evidence to suggest a correlation 

between Tg and the molar volume of a pendant side g r o u p a n d  

therefore we observe an Increase In the Tg of MGN copolymers In the order 
21, < 19, < 23.

This exploratory study has shown the facile copolymerisation of MGN 

with certain monomers, and the possibility of preparing high molecular 

weight copolymers free of the "structural Irregularities" found In 

polymethyleneglutaronltrlle. In this category are the copolymerisations 

of MGN with styrene and related monomers, the MGN-l,3-dlene systems and 

the copolymerisation of MGN with the electron-rich N-vlnyl carbazole 
monomer.

. r ii’

4.2 MAYO-LEWIS TREATMENT OF SELECTED COPOLYMERISATIONS

In the polymerisation of two monomers, the rate at which the two 

monomers add to the growing chain determines the composition and hence 

the properties of the resulting copolymer. The order as well as the 

ratio of amounts In %rhlch monomers add are determined by their relative 

reactivities In the chain growth step. The terminal model or Mayo~Lewls 

model of copolymérisation^^ assumes that chain growth Is Influenced 

only by the nature of the chain end radical and of the monomer; this 

therefore results In the four propagation reactions, 9 -1 2 .
U
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-Ml. + Ml

-Ml» + M2

• ^ 1 1

• ^ 1 2

-MiMi.

-> -M 1 M2 .

( 9)

(10)

-M2 . + Ml

“M2 » ^ M2

» ^ 2 1

k2 2

— M2 M1 .

— M2 M2 .

(11)

(12)

where and IC2 2  are the rate constants for the self-propagating 

reactions and k ^ 2  ^ 2 1  *’*'® corresponding cross-propagation

rate constants. Under steady state conditions one can derive a 

copolymer equation relating the Instantaneous composition of copolymer 

being formed, d[Mj^J/d[M2 ], to the monomer concentrations:

1

(13)

^^bere b^^/k^ 2  " and ^2 2 ^ ^ 2 1  " ^2 *

The parameters r^ and r2 are the monomer reactivity ratios.

They are the ratios of the rate constants for a given radical adding its 

own monomer to that for It adding the other monomer. A value of r>l 

means that the radical prefers to add Its own monomer, and vice versa.

Reactivity ratios are obviously the factors which control the 

composition of the copolymer and therefore one must obtain reliable 

values of r^ and r2 for each pair of monomers If copolymerisation 

systems are to be understood and controlled.

The parameters r^ and r2 may be determined by analysing the 

composition of the copolymers formed from a number of monomer feed ratios 

at low conversions, and employing this data In one or other of the 

mathematical transformations of equation 13, as enumerated by
:sf>
it;
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Th# copolyMriMtlon study of MGN with Isoprene, a~iMthyl styrsnSf 

M-^lnyl csrhssols,snd sthyl vinyl sthsr, wat extsndsd to covsr a wlda 

ranga of aonoaer faad conpositlons allowing tha dataralnatlon of tha 

aonoaar raactlvlty ratios for thasa systaas.

Tha cooK>noMrs MGN and Isoprana ara not totally alsclbla ovar tha 

■onoaar faad ranga Invastlgatad (333K) as shown by tha cloud point curva. 

Figura 4.2, obtalnad froa turbidity aaasuraaents on MGN-lsoprana 

alxturas. Tha copolyaarlsatlon of MGN and Isoprana was tharafora 

carrlad out In toluana solution. Solvant was also aqployad In tha radox 

aaulslon copolyaarlsatlon of this aonoaar pair. In both systaas tha 

copolyaars wara obtalnad as tough whita aatarlals. Tablas 4.3 and 4.4 

suaaarlsa tha rasults of tha copolyaarlsatlons.

The bulk copolyaarlsatlon of MGN and a*-aathyl styrene at 333K and 

toying 1 aolZ AIBN lad, In tha aajorlty of cases, to low aolacular 

weight or ollgoaarlc aatarlal. This observation nay be tha result of a 

nuabar of aachanlstlc considerations, such as a tharaally ravarslbla 

polyaerlsatlon,^^^*^^^ starlc hlndaranca to successive placeaents of 

""■•thyl styrene units In the poljnaer chain, degradatlve chain 

transfer to a o n o a e r , a n d  to generation of a relatively stable 

^"Mthyl styrene radical characterised by a low rata of propagation of 

tha free radical kinetic c h a i n . S u c c e s s f u l  copolynarlsatlons 

achieved, to tha datrlnant of the polynarlsatlon rate, by carrying 

out the reactions In bulk at 323K using 0.25 aole% AIBN. The redox 

eaulslon technique at 298K did not produce copolyaer within the tliM 

scale of the experloMnt (96 hrs). M6N-a-aethyl styrene copolyaers were 

obtained as white powders and the results of the copolyaerlsatlons are 

suaaarlsad In Table 4.5.

Tha analogous rasults for tha MGN-N-^lnyl carbazola and MGN*^thyl

■( '.■r̂ ’
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FIGURE 4.2 Cloud point curve of MGN-IP mixtures illustrating the

limited miscibility of the monomers. (Xmgn > mole fraction 

MGN)
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▼Inyl ethsr copolyMrlsatlon« are presented In Tebles 4.6 end 4.7 
respectively.

Experiaentel copolyoMr cooposltlon dete aey be enelysed by e nuaber 

of aethode to yield velues of the aonoaer reactivity ratios (MRR). In e 
critical review Tidwell end Mortlaer

various linear aethods end suggested the use of a non-llneer least 

squares procedure. The superiority of the non-linear analysis was 
reiterated by Lelcht et al.^^^

Consequently, this study utilised a Fortran non-linear least squares 

curve fitting procedure employing a standard Newton Raphson algorltia 

(N.A.G. subroutine E04FDP) to analyse the copolyaer coaposltlon data of 

Tables 4.3-4.7. In this procedure It Is first necessary to define a 

goodness of fit paraaeter t  (taken as the residual sua of the squares of 

the experlaental-calculated copolyaer coaposltlons) and to successively 

change the estlaated Input values of the aonoaer reactivity ratios In a 

patterned aanner so as to locate the alniaua value of t on Its 

hypersurface. The values of the MRR which correspond to this alnlaua 

can then be said to best fit the experiaental data. In this aanner the 

topography of the hypersurface In the region of the alnlaua can be 

exaalned In order to gauge how well each paraaeter has been defined by 

the data fit. Assigning a Ha l t  on t  of twice Its value at the alnlaua 

gives each paraaeter a plausible range of values consistent with an 

adequata representation of the experiaental data. This procedure was 

perforaed on a VAX 11/780 coaputer and the results of these analyses are 

shown In Figures 4.3-4.7. For systeas 16a and 19, the experiaental 

error In the copolyaer coaposltlons established froa repeated 

copolyaerlsatlons Is ca. ¿ 0 , 8 X . However, no such aultlple analyses were 

perforaed on the reaalnlng three systeas. In each case the error 

Involved In the value of the aonoaer feed Is considered saall enough. In
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FIGURE 4.3 Copolymer composition curve for the copolymerisation of 

MGN and ethyl vinyl ether (system 14) in bulk at 333K.

(Ymgjj “ fraction MGN in copolymer; « mole fraction

MGN in monomer feed.)

! ; ;

FIGURE 4.4 Copolymer composition curve for the solution copolymerisation

of MGN and isoprene (system 16a) at 333K. (Y.^^ ■ moleMGN
fraction MGN in copolymer; “ mole fraction in monomer

feed.)

' V  .



FIGURE 4.5 Copolymer composition curve for the redox emulsion 
copolymerisation of MGN and isoprene (system 16b) at 303K, 

“ ®ole fraction MGN in copolymer; ■ mole
fraction MGN in monomer feed.)

V.
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f i g u r e 4.6 Copolymer composition curve for the copolymerisation of
MGN and a-methyl styrene (system 19) at 323K. (Y ■ moleMGN
fraction MGN in copolymer; » mole fraction MGN in
monomer feed.)
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FIGURE 4.7 Copolymer composition curve for the solution copolymerisation 
of MGN and N-vinyl carbazole (system 23) at 333K.
(^mgjj “ mole fraction MGN in copolymer; * mole fraction
MGN in monomer feed.)
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coaparlson, to be neglected. The aonoaer reactivity ratios obtained by 

the non-llnear least squares curve fitting procedure are suaaarlsed In 

Table 4.8.

Generally speaking, aonoaer reactivity ratios are essentially 

Independent of the reaction aedlua In radical copolyaerlsatlon.^^^ 

Occasionally, hoiiever, eaulslon copolyaerlsatlons do result In copolyaer 

compositions which are different froa those obtained froa bulk or 

solution polyaerlsatlon, e.g. when the coaonoaer composition at the 

reaction site (the alcelle In eaulslon copolyaerlsatlons) Is different 

froa that In the solution copolyaerlsatlon.^^^ This aay arise for a 

nuaber of reasons, for exaaple. If diffusion of one of the aonoaers (or 

solvent) Into the alcelle Is slow. The absolute aonoaer reactivities 

are unchanged In such systems and the "discrepancy** In copolymer 

coaposltlons, such as that between systems 16a and 16b, may simply be due 

to the altered concentration of monoaers at the reaction sites.

Also Interesting are the results of the MGN-ethyl vinyl ether

system. Unlike the strictly alternating copolymérisation of maleic

anhydride and ethyl vinyl e t h e r , w h i c h  also Involves two monomers

that have no great propensity to hoaopolymerlse, system 14 shows a

greater similarity to acrylonltrlle-ethyl vinyl ether
168copolymérisation. Over the wide monomer feed range, system 14

yields copolymers rich In the nitrile monoaer and consequently the 

product tends to reflect the characteristics of PMGN.

Copolyaerlsatlons are generally classified according to the values 

of r^, r2 , and the product four copolymérisation

systems studied here (14, 16, 19 and 23) have r̂  ̂and r2 values <1
_3

with the products r^r2 of the order 10 . This Is Indicative of a

tendency of the aonoaers to alternate during the copolymérisation

reaction and results In copol]rmers whose structure tends towards that of 
XXVI.
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(XXVI)

The connectivity of the nononers along the copolyner chain In 

Systems 16(a) and 19 Is confirmed directly by nmr analysis (section 4,4) 

to exclude any unusual arrangement of the monomers In the copolymer which 

would yield similar elemental analysis, for example a tendency towards

o r 4 - M s t r u c t u r e s .  Although 
realistically such behaviour Is encountered In only a few

copolymerisations, involving the sequential addition of the two monomers
16QIn the presence of coordination catalysts.

Attempts to place copolymersatlon on a quantitative basis In terms 

of correlating structure and reactivity have met with limited success.

A generally useful correlation Is the Alfrey-Price "Q-e" scheme, 

which defines the rate constant for the radical (M^.) - monomer (M2 ) 

reaction as

' ' 1 2  ■ <"*1 * 2 > (14)

vhere and Q2 are a measure of the reactivities or resonance 

effects of the radical and monomer respectively, and e^ and e2 are a 

measure of the polarity of the radical (M^.) and monomer (M2 ). 

Extending this treatment (assuming that a monomer and Its radical have 

the same e value) gives the relationships for r^ and r2 .

• (Qj/Qj)«*?

^ 2 " (Q2/Qi>«*P (“®2^®2“®i0

(15)

(16)

Transposing equations 15 and 16 Into equations 17 and 18,
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In r^T2 ■ -(«,-«,)1  '2 - 17

I
,f-

ill

In " In + In Qj + 18

allow the Alfrey-Prlce Q-e parameters for MGN to be determined using the 

data contained In Table 4.8. The results of the four Independent 

calculations of the Q and e values for MGN are given In Table 4.9.

These values may be compared with the literature values reported by 

Greenley * Q " 0.41; e “ 1.25, which were calculated from the 

limited data of Pritchett and Kamath.^

The spread In the values of these parameters Is by no means peculiar 
147to this study, such variations are a result of both the Inherent 

Inadequacies of the Q-e scheme (for example It does not explicitly take 

Into account sterlc factors which may affect monomer reactivity, 

particularly In the case of 1,1-dlsubstltuted ethylenes like MGN) and the 

**P®*^^**^f*l errors Involved In the determination of the monomer 

reactivity ratios. Nevertheless, the mean values of Q and e calculated 

for MGN are consistent with the structure of the monomer. Monomers 

possessing substituents capable of conjugation with the oleflnlc double 

bonds tend to have a value of Q >0.5 and the positive value of e 

with the polarisation of the vinyl system caused by the 

function. For comparison the corresponding values for 

acrylonitrile are Q “ 0.6, e “ 1.2^^^ and methacrylonltrlle Q ■ 1.12, e
-  0.8."72

Although essentially only a useful approximation, the Q-e values of 

MGN can be used to predict the copolymerisation behaviour of MGN In 

P^®vlously untried systems.

. i

■(*V.
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4.3 THERMAL AHD THERMOMECHANICAL AH4LYSIS

One of the aost Important properties of a high polyaer Is Its 

theraal behaviour. Knowledge of this Is essential for the full 

characterisation of the aaterlal's physical and aechanlcal properties and 

an Indication of the possible end~use of the polyaer.

4.3.1 Location of the Tg of MGN copolyaers by differential scanning 

calorlaetry

The Tgs of randoa copolymers are usually predicted by additive
173relationships such as the Fox equation (19)

(1/TgP) - (W^/TgA) + (Wg/TgB) (19)

where TgP Is the Tg of a copolymer containing weight fraction and

of the two monomer units A and B, for which the hompolymers have

glass transition temperatures of TgA and TgB. There are, however,

copolymer systems which are known to deviate from the Fox equation and,
174according to Hlrooka et al., such deviations appear to be magnified 

In the case of the corresponding alternating copolymer. These 

observations have prompted researchers to conclude that, when predicting 

the Tg of a copolymer. It Is necessary to take Into account the 

sequential distribution of the monomers In the copolymer.

For the majority of materials In the copolymer systems 14, 16(a), 19 

and 23, the Tg was located and defined by the DSC extrapolated onset 

method. The results of these analyses, summarised In Tables 4.4-4.7, 

permit an evaluation of the Fox relationship.

Examination of the data (Table 4.7) for system 14 reveals that the 

molar masses are too low for the Tg values to be characteristic of the 

corresponding high polymer. Additionally the Infrared spectra of a 

number of these MBN-EVE copolymers at extreme feed ratios show the 

presence of Irregular structures In the materials. It would therefore

-'I
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be unwise to correlate the Tg aeasurenents with copolyrcr coaposltlon In 

this systea. The a o U r  aass data of Tables 4.5 and 4.6 also dictate a 

restricted analysis of these systeas. This apart. It Is still possible 

to draw soae prlaary conclusions.

Figure 4.8 shows the Tg data vs copolyaer coaposltlon for three M6 N 

copolyaer systeas plotted on the basis of the Fox equation. The NGN-MS 

system Is shown to confora essentially to the Fox relationship. On the 

other hand, systeas 16(a) and 23 exhibit negative and positive deviations 

respectively. Such deviations are a manifestation of the Inherent 

simplifying assuaptlons made by the Fox equation. The Fox and similar 

equations do not take Into consideration the effect on the sterlc and 

energetic relationships of adjacent dissimilar monomer units In the 

copolymer backbone, and assume that the freedom of rotation and free 

volume contributed to a copolymer by a given monomer will be the same as 

Its contribution In the homopolymer. In fact, Johnston^^^ has noted 

that the Tg contribution of many bulky dl-asubstltuted monomers changes 

dramatically when these monomers are copolymerised with monomers not 

similarly substituted. Further analysis of the MGN copolymer 

composltlon/Tg behaviour Is not warranted by the data presented here. 

^•3*2 Thermogravlmetrlc Analysis (TGA)

The thermal stability of a copolymer can seldom be predicted from 

the stabilities of the corresponding homopol3naers. The Incorporation of

a small amount of comonomer Into a material may Influence the stability 

either favourably or adversely and. In the limiting case of alternating 

copolymers, such materials may be considered as essentially homopolymers, 

exhibiting their own thermal behaviour.

In the present study TGA (see section 2.6.2) allows an evaluation of 

the thermal stability of 3 MGN copolymers. The thermograms are

presented In Figure 4.9, which shows the X weight loss as a function of 

temperature. ii>.(
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FIGURE 4.9 Thermogravimetrie analysis curves for MGN polymers. 
(-----) - PMGN-11.
(----- ) ■ MGN-IP (45.8/54.2) copolymer.
(-----) ■ MGN-NVC (48/52) copolymer.
(----- ) « MGN-MS (48.1/51.9) copolymer.
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A number of observations are worth noting. In both the MCN/NVC 

(52/48) and MGN/IP (45.8/54.2) systems, the materials are stable up to a 

temperature of 600K, some 50K above the temperature at %#hlch extensive 

degradation of PMGN Itself Is observed. Figure 4.9 also reveals that, 

unlike the homopolymer, both copolymers are almost totally volatilised at 
750K.

The MGN/MS (48.1/51.9) copolymer Is found to be the least 

thermostable copolymer of the three, with the onset of degradation 

occurring lOOK above Its Tg, at 530K. This thermogram seems to Indicate 

a two step degradatlve process, (a) an Initial lOK weight loss occurring 

In the region 530K-580K, followed by (b) extensive main chain scission 

over the range 580-710K, again resulting In almost complete 

volatilisation at 750K.

The Perkln-Elmer TGS2 used In this work was not employed In 

conjunction with an additional analytical system such as pyrolysis gas 

chromatography, therefore little other than the basic thermal stability 

of the pol3rmerlc materials can be obtained.

However, from the comparison of the Z %wlght loss at 750K of the 

three copolymers to that of the homopolymer It could be argued that the 

copolymer degradation pattern points to the possibility that the three 

copolymers are comprised predominantly of alternating comonomer 

sequences. Such a microstructure would Inhibit the nitrile condensation 

reaction which has been sho%m to lead to the formation of thermally 

stable ring systems ca. above 570K (cf. chapter 3.2).

4.3.3 Torsional Braid Analysis (TEA)

Two MGN copolymer samples (an MGN/IP and MGN/NS copolymer) were 

analysed by TBA, the use of «ihlch Is described In chapter 2.6.3, and the 

resulting thermograms are presented In Figures 4.10 and 4.11, with 

temperature as the abscissa, and the logarithmic decrement (L.D.) and

i V :
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FIGURE 4,10 Plots of the logarithmic decrements (L.D.) and the relative 
rigidity (^/p2) for MGN-IP (45.8/54.2) copolymer.
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FIGURE 4.11 Plots of the logarithmic decrements (L.D.) and the relative 
rigidity (^/p2) fo*" MGN-MS (48,1/51.9) copolymer.
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relative rigidity (1 /p^) as the ordinates.

The Tg of each saaple is estlaated from the maximum in the L.D. 

and/or from the corresponding points of inflection in the 1 /p^ curve. 

Since the nominal frequency of the TBA Instrument used is relatively low 

(ca. IHx) The observed Tgs are broadly in accord with those obtained by 

DSC (cf. Tables 4.A and 4.5).

Dynamic mechanical procedures have been shown to be sensitive to the

molecular mechanisms giving rise to secondary transitions.^^® For

example, the local main chain motions which give rise to the Q-'transition
179of poly-(vlnyl chloride) and the 8 -transitlon of the poly- 

180(methacrylates) which arise from motions in the side group. With

regards to the TEA of the two MSN copolymers (Figures 4.10 and 4.11) no

transitions were observed below their respective Tgs indicating the

absence of discrete localised modes in these samples. Attention is,

however, drawn to the TBA loss peak at 390K in the MGN-IP copolymer

thermogram. Such super-Tg events have been named by B o y e r a s  T||

transitions although the exact origin of such transitions is still a

matter of great controversy. The wealth of literature surrounding this

debate is concerned with whether or not such TBA peaks are in fact due to

a change from segmental motion to coordinated motion involving the entire
181polymer chain, as proposed by Boyer, or merely that such

observations are an artifact caused by the glass fibre braid 
192support. The present study can add little to this debate.

4.3.4 Rheovibron Viscoelastomeric Analysis

Polymers are viscoelastic materials, therefore when they are 

subjected to a periodic stress their deformation shows a phase lag with 

respect to the stress. This phase difference between stress and 

deformation affords information about the molecular processes taking 

place in the material. The dynamic mechanical properties of MGN/IP

! 11*
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(45.8/54.2) copolyaer were aeasured using a Rheovlbron dynamic 

vlscoelaatometer (see chapter 2.6.3) over the temperature range 200K-340K 

at a frequency of llHs.

The variation of tan 6 (dissipation factor) and of the conq>lex

elastic modulus E* as a function of teiqperature are shown In Figure

4.12. As Is typical for an amorphous polder below Its Tg, the MGN/IP
9 “2copolymer has a complex modulus of ca. 10 Nm . The transition 

region Includes the Tg which Is taken here as the point of Inflection of 

the E* curve (or by the maximum In the tan 6 plot). In this region the 

complex elastic modulus drops by ca. three orders of magnitude before 

reaching the "rubbery plateau** where the value of the modulus remains 

roughly constant over an extended temperature range. Under the present 

conditions the extent of this plateau, which preceeds liquid flew 

(providing the material does not degrade), could not be determined.

The behaviour of E', the tensile storage modulus, and E**, the loss 

modulus, as a function of temperature are also established by the 

Rheovlbron experiment. The results obtained for the present sample are 

given In Figure 4.13.

From this analysis. It Is evident that the Tg of this MGN copolymer, 

defined as the maximum in tan 6 , is 308K, 20K above the value determined 

for the same copolymer sample by DSC.

Such a difference arises from the effective rate of measurement In 

each technique and the Inherent kinetic aspect of the glass transition 

phenomenon. (In general dynamic techniques yield a value of a Tg 

10R-40K above that obtained by static procedures).

By studying the shift of the tan 6 maximum as a function of 

frequency, the apparent activation energy for the molecular mechanism 

responsible may be calculated by eoq>loylng the Arrhenius relationship (20)

L n V -  Inr - E./RT o A m

IT»

¥  1
‘̂ 1
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FIGURE 4.12 Plots of tan 6 and log E* vs. temperature for MGN-IP 
(45.8/54,2) copolymer.
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FIGURE 4.13 Plots of the dynamic modulus (E') and the loss modulus (E"> 
vs. temperature for the MGN-IP (45.8/54.2) copolymer.
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where V Is the frequency of the aeasureawnts, the apparent activation

energy, R the gas constant and T the temperature of the tan  ̂maximumm
obtained from a plot of tan 5 vs. temperature. Figure 4.14 shows the 

variation In the damping maximum for the NGN-IP copolymer as a function 
of temperature at the four operational frequencies of the Rheovlbron 

vlscoelastometer. The data, utilised In an Arrhenius plot, shown In 

Figure 4.15, yields an apparent Ea for the glass transition of the MGN-IP 

(45.8/54.2) copolymer of 160 kJmol This value for an a-transltlon

may be compared with that of cls-1,4 poly(lsoprene) E^ - 95 kJ mol”^

(Tg - 200K), atactic poly(styrene), E^ ■ 364 kJ mol”^ (Tg - 373K), 

and polyCmethyl methacrylate) E^ - 436 kJ mol”^ (Tg « 378K)^®^ and 

Is therefore In accord with the empirical correlation, the greater the 

E^ of the a-transltlon for a polymer, the higher the polymer's glass 

transition temperature Is located.

4.4 SPECTROSCOPIC ANALYSIS OF MGN COPOLYMERS

The spectroscopic analysis of 2-methyleneglutaronltrlle copolymers 

Is limited to the two systems which will form the major part of this 

study.

4.4.1 Spectroscopic Analysis of 2-Methyleneglutaronltrlle-Isoprene

(MGN-IP) Copolymers (16a).

(a) Stereochemistry of the Isoprene vinyl bond. Copolymerisation 

of Isoprene may lead to a number of Isomeric structures resulting from 

the mode of addition to the diene monomer (Figure 4.16). An examination 

of the Infrared spectrum of an MGN-IP copolymer, prepared from an 

equimolar feed and analysed to contain 45.8Z MGN, Identified the 

predominant mode of radical addition to the Isoprene monomer as a

1,4-addltlon. This assignment Is made on the basis of the absorption at 

850 cm ^ and the absence of absorptions at 890 cm ^ (CH bend of

V.
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FIGURE 4.14 The loss tangent (tan 5) as a function of t^perature for 
the MGN-IP (A5.8/54.2) copolymer at four frequencies.

( - ) « 3.5 Hz; (----- ) - 11 Hz;

-) “ 35 Hz; (-----) - 1 1 0  Hz

I
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FIGURE 4.15 Arrhenius plot of the a-transition for the MGN-IP (45.8/54.2) 
copolymer obtained from the variation in tan 6 as a function 
of temperature at four operational frequencies.

Operational Frequency; 3.5 Hz 11 Hz 35 Hz

Tan 5 Maximum: 302K 308K 313K
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3,4-addltloii) and 909 c«”^ (CH bend of l,2*addltlon). The Infrared

spectrum alone does not allow the stereochemistry of the vinyl bond In

the copolymer to be established. The 90 MHz nmr spectrum Is shown

in Figure 4.17(a).This confirms the Infrared assignment, no resonances

due to 3,4- or 1,2- isoprene structures can be observed. In

homopolyIsoprenes the els and trans—1,4 configurations may be

differentiated by the methyl resonance, the latter being about O.lppm

more s h i e l d e d . I n  the present copolymer, methyl protons appear as

a singlet at 1.85$ Indicative of one prominent stereochemistry, but

assignment Is difficult. The stereochemistry was established by

performing nOe (nuclear Overhauser enhancement) experiments on standard

samples of cls-l,4-polylsoprene, trans-l,4-polylsoprene and the MGN-IP

copolymer. Very briefly, nOe effects (and the rates at which they grow

and decay) are measures of the strength of "through space" dlpole-dlpole
185Interaction between the spins Involved. For example. If two

protons (Ha and Hb), or sets of protons, are close enough to allow 

through-space Interaction of their fluctuating magnetic vectors then each 

can contribute to the others spin lattice relaxation process. Provided 

Hb makes a significant contribution to the spin lattice relaxation of Ha, 

then double Irradiation of Hb causes an Increase In the Intensity of the 

Ha signal. In this study, the procedure Involved double Irradiation of 

the methyl protons of the Isoprene moiety In the three polymers and In 

each case the enhancement, or lack of enhancement. In the oleflnlc proton 

signal was monitored. The results are shown In Figure 4.18. An 8Z nOe 

was observed for the cls-l,4-polylsoprene standard with no detectable nOe 

found for the trans-isomer. Double Irradiation of the methyl protons 

(1.856) of the MGN-IP copolymer also resulted In no observable nOe. The 

technique applied to the weak resonances at 1.92$ and 1.82$ (possible els 

methyl group) also proved negative. These experiments lead to the

W::
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6 0 30 p p m ( ^ )

FIGURE 4.17 90 MHz nmr spectra of MGN-IP copolymers.

An MGN-IP (45.8/54.2) copolymer 
An MGN-IP (33.6/66.4) copolymer

(b)
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(c)
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lift

60 ao ppm ( 6 )

FIGURE 4.18 nOe nmr spectra.
(a) cis-l,4-polyisoprene.
(b) trans-l,4-polyisoprene.
(c) MGN-IP (45.8/54.2) copolymer i  ^  M

It.;
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conclusion that In the MGN-IP copolyver the Isoprene nolety Is 

predominantly In the trans-stereochemistry.

(b) The direction of addition of the comonomers. The 90 MHz 

nmr spectrum shown In Figure 4.17 does not allow one to discern between 

the two structures XXVII and XXVIII, both of which are In principle 

possible In this copolymerisation.

CN CH^ CN H CH.

- CH- - C - CH- - C 2 , 2

<“ 2>2
CN

- ™ 2- ■ ^2  -  ? -  f  -  «St -  C -  CHj- 
I ,Hb 

(CH2>2

(XXVII)

(The actual structure formed being determined by the mode of addition of

the MGN propagating radical to the Isoprene monome^. Addition at the

4-posltlon of Isoprene results In structure XXVIII, whereas addition at

the 1-posltlon gives structure XXVII. A 360 MHz spectrum Is shown In

Figure 4.19 which permits such an assignment and Is also Indicative of a

predominantly alternating copolymer.

Of particular Interest In this spectrum are the resonances at 1.855

and 5.455. The former signal Is a sharp singlet and Is assigned to the

methyl protons of Isoprene In an MGN-IP-MGN triad sequence. The weak

resonances at 1.925 and 1.825 are assigned to other (Irregular)

sequences. The resonance at 5.455 Is due to the oleflnlc proton of

Isoprene resulting from 1,4-radlcal addition. This signal Is observed

as a triplet. Indicating that the proton Hx Is coupled with two

equivalent protons and Is Indicative of structure XXVII being the likely

mode of addition In the copolymer. The other assignments have been

tentatively made.
13(c) C nmr analysis. The assignment of an alternating MGN-IP

13copolymer of structure XXVII Is substantiated by the C nmr spectrum

■ 1
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shovn In Figure 4.20(a).

This spectrum consists essentially of 11 sharp lines corresponding 

to the eleven carbon atoms of the uniquely situated MGN and IP units 

within the alternating sequences. Characteristic 1,4-vlnyllc resonances 

are evident, with only minor signals due to 1 ,2 - and 3 ,4 -placements 

(136ppm and 140ppm). The predominantly trans stereochemistry of the 

vinyl moiety In the copolymer Is In agreement with the chemical shift 

observed for a methyl carbon In such a configuration, cf. poly(acrylo- 

nltrlle-alt-trans-l,4-polylsoprene) exhibits this resonance at 

16.00ppm. (The methyl signal In cls-l,4-polylsoprene appears at 23.4ppm 
and at 16.1 In trans-l,4-polylsoprene)

The spectra reported here are representative of the majority of 

MGN-IP copolymers. However, copolymers prepared from extreme (^90Z) IP 

feeds ^ e x h i b i t  differences In their nmr (Figure 4.17(b)) and 

nmr (Figure 4.20(b)) spectra. Indicating deviations from an alternating 

structure and the presence of Isoprene moieties other than the 

trans-l,4-strueture.

Spectroscopic Analysis of 2-Methyleneglutaronltrlle-a-Methvl 
Styrene (MGN—MS) Copolymers

The 90HHz proton nmr spectrum of the equimolar copolymer, shown In

Figure 4.21, does not allow the extent of alternation In the saiq>le to be
13determined. However, the C nmr spectrum Is rather more 

Informative. This spectrum has been assigned and Is shown In Figure

4.22(a) together with the chemical shifts reported In the literature for
187poly-x-methyl styrene. The first observation Is that the chemical

shifts for the equimolar copolymer carbon atoms are different to those 

observed for the MS homopolymer. Indicating no significant amounts of 

MS homopoljrmer sequences.

* m '



(a)

KiUlV«/' -«‘V'v J l̂\l

(b)

150 100 50
ppm (fi )

13F^IGURE 4.20 a) C nmr proton decoupled spectrum of MGN-IP (45.8/5A.2)
copolymer.
13b) C nmr proton decoupled spectrum of MGN-IP (33.6/66.4) 
copolymer.

(Off resonance spectrum has signal multiplicity; (s) ■ singlet;
(d) - doublet; (t) » triplet; (q) » qiartet.)
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Secondly} the multiplicity of the resonences of this copolymer most 

likely reflect differences In sterlc pincement, a consequence of the MGN 
and MS "asymmetric" sites.

Nearest neighbour Interactions give rise to three potentially

different chemical shifts as Illustrated In Figure 4.23. If second

nearest neighbours have a measurable effect on the chemical shifts, then

triads become pentads with ten potentially different shifts. Such

phenomena can therefore lead to very con^lex spectra.
„  13^The C spectrum of an MGN- MS equimolar copolymer, prepared In 

the presence at ZnClj (see 5.4.3) Is shown In Figure 4.22(b) for 

comparison with the above system. Copolymerisations such as this,

performed In the presence of a Lewis Acid, are well known to Increase the
188degree of alternation In the copolymer. There Is no reason to

doubt this hypothesis for the MGN/ MS/ZnCl2 ternary system. A 

comparison of spectra 4.22(a) and 4.22(b) reveals little If any 

<il^f*r®nce between them, %rhlch leads one to conclude that the 

conventional radical copolymerisation of MGN and MS also leads to a 

predominantly alternating copolymer.

The spectroscopic data presented here on the copolymers of systems 

16 and 19 are therefore not at variance with their copolymer composition 

curves which Identified the tendency of MGN to copolymerise In a 

predominantly alternating fashion with isqprene and a-methyl styrene.

lJ:r

■rïf
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4.5 MECHANISTIC CONSIDERATIONS

The probability of forming a regular alternating copoljrmer via a 

random process Is very low. However, In the early Investigations of 

copolymerisation It was clearly recognised that a relationship existed 

between alternating copolymerisation and the resonance and polar

• vl 
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19 20properties of the olefin aonoaers Involved. * It was found, for

aononers of slnller Q velues, that a strongly electron donating nonomer

tends to undergo alternating copolymerisation with a strongly electron
24accepting monomer. This has led over the years to the advancement 

of two hypotheses In an attempt to explain the alternating tendency In 

copol3mierlsatlon.
24(a) The “free monomer** postulate, proposes that the monomer 

molecules add predominantly to **unllke** macroradicals because the 

Inherent polarity differences %rould lower the activation energy of the 

cross**propagatlon reactions ( 1 0  and 1 1 ) by stabilisation of the 

transition state, a stabilisation not open to the homopropagation 

reactions (9 and 12). Such a hypothesis Is accommodated by the 

classical Mayo-Lewis copolymerisation model.

(b) The alternative hypothesis Is that the electron donating

monomer and the electron accepting monomer form a donor-acceptor

charge-transfer complex, which, due to an Inherently higher reactivity

compared to either monomer, adds preferentially to a propagating chain as 
38a single unit. Such a mechanism Is, of course, not consistent with 

the classical scheme of copolymerisation and has led to the development 

of the **complex participation** model of alternating copolymerisation.

Such postulates represent extreme cases. It Is possible that each 

mechanism operates exclusively In specific systems, however In the 

majority of cases tihere comonomer complexes are known to exist, 

alternating copolymerisation probably proceeds via both mechanisms.

In this study the strong tendency of MGN to copolymerise In an 

alternating fashion with Isoprene and a-methyl styrene Is observed. The 

fact that 2-methyleneglutaronltrlle may be classified as an electron 

accepting monomer, and both Isoprene and a-methyl styrene as strongly 

electron donating systems, raises the possibility of complex

(: .
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5.1 ELECTRON DOMOR-ACCEPTOR COMPLEX PARTICIPATION

The recent resurgence of Interest In the study of free radical 

copolymerisations, which lead to predominantly alternating copolymers, 

has been the result of the hypothesis that such a tendency arises from 

the participation of a 1 : 1  monomer (1 ) - monomer (2 ) donor-acceptor 

complex In the propagation reactions.

There are a number of features of alternating copolymerisations 

%rhlch have been considered as evidence for such complex participation.

(a) A comonomer complex Is formed under polymerisation conditions.

(b) There Is a tendency for the copolymérisation system to result In 

alternating copolymers over a wide monomer feed composition.

(c) The Initial rate of polymerisation Is at a maximum around the 

equimolar monomer feed composition.

(d) Apparently ’’spontaneous" Initiation of copol3rmerlsatlon can often be 

observed.

(e) A high degree of stereoregularlty In the alternating copolymers 

formed Is obtained without recourse to a template species.

(f) There are deviations from the copolymer compositions predicted by 

the Mayo—Lewis terminal model of copolymerisation In systems where a 

comonomer complex Is knoim to exist.

In order to study the possible participation of a donor-acceptor 

complex In the copolymerisation of NGN with Isoprene and o-methyl 

styrene. It Is of course necessary to establish that such species exist.

is.!

1

5.2 ELECTRON DONOR-ACCEPTOR COMPLEXES

The term electron donor-acceptor (EDA) complex Is used to describe a 

wide variety of Intermolecular complexes, ranging from those Involving 

weak dispersion forces to those Interactions strong enough to result In 

the Isolation of the crystalline complex. Such Interactions may be

ji'
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represented by equation 2 1  whereby the magnitude of the formation 

quotient may be taken as a measure of the strength of the Interaction.

nD -f mA (21)

The criterion for the existence of an EDA complex has been taken to

be the appearance of a new (or shifted) absorption band In the

ultravlolet/vlslble spectra of donor-acceptor mixtures, which can be

analysed mathematically to give a single non zero value of the
117equilibrium constant K^. Alternatively, a change In the chemical 

shift of the H nmr resonances of the donor and/or acceptor molecules 

can be analysed by similar procedures to yield a value for and 

^^**^*^®*^® used to provide evidence for complex formation,

The nature of the solvent plays an Important part In the 

determination of K^. Accurate complexation studies require the use of 

an Inert solvent**, le. a solvent which will not complex with the donor 

or acceptor molecule. The preferred solvents for EDA coiiq>lexatlon study 

are therefore materials such as n-hexane and CCl^. The Immlsclblllty 

of MGN /n-hexane, and MGN /n-hexane/donor mixtures, precluded ÜV analysis 

using this solvent. Miscibility problems are also encountered, although 

to a lesser extent, with CCl^, but the major problem here Is that the 

ÜV cut-off point of the solvent (absorption - 1 . 0  at 265nm) does not 

*n«ly«ls of the monomer absorbances which themselves lie at 

shorter wavelengths. This effectively renders the UV technique 

redundant. Fortunately the present systems proved amenable to analysis 
by the equivalent nmr method.

5«3 NMR ANALYSIS OF EDA COMPLEXATION

The Ideal system for a nmr study of EDA conq>lexes should 
possess the following properties.
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a) Both the donor and acceptor molecules should contain proton(s) which 
give rise to a single sharp signal.

b) It should be possible for both the donor and acceptor concentrations 

to be made large with respect to the other components.

c) The nmr resonances of the donor molecule or solvent should not 

overlap the signals of the acceptor molecule (vice versa If donor 
shifts are being studied).

If these conditions hold It should be possible to obtain, In t w  separate 

experiments, two estimates of which allow a check on the 

consistency of the method. However, such conditions are rarely. If 

ever, met. Indeed, In the present systems the limited miscibility of 

MGN and CCl^ meant that only the chemical shifts of the acceptor could 

be studied. Fortunately, the MGN nmr spectrum Is Ideally disposed 

to nmr EDA complexatlon analysis, the spectrum exhibits two sharp and 

well defined singlets at SAOHz and 530 Hz corresponding to the vinylic 

proton resonances (90 MHz Instrument). The chemical shift of either of 

these signals, relative to tetramethylsllane (IMS) may then be monitored 

as a function of the concentration of donor molecules. Tetramethyl 

silane was employed as reference standard In both Internal and external 

modes (sealed In a separate microtube placed In the nmr sample tube),

%dilch within the experimental error for the system, were found to yield 

the same results.

5.3.1 Theoretical

Consider the equilibrium

A + D ^  * AD ( 22)

where A and D represent the acceptor and donor molecules respectively and
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where AD represents the complex. The equilibrium quotient is then 
given by

1

lADl
TaITdT ______________________________

(lAj -[ADJKID J-[ADJ) (23)

where [Aj^ and sre the initial concentrations of acceptor and
donor molecules.

In weak EDA complexes the molecules are undergoing rapid exchange 

between the coaplexed and uncomplexed s t a t e s . H e n c e  the chemical 

shifts of the A protons are each observed as a single peak, corresponding 

to the weighted average of the shift due to the free molecules of A and 

that due to the complexed molecules of A. The relationship Is shown 

schematically below and given by equation 24.

A 5
COMP

A6
OfiS

FR OBS COMP

OBS
xA [A] A
FR [A] + [AD] '̂ COM

[AD]
[A] + [AD] (24)

i t

shift of the acceptor protons in the free or 

uncomplexed form, *̂ C0 MP shift of acceptor protons In the

pure complex, and Is the observed shift of acceptor protons in
the complexlng medium.
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AS OBS 6 ^ - 6 ^ FR OBS (25)

and

AS COM ® FR ® COM (26)

equation 23 becomea

1 - .,A „ 1
(Dol COM Q

OBS
- "q Î' ^ [Di;

A6
OBS

A5cOM
(27)

which on mrltlng In reciprocal form, gives

AS
(Ai

OBS A6 COM
(28)

Equation 28 predicts that a plot of l/K^ vs A6 ^ ^  for a given pair 

of [AJ^ and [DJ^ gives a curve. For every pair of [A]^ and [DJ^ 

the corresponding curve Is obtained Individually and and Aî qj  ̂

can be determined from their cross points.

On the other hand, when one component Is In a large excess the 

experimental data can be utilised In a linear plot. Therefore when 

<< [DJq equations 23 and 24 may be recast as

- A6 K COM Q - K
A6

(29)
OBS

Equation 29 Is analogous to the Benesl-Hlldebrand equatlon^^® employed 

In the UV analysis of EDA complexation except that In this Instance the 

concentration of the acceptor molecule does not appear, and a 6 ^ 

and are used Instead of the absorbance and the molar

extinction coefficients respectively. Thus a plot 1/[D] vs

OBS
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« straight line of gradient K andOBS
Intercept K^.

COM Q

Modification of equation 29 gives the nmr equivalent of the 
191Scatchard relation, equation 30.

AA6‘OBS
[DJ. •'q (30)

5.3,2 Coaplex Stoichiometry

Prior to the determination of the formation quotients for the

present EDA systems. It Is necessary to establish the stoichiometry of

any molecular complexes formed (cf. the Benesl-Hlldebrand equation and

Its modifications assume the formation of a l!l molecular complex).

Although making a number of simplifying assumptions, (eg, multiple

equilibria are neglected) the method of continuous variations, or Jobs

method, enables the composition of molecular complexes to be

determined from an analysis of their mixtures. This method Is normally

associated with ultra-violet analysis, however, Sahal et al.^^^ have

applied the Job method to nrar analysis. The procedure reported by 
116Sahal et al. Is employed In the present study.

Equimolar solutions of donor and acceptor are mixed In varying

proportions to constant volume and the chemical shift of either of the

MGN vinyl protons Is monitored. The experimental results for the two

EDA systems are presented In Table 5.1.

Sahal et al.^^^ have shown that for a l:n cooq>lex If the

concentration of EDA complex Is a maximum, A6lJ^.[MGNJ would
OBS * o

also be a maximum at - n/n+1, where [MGNJ^ - the Initial

concentration of MGN In the mixture and ■ mole fraction donor In

the mixture. Thus by plotting A6”^” [MGNJ against theriHs « ° ^donorOBS'
maximum will occur at Xj “ n/n+1 .donor

S!ll'

The experimental results contained In Table 5,1 have subsequently
I'?
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been plotted according to Sahal et al.^^^ In Figure 5.1. It la

evident that the two curves each exhibit a oaxlnun at x - 0 .5 .donor *
which Indicates that In each systea there Is the formation of a 1:1 
molecular complex.

5.3.3 Determination of the Equilibrium Quotient (K^)

Person^^^ has carried out a critical examination of the use of the

Benesl-Hlldebrand equation In obtaining the equilibrium quotient of weak

complexes. The author pointed out that the Benesl-Hlldebrand plots

would give *ero Intercepts despite a moderately large value of Kp If

the equilibrium concentration of the conq>lex Is not of the same order of

magnitude as the equilibrium concentration of the more dilute
192 193components. Deranleau and Drago et al. have come to the same

conclusion. Therefore to satisfy the criteria for the reliable

determination of the equilibrium quotient of weak EDA complexes, the 

Initial concentration of the acceptor molecule must be kept low and 

constant at ca. O.IM while the Initial concentration of the donor 

molecule Is varied In the range 1M-9M (or vice versa).

Person's criterion was employed In this study. The results of the 

nmr analysis are given In Tables 5.2 and 5.3, and representative nmr 

spectra of the MGN-IP system are sho%m In Figure 5.2 to Illustrate the 

p rocedure.

In each case It Is observed that, on complex formation, the MGN 

vinylic resonances shift to higher field. There are a number of 

possible explanations for such an effect, the most rational of which Is 

that the observed shift originates largely from the magnetic anisotropy 

of the donor molecules.

This suggests a preferred orientation of the MGN molecule In which 

the vinylic protons of MGN experience a shielding anisotropic effect, 

leads to the amplification” of the small proton chemical shifts

m



FIGURE 5.1 Stoichiometric determination of EDA complex by the nmr
continuous variation method. (X, « mole fractiondonor
donor molecules in donor-MGN mixtures.)
(•) = MS-MGN system.
(0) ■ IP-MGN system.
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TABLE 5.2

Value« of for the MGW-Isoprene Systea at 273K. 288K and 306K*

f Cone. Isoprene Cone. .MGN,„ .b A6 MGN 
OBS (Hz)*"

>l/dm'*) (mol/dm*^) 273K 288K 306K 273K 288K 306K
0.08 2 . 6 6 527.6 528.9 529.3 12.4 1 1 . 1 10.7
0.08 3.40 525.1 526.3 526.9 14.9 13.7 13.1
0.08 4.80 520.4 522.1 522.5 19.6 17.9 17.5
0.08 6.60 516.2 517.8 518.7 23.8 2 2 . 2 21.3
0.08 8 . 0 0 513.7 515.0 515.6 26.3 25.0 24.4
0.08 8.50 512.2 513.7 514.4 27.8 26.3 25.6

a) Performed on a 90 MHa Instrument using IMS as the Internal standard.
b) The chemical shift quoted is that of the lower field MGN vinylic 

resonance (Figure 5.2).
c) Calculated from equation 25: ^MGN

FR 540 Hz.

ill
m\
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TABLE 5.3
MGNValues for the MGN-«c-Methyl Styrene Systea at 306K. 318K and 323K*

MGN Cone. a-Methyl Styrene Cone.
(■ol/dn'^) (mol/dn ) 306K 318K 323K

509.7 511.4 513.7
498.3 500.8 503.0
488.7 492.4 494.5 
482.9 484.5 487.4 
(-) (-) (-)

"^OBS
306K 318K 323K

al Performed on a 90MHz Instrument using TMS as the Internal standard.
b) The chemical shift quoted Is that of the lower field MGN vinylic resonance 

(Figure 5.2).
c) The symbol (-) Indicates that the MGN vinylic resonance Is overlapped by the 

MS oleflnlc proton signal,
540 Hz.d) Calculated from equation 25: ¿MGN

FR

! !
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resulting from EDA complexation by the large magnetic anisotropy of the 
donor molecules.

Unfortunately the MGN- MS system could not be analysed over the 

entire donor concentration range because of the overlap of the monitored 

MGN signals with the MS vinylic resonances. However, the system Is 

still amenable to analysis over a restricted donor concentration range.

The data of Tables 5.2 and 5.3 may be analysed In terms of the

Benesl-Hlldebrand equation (29), enabling the determination of for

each system at the specified temperature. The plots are shown In

Figures 5.3 and 5.A. It can be seen that good linear relationships are

observed In all cases. However, the Benesl-Hlldebrand equation has been

the focus of a great deal of criticism over the past few years from the

point of view that It Is Insensitive to the presence of complexes of more

than one stoichiometry. For example, Johnson and Bowen^^^ found that

such plots were still linear when significant concentrations of complexes
192of the type D^A were present Deranleau*'* has sho%m that 

curvature. If present. Is most easily seen on the Scatchard plot, 

therefore the data contained In Tables 5.2 and 5.3 were replotted In 

terms of the Scatchard equation (30). The resulting plots are shown In 

Figures 5.5 and 5.6. Again essentially linear plots are obtained 

alloirlng the value of the equilibrium quotient to be determined directly 

from the gradient. The values of obtained by this method and the 

Benesl-Hlldebrand procedure are summarised In Table 5.A. In each 

Instance the magnitude of the parameter Is of the order expected and 

In accord with comparable literature systems.

At this Juncture It Is pertinent to ask whether such equilibrium 

quotients are Indeed meaningful and due to EDA complexation or merely the 

result of a general solvent effect. This question may be answered by 

appealing to the existing literature.
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FIGURE 5.3 H nmr determination of the equilibrium quotient (K^) for 
MGN-IP EDA complexation in CCl^ by the nmr Benesi-Hildebrand 
equation. f - 273K; A « 288K; 0 » 306K.
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FIGURE 5.4 H nmr determination of the equilibrium quotient (Kq ) for 
MGN-MS EDA complexation in CCl^ by the nmr Benesi-Hildebrand 
equation. • *  306K; A » 318K; 0 ■ 323K.
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MGN-IP EDA complexation in CCl^ by the nmr 
equation. f « 273K; 0 « 288K; A » 306K.
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equation. 306K; 0 = 318K; A » 323K.
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114Hanna and Aahbaugh considered a series of cooplexes between

7,7,8,8-tetracyanoqulnodlaethane (TCNQ) and various methyl-substituted

benzenes and analysed their results by means of the nmr Benesl-Hlldebrand

method. The authors found that as the Ionisation potential of the donor

molecule became lower, the equilibrium quotient calculated Increased

(this Is also observed In the present case). Additionally, where

comparison with equilibrium quotients obtained from UV measurements was

possible, the agreement was good. Their final point was that no change

In the chemical shifts of the monitored proton signal was observed when

TCNQ i#as replaced by an aromatic molecule which was not expected to

complex with the donor molecule, for example toluene. Similar nmr
195techniques were used by Schneider to demonstrate directed molecular 

Interaction between polar solute molecules and benzene. Such facts 

argue against the observed change In chemical shifts being due to a 

general solvent effect.

The vast majority of approaches to the study of weak EDA complexes 

have made the assumption that equation 32 holds true

^ad/V"d - i (32)

where refers to the activity coefficient of the species; or that 

the quotient Y ^ / y^.Yjj remains constant over the range of solutions

studied. If one accepts this assumption (%dth reservations!) and
MGNproviding that 6 . ^  does not vary with temperature over the 

temperature range studied (which Indeed seems to be the case from Figures

5.3 and 5.4^ then the thermodynamic parameters, AH (the heat of complex 

formation). As the entropy change, and AG the free energy change, may be 

determined according to equations 33, 34 and 35.

tf!
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-ItiK-AH/RT + c ( 3 3  J

tfi ■ “RTlnK (34)

and AG - AH-TAS (3 5 ^

The plots of -InK against 1/T for the MGN-IP and the MGN-MS systems are 

shown In Figures 5.7 and 5.8. Extrapolation of the MGN-IP data to 333K, 

allows the determination of at the temperature which the solution 
copolymerisations were performed.

The thermodynamic parameters for both systems have been calculated 

and are summarised In Table 5.4. In each case the values obtained for 

AH and AS are In accord with an associative mechanism and are of the 

order of magnitude consistent with the operation of the weak 

®̂ '**̂ 8 *“^^***®fInteractions. The values also compare favourably with 

those reported In the literature for the EDA complexes of maleic 
anhydride.

5.^ CmPLEX PARTICIPATION PERTINENT OBSERVATIONS

Naturally, the existence of an EDA complex does not necessarily

Imply Its actual participation In the alternating copolymerisation.

However, where such complexes are known to exist, a number of

experimental observations have been cited as evidence for complex

participation. In this respect. It Is worthwhile reporting the

following observations (5.4.1 - 5.5.4).

5»^»1 The Initial Rate of Copolymerisation
197In both the MGN-IP and MGN-MS systems, the Initial rate of 

copolymerisation (determined gravlmetrlcally) was found to exhibit a 

maximum around the equimolar monomer feeds, le. the feeds corresponding 

to a maximum concentration of comonomer complex. The results are 

Illustrated In Figure 5.9. Rate profiles such as these are typical of

r <1

U'.'i



FIGURE 5.7 Determination of AH, the heat of complex formation, for the 
EDA MGN-IP species. Extrapolation to 333K allows the 
determination of Kp at the copolymerisation temperature.
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FIGURE 5.9

A'm gn

Plots of the initial copolymérisation rate vs, mole 
fraction MGN for the MGN-IP (®) and MGN-MS (•)
systems.
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198conononer pairs that polymerise In an alternating fashion.

However, aethamatlcal analysis of equation 36, which defines the rate of 

copolymerisation on the basis of the terminal model (diffusion controlled 

termination Is assumed) shoi^s that a maximum In the rate of 

copolymerisation at the equimolar feed can also be accommodated by the 

classical model of copolymerisation.

( 1 . 2)
r2ÎM2l (36)

‘11 '22

where r^, r2 . M^, M^, and k 2 2  have the definitions set 

out previously (4.2), Is the rate of Initiation and ^^(22) 

cross termination rate constant.

5.4.2 "Spontaneous** Copolymerisation.

During the study of MGN-IP and MGN-MS copolymerisations It was found 

that the bulk comonomer solutions Increased dramatically In viscosity 

over the period of a few days, ostensibly as a result of copolymerisation.

In a more quantitative manner, vacuum sealed flasks containing 

equimolar feed ratios of the distilled monomers were placed In an oil 

bath and thermostated at 333K (no added Intltlator). After 48 hrs the 

MGN-IP system yielded 90Z of essentially equimolar copolymer with the 

MGN-MS system giving - lOZ yield of ca. 50/50 copolymer after 96hrs.

Such examples of "spontaneous" copolymerisation are well documented 

In the literature although there Is much debate on the possible

Very few monomers are known to exhibit pure thermal Initiation, the

classic examples being styrene and methyl methacrylate, but as long ago 
201as 1949 Walling observed that certain pairs of monomers, such as

m

ji.]
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styrene end nelelc anhydride» ehov an unusually high propensity for what 

the author proposed waa themal Initiation. Walling attributed such 

phenomena to large polar Interactions between the monomers leading to an 

"extreme case of favourable crosa-lnltlatlon**. A similar situation was 

anticipated by Walling beti#een buta-l»3-dlene and carbonyl or nitrile 

conjugated monomers.
202Alternatively, Gaylord has attributed "spontaneous" 

copol3nserisatlon In certain systems to the formation of comonomer 

complexes, which he hypothesised to polymerise via the excited state 

(exlplex).
203 200Additionally, Elllnger and Scott Independently reported 

that N^vlnyl carbazole was polymerised spontaneously through the 

formation of charge'~transfer coiq>lexes which were formed In the presence 

of a variety of electron acceptors. Subsequent research 

hoifever, has Illustrated the striking Influence of Impurities upon this 

and a number of other polymerisation systems, to the extent that they 

have been deemed to be the source of the initiation.

Clearly great caution Is required before any mechanistic conclusions 

can be drawn from "spontaneity".

5.A.3 Copolymérisation In the Presence of Lewis Acid

In copolymerisations %rhlch may Involve the participation of a 

comonomer complex, the addition of a compound %rhlch enhances complexation 

or which complexes preferentially with one of the monomers, may also 

affect the composition of the resulting copolymers and/or the rate of 

copolymérisation.
206since the first demonstrations by Bamford and coworkers that

metal salts can Influence the kinetics of radical polymerisations, and by
207Hlrooka and colleagues that organometal halides can catalyse the 

production of alternating copolymers from mixtures of donor and acceptor
i-
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monomers, there have been several hundred reports concerned vlth the 

study of the Influences of Levis acids upon radical homo- and 

copolymerisations.

In this work the effects of ZnCl^ upon the MGN-IP and MGN-MS 

copolymerisation systems over a wide comonomer feed was established.

The results presented In Table 5.5 reveal that the addition of Levis acid 

to the MGN copolsrmerlsatlon systems leads to an Increase of both the 

alternating tendency and the (qualitative observations) rate of 

copolymerisation. Caution must be exercised as regards this latter

point as the effect of ZnClj on the decomposition of AIBN Is
► 4 208 uncertain.

Again one may rationalise such observations by Invoking (a) either a 

terminal model mechanism, whereby complexation of MGN with ZnCl2  

enhances the electrophilic character of the double bond of the monomer 

and Increases cross propagation rate constants, or (b) by Invoking a 

ternary complex mechanism whereby the enhanced electrophilic character of 

the MGN—ZnCl2 vinyl bond increases the equilibrium constant for 

MGN-donor complexation, the alternating copolymerisation Is thus a result 

of the homopolymérisation of the ternary complex. ^

No unambiguous evidence concerning the MGN-IP and MGN-MS 

copolymerisation mechanisms may therefore be gleaned from the present 

Lewis acid ternary systems. The parallel between the controversy 

surrounding the mechanism of a copolymerisation both In the presence and 

In the absence of a Lewis acid Is evident.

5.4.4 Kelen-Tudbs Analysis

Kelen and TUdbs have proposed a simple graphically evaluable linear

method for the determination of monomer reactivity ratios In radical
211copolymerisations. The authors also stated that Its applicability

"held Important clues as to the copolymerisation mechanism". In as much

I
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212as It may Invalidate the terminal model of copolymerisation.

The Kelen Tüdôs equation (37) Is based on the differential form of 

the copolymer equation (13) and Is suitable for low conversion data (<5%)

Kelen-TiidSs (K-T) Equation:

"0 ^ *  t- —  •a+F G ,y

^2+ -:r) e- a
I 2
a

(37)

2w H, ■ 1F - ~  ;y y " i q

m^ and m2 are the molar concentrations of the designated monomer In 

the feed, and and M2 are the molar concentrations of the 

designated monomer In the resulting copolymer, a Is an appropriately 

chosen constant to obtain a uniform spread of the data (where r^ ^ 

r2 , a Is given the value 1).

Thus by plotting n versus e according to the linear equation (37), a 

straight line Is obtained and extrapolation to n " 0 and e - 0 gives

Intercepts).

Kelen and TUdSs have postulated that If this plot Is linear for the 

copolymerisation In question, the Mayo-Lewis copolymer equation (13) 

holds and the simple two parameter classical model Is a satisfactory 

description of the system. However, If the plot Is curved, a more 

complicated situation arises and the classical model cannot hold. To 

this extent, the authors viewed the K-T equation as a diagnostic tool In 

the elucidation of the copolymerisation mechanism.

The copolymer data previously reported In Tables 4.4 and 4.5 were 

therefore plotted In terms of the K-T equation. The plots are presented 

In Figures 5.10 and 5.11.

It Is Immediately obvious that In both systems there Is a systematic
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devl.tlon fro« llne.rlty. Howevor, befort dr.lng .o, concision, fro. 

this observation, the possible sources of such deviations should be

realisede
The effect of random errors on s K-T plot has been considered by 

O ’D r i s c o l l , w h o  has shown that systenstlc deviation fro« the 

rectilinear K-T plot «ay stem fro« the nature of the K-T plot and the

error structure of the experimental data.
An examination of the mathematic, leading to the K-T equation .how. 

that the variance of the dependent variable n 1. a complicated function

of a, e» y

1.

 ̂•  -

Var n ■
oy

var X (38)

O ’Driscoll has shown that starting from perfect copolyiser 

cosçosltlon data, generated fro. preselected monomer reactivity ratio., 

the imposition of a random error of (aay) K  - T  re.ult In the line of 

best fit being a curve. This Invalidates the statement made by Kelen et 

that curvature of a K-T plot Indicate, that the classical two 

parameter model of copolymerlaatlon 1. un.ult.ble for the description of

the copolymerisation system In question.
Figures 5.Band 5.11 do however exhibit deviation outwlth the

estimated experimental errors. This raise, the possibility of effect., 

not accommodated by the Mayo-Uwl. treatment of copolymerlaatlon. being 

present and observed by the K-T treatment of the reeulta. The po.elbl. 

cauee(s) of such deviations are numerous and are detailed In the context

of the present study In Chapter 6.3.

5.5.A Polymer Stereochemistry^
According to Mullken“ * any EDA complex 1. expected to have a

I 1
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preferred geo»etry and fro« thla It «ay be poatulated that, if an EDA 

cononooer co^lex adds to the propagating radical chain In a concerted 

manner, a certain amount of atereoche-latry «ay be Introduced Into the

polymer chaîne
In this study, the radical copolymérisation of MGN and Isoprene 

re s u lte d  In an alternating copolymer with a high degree of 

stereoregularlty (4.4.1). ahoun aa XXVII below. The laoprene unit la

*r

CN

lAACH, - Ç - CH, \2 I \ c  -  C

H

(CH2>2

CN

/
CH.

(XXVII)

CHj AA/

I - * •
L •

present predominantly (>90X) In the trana 1 .4 -conflguratlon. and the MGH 

and IP moieties are arranged In what might be described as a "head to 

head" fashion. Such a structure nay suggest a copolymérisation 

mechanism In which complexation of the diene Is Important.

Just as the outer shell of electrons of an atom la regarded aa 

especially significant In determining the chemistry of that atom, so It 

la reasonable that the highest occupied molecular orbital (HOMO) of a 

molecule Is the key to determining Ita reactivity. Thla la the frontier 

orbital a p p r o a c h . C o n s e q u e n t l y ,  the HOMO and the LUMO (lowest 

unoccupied molecular orbital) of laoprene (both cla and trana) and MGH 

were calculated In an atte.pt to predict the moat favourable Interaction

and possible geometry of any comonomer complex.

Very briefly, the procedure Involves the use of the Alllnger 

-Strain- program p.ckag..^‘‘ which minimi.«, the total snergy of a 

molecule, to obtain Its most stable geometry and subsequently Inputlng

1
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»217
these atomic coordinates to the IBM program package "Gaussian 79" to

determine the relevant wave equations.
The "Gaussian 79" program Involves ab Initio self consistent field

calculations using Roothaan theory but employing Gaussian type orbitals 

as basis functions (a minimum basis set was used). All work was

performed on a VAX 11/780 computer.
Table 5.6 reports the HOMO and LÜM0 wave functions for Isoprene and

MGN.
Considering such a frontier orbital approach, one would expect the 

Interaction between MGN and Isoprene to be greatest where the molecular 

orbitals of each monomer are a) closest In energy, b) of the same 

symmetry, and c) overlap Is sterlcally possible. In the light of these 

criteria. Figure 5.12 Illustrates two of the more likely EDA comonomer 

interactions. Of these, structure XXIX. an MGN-trans IP Interaction, 

has the more favourable geoijetrlc arrangement, although this structure 

involves the Interaction of n orbitals of lower electron density than the 

MGN-cls IP species XXX. This point may be academic as examination of 

both structures reveals that It Is rather difficult to rationalise the 

established MGN-IP copolymer structure (XXVII) In terms of such comonomer 

interactions. The copolymer stereochemistry may however be explained 

without recourse to EDA coiiq>lex formation. Specifically, the Raman

spectrum of Isoprene Indicates an equilibrium between the S (planar) els
218

and S trana forma with the S trena content being 85* at 323K. 

Conaequently, the mlcroatructure of r.dlcelly polymerlaed (323K) laoprene 

comprlaea 15* cla-l,4-lP. 5* 1.2-lP. 5* 3,4-lP and 75* tr.na l . W P  

unlta.^^* Thua one would expect e high trena-l,*-lP content In

radical copolymerisation empirically.
The "head to head" arrangement of the MGN-IP copolymer may also be 

accounted for by a "free" monomer mechanism. It has been postulated

P .

( 5

t ‘I

*•». ‘1
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TABLE 5.6

The HOMO and LUMP Wave Function Coefficients for MGN and isoprene^

MGN: HOMO -  -O.SSpTTj -0.5APTT2 +0.23pTr3 -K).37pTr^

LUMO ( ^ 2 9 )  -  +0.7ApTT^ -0.61pTT2 “ 0 -3 2 ptt3 +0.A4piT^

cls-lsoprenet

trans-isoprene:

HOMO -  -0.57pTT^ -0.A0pTÌ2 +0.37pTT^ +0.52pTr^

LUMO ('*'2 0  ̂ "  -0 .6 3 p ir^  +0.A3pW2 -^O.ASpTT^ ” 0.65pTT^

HOMO -  -0.56p7T^ -0.38pTT2 +0.39pTT^ +0.53pw^

LUMO ( ’̂ '2 0  ̂ "  -0,6ApiTj^ +0,A6pir2 -»^.AlpTr^ -0 .6 A ir^

a) Isoprene: ^i“^2”^3"^A*
X

MGN; Cj-Cj- C ^ N a

where X - CH^; R - -(CH2 )2 CN,

1



CiS -IP HOMO

(XXX)

MGN LUMO

'frtutt-IP HOMO

(XXIX)

MGN-LUMO

FIGURE 5.12 Possible EDA interaction of MGN LUMO and IP HOMO. (R » (CH2 )2 CN)
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that the propagation step of polynerlsatlon occurs between a chain end

radical and the position of a aononer having the largest calculated
220frontier electron density (FED). (The FED Is proportioned to the

square of the atomic orbital coefficient, cf. Table 5.7.) The FED Is 

greatest In both Isoprene and MGN at what has been designated the 

1-posltlon. This therefore predicts scheme (vll) for the alternating 

copolymerisation of MGN with IP.

CN CH.

k C ^ O -  "o

R'

R» (CH2)2CN

CN CH,
, • I ^(- CH2 - C - CH2 - C - CH2  -)

CN
(XXVII)

(where R. Is a propagating radical and the size of the node 0 Is 

Indicative of the FED.)

The results and observations contained In this chapter Illustrate 

the difficulty In obtaining unambiguous experimental evidence for or 

against the participation of a comonomer complex In alternating 

copolymerisation. The usual practice of appealing to the existing 

experimental literature can yield data published by careful workers which 

Illustrates techniques which appear to support %#hlchever mechanism, free 

monomer or comonomer complex, advocated by the researcher!

However, there are two procedures which do enable the determination 

of the extent of complex participation In alternating copolymerisation, 

one of which has been employed In this study to analyse the MGN-IP and 

MGN-MS systems and Is the subject of the following chapter.

hi
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6.1 THE COMPLEX PARTICIPATION MODEL

The generalised conplez participation model of Seiner and Lltt^^ allom 

for the participation of both monomers and the comonomer complex and is 

therefore not limited to a consideration of strictly alternating 

copolymers. The Seiner and Lltt model can be described by eight kinetic 

equations and an equilibrium constant (equations SS-'A?).

11 (39)

12•M^. + M 2 ---II__) (40)

--- iJi-M^. + M2M^ ----M ĵ M2M^. (41)

+ M^M2. (42)

-M2 . + Mĵ '21 (43)

22-M2 . + M2  __ I.—  ̂ "̂ 2̂ 2' (44)

-M2 . '2Tl^ -M2M2Mj .̂

---  *̂ 212-M2 . + M^M2. --- -1—  ̂ -M2M^M2

(45)

(46)

+ M2  Mĵ M2 (-M2Mĵ - [CD (47)

where *̂ 11 is the rate constant for addition of propagating radical M^ 

to monomer M^, and is the rate constant for addition of

propagating radical M̂  ̂ to the M2 side of the comonomer complex and so
on.
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In order to examine the applicability of this, or any other model,

to a particular copol3naer system, two main approaches have been

employed. The first Is to examine the variation In copolymer

composition and/or monomer sequence distribution, as the monomer feed
221composition is varied over the entire range. The second

approach, a purely kinetic analysis, studies the variation In the maximum

Initial polymerisation rate and the mole ratio of the two monomers at
46 47this maximum point, with the total monomer concentration. *

The former approach was used In this study.

6.1.1 Analysis of the Complex Participation Model using Monomer-

Feed-Copolymer Composition Data

Theory
44Using a conditional probability approach. Seiner and Lltt 

derived an equation (48 below), expressing the instantaneous copolymer 

composition In terms of the free monomers and M 2 , and the 

comonomer complex from the kinetic scheme 39-47. n

1 + (111 + 1 2 1  J IC J L  J h l  i £ L v

*^221 ^ ^1  ̂ '^121  ^” 2 ^ '

■ lS i JLCLI
2 2 1  IMjjl

1 +1*^12 i£ J L

r a i j i  . 1 . ^  m  x[Mil r22i >̂ 2̂ 2 i^l^ '^121 ^^2*' 1 +II2 1  ICJl 
1^221 i^lTi

1 + I£L.I 
I *̂112 ^̂ 2̂  I

1 rM 1'̂ l'l2 121121 '‘̂212 ^^1^'

1 + IL i£Ll
•1T2 IM j j l

1 + 1^  f c i  I

I ^̂1 ̂ •
(MJ

+ 1 + (i!il + I n  , I£l_ i£L \
'̂ 112 '’m  *̂ 2* ''̂ 212 ”̂1''

1 +|Ili IgLi
h T 2  ‘*'2 )

I

(48)

1 + p i  J£L |
1*’221 *
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copolymer composition date. In conjunction %rlth a minimisation technique 

(cf. Chapter 4.2) to yield "best estimates'* of the transition 

probabilities, and hence of the reactivity ratios.

6.2 MONOMER FEED-COPOLYMER COMPOSITION ANALYSIS OF THE MGN-MS AND MGN-IP

COPOLYMERISATIONS.

In attempting to define the best model by %dilch a copolymerisation

may be described, the discrimination must Involve extremely careful

analysis. As the copolymerslatlon mechanism becomes more Involved, the

number of parameters describing the system Increases, making more demands

on the quality of the experimental measurements. Consequently, as

evaluation of copolymerisation models will be made on the ability of each

model to describe the experimental monomer feed-copolymer composition

datwst^lt was deemed necessary to expand the experimental data contained

In Tables 4.4 and 4.5. To this end four additional copolymerisations

(each performed at least twice) for both the MGN-MS and the MGN-IP

systems were carried out at MGN monomer feed ratios of 0.15, 0.35, 0.65

and 0.85. Tables 6.1 and 6.2 contain this expanded copolymer

composition data, together with the comonomer complex concentration

calculated from the nmr studies of Chapter 5. (NB These data and the

follotrlng analysis of the copolymerisation models neglects the presence

of any solvent-monomer complexation In system 16 although, on the basis

of the Ionisation potential of toluene, such MGN-toluene complexation may

occur. However, other than altering the concentration of the MGN-IP

complex. It Is assumed that such a solvent Interaction will exert little
36Influence on the copolymer composition. )

The data contained In Tables 6.1 and 6.2 reveal the maximum 

concentration of comonomer complex In systems 19 and 16 to be around 18% 

and 7% respectively. That such a relatively low concentration of

4 i
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conplexed species may compete effectively In a copolymerisation has been

rationalised on the basis of the enhanced reactivity of an EDA complex.
44It Is postulated that, as an EDA complex has a larger v electron 

system than either monomer. It will be more polarlsable, and consequently 

will Interact more readily with an approaching radical of the correct 

polarity than an Individual monomer can. This Is still, however, a 

debated point.

6.2.1 Model Discrimination In MGN Copolymerisations on the Basis of

Monomer Feed-Copolymer Composition Data 

The choice between the terminal model and the complex participation 

model, as the best description of the mechanism of the MGN-IP and MGN-MS 

copolymerisation systems Is made on the ability of each model to describe 

the experimental monomer feed-copolymer composition data. This 

"goodness’* of fit Is gauged by examining the residual sum of squares of 

the non-linear least squares fit to the corresponding c<^olymer equation 

(13 or 55).

In both the MGN-IP and MGN-MS systems the terminal model was 

analysed In terms of the "loaded" monomer feed-copolymer composition 

data. Inherent In this approach are a number of assumptions.

Either (a) There Is no comonomer complex formed per se.

or (b) The concentration of any such complex Is low,

complexation does little If anything to alter the reactivity 

of either monomer, and upon radical attack the complex 

Immediately dissociates releasing one of the monomers.

The latter point raised In (b) has arguably some validity In view of the 

relative magnitude of the enthalpy of complex formation ca.6.5 kJ mol*^ 

and that of the enthalpy of polymerisation, ca.30-60 kJ mol~^ (for the 

addition of one monomer), le.lt Is possible that the resulting high 

vibration at the end of the propagating end of the chain may dissociate a

H, I

»V.
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weakly complezed species making the simultaneous addition of a comonomer
222complex unlikely.

6.2.2 The MGN(1)-MS(2) Copolymérisation System

In the analysis of both the terminal and complex participation 

models, the Fortran program requires the user to Input a realistic 

starting set of reactivity ratios. For the terminal model fit, the 

minimisation program was found to converge rapidly from various estimated 

starting values of r^ and T2 to a unique minimum defined by the model 

parameters given In Table 6.3. In fitting the complex participation 

model to the experimental data, the six reactivity ratios were allowed to 

assume "best values". However, the equilibrium constant was fixed at 

the value determined by the nmr complexation analysis described In 

Chapter 5.3.3. (NB. The Fortran program employs the equilibrium 

constant defined In terms of mole fractions.) Using this model the 

program converged on various local minima each defined by their own set 

of reactivity ratios. In this case the set of parameters which yielded 

the lowest residual sum of squares was considered best to describe the 

data and these parameters are also presented In Table 6.3.

Figure 6.1 displays the non linear least squares fit of both models 

to the experimental data and Figure 6.2 the corresponding residuals.

Only a small difference separates the two curves of Figure 6.1, 

although the complex model Is In better agreement with the experimental 

data over the entire composition range, and has no discernible structure 

to the deviations of the experimental points about the calculated curve 

as shown by Figure 6.2 - le. apparently random deviations result.

The reactivity ratios calculated for the complex participation model 

are not unrealistic, r^, r^, p̂  ̂and P2 are all <1. The values 

of the parameters s^ and S2 should give an Indication of the extent 

of complex participation In the predominantly alternating



TABLE 6.3
a,bReactivity Ratios * derived using the Terminal or Complex 

Participation Models for the Bulk Copolymerisation of MGN and

o-Methyl Styrene at 323K.

Copolymerisation Model 

Terminal Model

Complex Participation Model

irameter Value Error Range^

^1 0.049 (0.034-0.065)

^2 0.109 (0.09 - 0.13)

S.S.*^ 8.56x10"^ -

•■i 0.041 (0.042-0.047)

■̂ 2 0.138 (0.121-0.163)

Pi 0.162 (0.00 -0.605)

P2 0.160 (0.072-0.273)

0.249 (0.00 -0.615)

®2 1.654 (1.321-2.108)

S.S.*^ 3.03x10“^ -

K * 1.03

Defined for the terminal model In Chapter 4.2 and for the complex 
participation model, In Chapter 6.1.

The subscript 1 (In the reactivity ratios) denotes the MGN parameter, 
subscript 2 the comonomer, le. k + MGN

rĵ  -------------- etc
^ MGN* + “MS

Calculated as defined In Chapter 4.2.

S.S. " Resldutd. Sun of Squares defined as SS - KYexp-Ycalc)^-

Defined as the mole fraction equilibrium constant fixed at the value 
determined by nnr analysis.
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FIGURE 6.1 Copolymer composition curve for the copolymerisation of MGN 
and a-MS in bulk at 323K. fraction of MGN
in copolymer; “ mole fraction MGN in the monoer feed;
(0) » experimental data; (---) » terminal model fit and
(---) = complex model fit).



(a)

(b)

FIGURE 6.2 Residuals from (a) the terminal model fit, and (b) the 
complex participation model fit. Residuals are calculated 
in the form;

Res
(Y -Y )'‘ calc exp“̂ 100

Y * 1exp
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of experlnental data points* The value of P calculated by equation 56,

is compared to a critical value of F, which is documented in

statistical probability tables (Appendix 1). The data are then

considered statistically significant if F > F̂  holds. Applying this

test in a comparison of the fit of the terminal and complex participation

models to the MGN-MS experimental data yields an F , value of 1.78calc.
which my be compared at the 0.05 significance level, with F^ - 3.36 (see 

Appendix 1). This is shown graphically in Figure 6.3(a). From this 

analysis one may conclude that there is no statistically significant 

Improvement in the fit to the experimental data on going from the 

terminal model analysis to the higher order complex participation model.

6.2.3 The MGW(1)-IP(2) Copolymerisation System

The best fit of the terminal model and of the complex participation 

model to the MGN-IP experimental data are shown in Figure 6.4. Again 

only a small difference between the curves is evident, although the 

terminal model fit does possess some structure to the residuals as 

Illustrated in Figure 6.5. The corresponding reactivity ratios are 

presented in Table 6.4 together with their estimated error range.

The reactivity ratios for the complex participation model are 

chemically realistic, V2 $ Pj and p 2 < 1. Additionally, the 

non-zero values of and S2 suggest complex Involvement in the 

copolymerisation. As with the MGN-MS system S2 >1, which could be 

explained by the fact that it is more favourable to have the more stable 

comonomer (IP or MS) as the resulting radical %dien MGN adds to the 

comonomer ended prelegating chain.

As to «ihether or not the Improvement in fit of the complex 

participation model over the terminal model is statistically significant 

again requires application of the F test. This yields “ 2.24

which may be compared to the critical F^ value (at the 0.05 significance
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FIGURE 6,4 Copolymer composition curve for the solution copolymerisation
of MGN and IP at 333K. (Y,MGN mole fraction MGN in the
copolymer; « mole fraction MGN in the monomer feed;
(0) » experimental data; (----) » terminal model fit;
(---- ) ■ complex participation model fit.



(a)

(b)

FIGURE 6.5 Residuals for the (a) terminal model fit, (b) complex 
participation model fit. Residuals are calculated in the
form:

Res(%)
(Y , )-Y )calc exp ICX)

exp
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level) of 3.36, as illustrated In Figure 6.3(b). Froa this analysis, 

one may conclude that, as In the MGN-MS copolymérisation system, the 

expansion of the terminal model to Include the participation of a 

comonomer complex does not significantly Improve Its ability to describe 

the experimental monomer feed-copolymer composition data.

Ho%rever, Figures 6.1 and 6.2, and 6.4 and 6.5, do show that a 

terminal model analysis of both the MGN-NS and MGN-IP copolymerisation 

systems produces small systematic deviations between the experimental 

copolymer compositions and those predicted on the basis of this model 

(cf. the Kelen-TUdOs analysis of Chapter 5.5.4). There are a number of 

possible explanations for this observation.

6.3 THE MAYO-LEWIS TERMINAL MODEL: SOURCES OF DEVIATIONS

Kelen and TUdUs have s t a t e d t h a t  the terminal model cannot be 

as widely applied to copolymerisation systems as Is Implicitly assumed In 

the literature. The Inability of this model to describe accurately a 

copolymer system has been attributed to a number of factors, the most 

Important of which are:

a) Where one or both of the monomers are capable of association, making
38It necessary to consider a third polymerisable species le. EDA 

complex formation.

b) If a penultimate unit In the propagating chain Influences the
35reactivity of the chain end radical. This situation requires 

expansion of the Mayo-Lewis model to Incorporate three or four 

klnetlcally different radicals.

c) If the copolymerisation Is carried out at, or near to the celling

temperature of one of the monomers It may be necessary to consider,
225In the kinetic scheme, a depropagation reaction.

> i

I
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d) If one of the monomers is a diene, it may add to a propagating 

radical in a number of ways, eg. 1,2-, 3,4-,or 1,4- addition.

e) Experimental error; there is always the possibility that the source 

of the deviations is analytical in nature.

With respect to the present copolymerisation systems, it is 

conceivable that a number of the five points raised above may indeed be 

the source of the small deviations between predicted and experimental 

copolymer compositions.

A survey of the literature reveals that a number of copolymerisation

systems found to deviate from the terminal model involve nitrile
33monomers, for example the styrene-acrylonitrile,

226 32butadiene-acrylonitrile, styrene-fumaronitrile, and vinylldene
227cyanide-maleic anhydride systems. Such observations have been

eiq>lained either by invoking complex participation, as already discussed 

but rejected for the present copolymerisation systems, or by proposing a 

penultimate influence in the system. The latter effect is suggested to 

be a result of repulsive electrostatic forces between the polar nitrile 

groups of an incoming nitrile monomer and a penultimate nitrile unit of 

the propagating radical chain. In view of the chemical structure of MGN 

one may anticipate a penultimate influence and consequently a small 

deviation from terminal model copolymer composition predictions.

6.4 THE PENULTIMATE COPOLYMERISATION MODEL

The penultimate model of vinyl copol3nBerlsatlon, a higher order

analogue of the terminal model, proposes that the identity of the

penultimate unit, that is the monomer unit adjacent to the radical end

group on a growing copolymer chain, can affect the rate of addition of a
31pol3rmer molecule to a monomer. The presence of such an Influence in 

a copolymerisation complicates the kinetic analysis and in general
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the systen, the Instantaneous copolymer composition Is given by equation 

65,

dlH^]

d T M ^

1  +
(Pj [̂Mj^]/[M2HD

p̂ ü ^^m][T7TmJT)
 ̂ * Tmyi/ im̂ rp̂ fTMiT/iM̂Ty

(65)

Using this relationship, the Iterative nonrllnear least squares curve

fitting procedure may be used to calculate the best fit to the

experimental copolymer composition data.

However, It has been pointed out that the distinction between the

terminal model and penultimate model of a copolymerisation system based

on monomer feed~copolymer compolslton data Is frequently very difficult
228(although not Impossible) to achieve.

6.A.1 Penultimate Model Analysis of the MGN(1)~MS(2)

Copolymerisation System

In order to analyse the data of Table 6.2 with respect to the 

penultimate model It Is again necessary to assume a negligible effect of 

EDA comonomer complex on the system.

The calculated copolymer-comonomer feed composition relationship for 

the penultimate model Is compared with the terminal model fit to the 

experimental data In Figure 6 .6 . The higher order model does exhibit an 

Improved fit. However, any penultimate effect Is not large and the very 

different polarity of the two monomers Is the dominating Influence and 

causes the tendency towards alternation.

The "best estimates" of the penultimate reactivity ratios are given 

In Table 6.5, their values are Indicative of penultimate effects for both 

MGN and MS ended radicals, le r^ ^ and ^ 2 ^ ^2* ^ closer

I

f :



FIGURE 6.6 Copolymer composition curve for the bulk copolymerisation 
of MGN and a-MS at 323K. * mole fraction MGN in

nON

copolymer; * mole fraction MGN in monomer feed;
(0) « experimental data; (---) = terminal model fit;
(---- ) ■ penultimate model fit.

k' J
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Inspection of these parameters however makes the assignment of a 

penultimate influence In this system doubtful.

^ 1 1 1The value of r. (: ■ ■ ■ ) Is relatively large in comparison %rlth the other
112

reactivity ratios. Since the numerator of this ratio is the rate 

constant for the formation of an MGN triad, it is difficult to reconcile 

the relative magnitude of r^ with the demonstrated reluctance of MGN to 

homopolymerlse (cf. Chapter 3). Rationalisation of this set of 

reactivity ratios is therefore dubious, consequently one may not invoke a 

penultimate influence on the copolymerisation in order to explain the 

small deviations observed between the experimental copolymer compositions 

and those predicted on the basis of the terminal model. As specified in 

section 6.4, however, there are a number of possible alternative 

explanations of the source of this discrepancy. Specifically, the 

u-methyl styrene polymerisation has a celling temperature of 334K^^^

(this is the temperature above which it is not possible to produce
230long-chain homopolymer from monomer at unit or lower concentration) 

therefore, it may be that modification of the terminal copolymer equation

to take account of the depropagation of MS sequences could explain the
231deviations. Such a situation has been advocated by Lowry for the 

styrene- (^methyl styrene system.

6.4.2 A Penultimate Model Analysis of the MGN-IP Copolymerisation

System

The best fit of the penultimate model to the monomer feed-copolymer 

composition data is shown in Figure 6.7. The Figure also illustrates 

that in comparison with the terminal model, this higher order model is in 

better agreement with the experimental data. The corresponding 

penultimate model reactivity ratios are shown in Table 6 .6 . Considering 

the error range estimated for the four parameters, it is possible that



FIGURE 6.7 Copolymer composition curve for the solution copolymer 
of MGN and IP at 333K. fraction MGN in
copolymer; “ mole fraction MGN in monomer feed;
(0) » experimental data; (---) » terminal model fit;
(---- ) ~ penultimate model fit, the 3 and A parameter
penultimate model fits are indistinguishable.
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this best fit encompasses the situation whereby - p^, le.no 

penultimate effect exists for the M6 N ended radicals. Consequently, the 

system was re-examined using only three reactivity ratios. The fit of 

this "restricted** penultimate model Is Indistinguishable from the

o^^iglnal four parameter fit. The resulting reactivity ratios are also 
presented In Table 6 .6 .

This analysis suggests a penultimate Influence only on the Isoprene

ended radicals. Such an effect has been noted previously in diene
226copolymerisations by Vialle et al. ” and has been Invoked as the

possible source of deviations from the Mayo—Lewis copolymerisation

scheme. It Is, however, rather difficult to rationalise this behaviour

on the basis of a through space repulsive Interaction of polar

substituents, bearing In mind that a penultimate MGN unit Is separated

from an Incoming MGN monomer by the four carbon IP moiety.

It may be that what we are observing Is not a penultimate effect per

se, but Is In fact a difference In the reactivity of an — IPIP and

-MGNIP propagating species due to the nature of the terminal unit. In

Chapter 5.5.4 It was Identified that an IP monomer adds to a MGN radical

predominantly In a 1,4- fashion (giving an — MGNIP^ species).

However, IP may add to a propagating IP radical (an Increasingly probable

situation at high IP feeds) In a 1,2 or 3,4-fashlon (giving an
221”^^^^1,2* ^^^^3,4* ®P®cles). The Inherent difference in

such species may go some way to explaining the apparent penultimate 

effect observed on IP ended radicals In this system.

Application of the F test In a comparison of the terminal and the 3 

parameter **penultimate model** (see Figure 6 .8 ) shows the higher order 

model to provide a significant Improvement over the Mayo-Lewis model with 

a level of probability of 0.95. This therefore presents statistical 

evidence for the use of the three parameter model to describe the MGN-IP



FIGURE 6.8 The F probability of the 0.05 significance level.
(The whole of F calculated from equation 5, for the 
terminal model vs. the 3 parameter penultimate model is 
compared with the critical value of F^ (see Appendix 1) 
for the MGN-IP system.
Region (i) « a 0.95 probability that there is no significant

improvement by employing the higher order model 
Region (ii) » a  0.95 probability that there is a significant 

improvement.
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copolymérisation system.

6.5 THE COPOLYMERISATION OP MGN-MS AND MGN-IP; CONCLUSIONS

This chapter has analysed the experimental monomer feed~copol3rmer 

composition data of the bulk MGN-MS and solution MGN-IP systems, In terms 

of the two copolymerisation models which may be applied to a 

predominantly alternating copolymerisation. In order to determine the 

probable copol3rmerisatlon mechanism Involved. The ability of each model 

to describe the experimental data was gauged by determining the value of 

the residual sum of squares of the experimental vs. the calculated 

copolymer composition behaviour. By employing these values In the

a standard statistical test. It was possible to decide whether 

any Improvement In the fit to the experimental data using the higher 

order model was statistically significant, le. the result of the F-test 

analysis was the criterion upon which the acceptance or rejection of the 

higher order complex participation model over the simpler terminal model 

was made. The use of the complex participation model to describe both 

the MGN^S and the MGN-IP copolymerisations (under the present 

conditions), was rejected on the basis that It does not provide a 

statistically significant Improvement In the ability to describe the 

experimental data over that of the Mayo-Lewis terminal model.

Consequently, It Is concluded that the alternating tendency observed In 

both copolymerisation systems Is due to the polarity differences between 

the propagating radical chain end and the Incoming monomer, i^lch lowers 

the energy of activation of cross-propagation cooq>ared to the 

homopropagation reaction, and Is not In effect due to significant 

comonomer complex participation. This then makes It necessary to 

reconcile the detected presence of a comonomer complex In both 

copolymerisation systems with the terminal model which excludes such
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species. This leads to the proposal that the present systems do not 

generate a highly reactive comonomer complex able to add to a propagating 

radical as a single entity, but there occurs merely a weak association 

between the comonomers. Involving a rapid equilibrium which does little 

to alter the reactivity of either monomer, and should a propagating 

radical species attack this complex. It promptly dissociates releasing 
one of the monomers.

The most likely orlgln(s) of the small deviations observed In both 

systems, between the experimental monomer feed-copolymer composition, and 

that predicted on the basis of the terminal model have been detailed.

The possible Influence of a penultimate effect, a principal source of the 

deviations observed In several nitrile monomer copolymerisations, on both 

systems 16 and 19 was examined. On the basis of an unrealistic 

reactivity ratio, a penultimate model was not considered to be a viable 

description of the MGN-MS bulk copolymrlsatlon. On the other hand, a 

restricted** penultimate analysis (3 reactivity ratios employed) of the 

MGN-IP system Indicated a penultimate effect on the Isoprene ended 

radicals. Application of the F-test In a comparison of this and the 

terminal model shows the former model to provide a significant 

Improvement In the fit to the experimental data with a level of

probability of 0.95. This finding can be explained, not by a

penultimate effect per se, but by Invoking chain propagation by the diene

In more than one chemically distinguishable form.

Ideally, had more time been available, an extension of this 

copolymerisation study to Include an analysis of the monomer sequence 

distribution In the copolymers prepared across a wide feed range would 

have been attempted. Hill et al.,^^^ have found such data to contain 

valuable Information although unlike copolymer composition data, the 

sequence distribution of monomers cannot always be determined easily.
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7.1 POSSIBLE APPLICATIONS OF MGW DERIVATIVES

2-Methyleneglutaronltrlle's trlfunctlonal structure offers the 

possibility of preparing, via eleoentary chemical reactions, a number of 

novel compounds. For example, complete hydrolysis of MGN yields the a-S 

unsaturated dibasic acid 2 -methyleneglutarlc acid which. In view of Its 

structural similarity to Itaconlc acid, methacryllc acid and acrylic 

acid, may find similar outlets. Carrying out a controlled partial 

hydrolysis of MGN alloiro the preparation of 2~methyleneglutaramlde, a 

dlfunctlonal amide offering an additional site for crosslinking over the 

conventional acrylamide copolymers eaq>loyed In the preparation of 

thermosetting acrylic coatings. Alternatively, one may capitalise on 

the trlfunctlonallty of MGN to prepare cyclic monomers which have the 

potential to yield high Tg materials eg.2-methyleneglutarlc anhydride or 

substituted Imlde derivatives. The experimental procedures for the 

formation of these, and many other derivatives, have been detailed 

previously In Chapter 2. These reactions, summarised In Figure 2.3, are 

an extension of the work proposed by USI.* These potential monomers, 

hoirever, as derivatives of the dlnltrlle, may be equally prone to 

degradatlve chain transfer upon a radical polymerisation.

As an alternative to the exploratory study of the 

homopolymerlsablllty-copolymerlsablllty of selected MGN derivatives It 

was decided to digress some%diat and Investigate the suitability of 

2 'methylene glutarlc acid as the "polymerisable moiety" In the synthesis 

of dlfunctlonal cholesteric liquid crystalline side chain monomers, (viii)

* United States Industrial Chemicals Co.
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H2C - c 2X-C > Y

POLYMERISABLE MOIETY FLEXIBLE SPACER MESOGEN

(vili)

Y - r

C-CH:

Y - C

Potential cholesteric monomer If mesogen la optically active 

(i^ere A, A*, B, D, X and Y are functional moieties)

7.2 THE PROPOSED SYNTHESIS OF CHOLESTERIC LIQUID CRYSTALLINE

MONOMERS-POLYMERS

The Intense Interest In cholesteric liquid crystalline materials may 

be traced to the unique optical properties of the mesophase. Although 

the best known low molar mass substances which form a cholesteric 

mesophase are esters of cholesterol, non-steroldal liquid crystals that 

exhibit optical activity may also show a cholesteric mesophase (or as It 

Is now more generally referred to a chiral nematic phase). In turn, 

cholesteric polymers may be synthesised by polymerising a vinyl monomer 

which has a low molar mass cholesteric mesogen attached to the alkene 

group via a flexible alkane spacer as outlined In (vlll). However, 

attempts to obtain a cholesteric liquid crystalline polymer by merely 

pol3mierlslng the corresponding monomer havtmet with little success. 

Alternatively, If one copolymerises a cholesteric monomer with a nematic 

monomer. In analogy with the principle established for low molecular mass 

systems, polymers exhibiting a cholesteric mesophase can be realised.
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This methodology f#as employed In the present synthesis and Is Illustrated 

In Figure 7,1, with the experimental procedures presented below In 

section 7.2.1.

7.2.1 Experimental Procedure.

Step (1) Freldel~Crafts Acylation (Illustrated for biphenyl).
3

Biphenyl (0.3 molO was dissolved In 400 cm of nitrobenzene to 

fdilch 0,6 mol. of AlCl^ was added In portions %rlth stirring. To this 

solution, 0.3 mol.ofcu-bromohexanoyl chloride was added dropwlse. The 

deep red solution was stirred overnight then hydrolysed with a mixture of
3lOOg of Ice and 70 cm of cone. HCl. The organic layer was Isolated 

and the nitrobenzene and unreacted biphenyl were removed with steam.

The solid brown coloured residue was dissolved In toluene and 

chromatographed on an alumina column (neutral grade). The crude product 

was recrystal Used from toluene.

Yield XXXI - 51Z, m.pt. - 385K-392K.

Yield XXXII - 12Z, m.pt. - 447K-452K.

Step (2): Illustrated for XXXI

The carbonyl group was reduced to CH^ with LIAIH^/AICI^ In a 

mixture of anhydrous chloroform/dlethyl ether. 4-(Ct>-bromohexanol)-
3biphenyl (0.075 mol.) In 250 cm of chloroform was added dropwlse to a

3preformed solution of 0.185 mol. LlAlH^/0.4 mol. AlCl^ in 140 cm of

diethyl ether. The reaction mixture was stirred at room temperature for
3 33 hours and then a mixture of 200 cm cone. HCl and 250 cm of H 2O 

was added carefully. The organic layer was Isolated, washed with water 

and dried over Mg SO^. The solvent was evaporated and the yellow 

solid purified on an alumina column (neutral grade) with toluene as 

elutant. The product was recrystalllsed from toluene.

Yield XXXIII »801 m.pt. - 298K-301K.

Yield XXXIV ■ 35Z m.pt. ■ 368K-374K.
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Step (3).

Prior to this reaction, dlchloromethylbutyl ether was prepared. 

Formyl butanoate, 2.27 mol. (standard esterification) was added to 1.97 

mol.P2 0 ^. The homogeneous yellow solution Is heated for 15 mins., 

then distilled under reduced pressure. Yield - 60* b.pt. (0.15 torr) - 
323K-330K.

A-<Ci>-bromohexyl)-A*-formyl biphenyl was prepared as follows.

To a solution of 0.0A3 mol. of A-^-bromohexyl)-blphenyl In 1 0 0
3

cm of dry dlchloromethane cooled to ca. 268K, 0.09 mol. of TlCl^ was 

added dropwlse follotred by 0.05 mol. of dlchloromethyl butyl ether at such 

a rate to keep the temperature of the reaction mixture around 268K. The 

mixture was subsequently stirred at 273K for AO mins then poured onto 

Ice. The organic layer was Isolated, washed with water and sodium 

bicarbonate, and dried over Mg SO^. The solvent was removed and the 

yellowish solid aldehyde was used In step A.

Step (A).

To 0.02 mol. of A-^bromohexyl)-A'-formylblphenyl was added O.OA mol. 

of hydroxylamlne hydrochloride, 0.07 mol.of pyridine, and 6 cm^ of 

methanol. The reaction mixture was refluxed for 2.5 hrs, cooled to room 

temperature, and solvent removed. The mixture was purified on an 

alumina column (neutral grade) using dlchloromethane as solvent.

Yield XXXVI (steps 3 and A) - 20Z m.pt. - 388K-392K.

Step (5).

Preparation of A-iCi>“bromohexyl)-A*-cyanoblphenyl. A mixture of 

8x10 mol. of oxime and 0.05 mol.of acetic anhydride was refluxed for 3 

hrs, cooled to room temperature, then poured onto Ice. The organic 

layer was dissolved In chloroform, washed with water then dried with 

M SO^. The removal of the solvent yielded a sweet smelling oil, 

which was chromatographed on a silica gel column using chloroform as

I ,1
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7.2.2 Discussion

The choice of the biphenyl moiety In the present work was made on 

the basis of early studies by Gray,^^^ ^Yiq has shown the propensity of

4,4-dlsubstltuted biphenyls to form a liquid crystalline phase.

The Freldel-Crafts acylation reaction (step 1) In addition to 

*tt®chlng the flexible spacer to the mesogenlc moiety^ also Introduces a 

carbonyl function a to the aromatic system. Asymmetric reduction of 

this functionality (step 7) could lead to the synthesis of a novel class 

of cholesteric mesogens.

The acylation reaction proceeds smoothly using the unsubstituted 

biphenyl. Performing the analogous reaction upon p~methoxyblphenyl 

gives a low yield of the desired 4,4-substltuted product, due primarily 

to competing acylation reactions, eg.ortho substitution of the ether 

phenyl ring. The third acylation attempted, that upon p~cyanoblphenyl 

gave a complex mixture of products and attempts to chromatograph a 

working amount of the 4,4-substltuted compounds proved fruitless. The

alternative procedure to 4-iW-bromphexyl)-4*-cyanoblphenyl of
233Shlbaev was therefore adopted, but unfortunately this also gave 

a low yield of the desired material (ca.4Z). Consequently, continuation 

of the proposed synthesis of Figure 7.1 was restricted to the use of the 

biphenyl compounds X X X III  and XXXIV. Additionally, the difficulty In 

obtaining the asymmetric reducing reagents proposed for step 7  meant the 

adoption of a more conventional approach to the synthesis of a 

cholesteric monomer le. the preparation of a moncxaer based on cholesterol 

Itself (Figure 7.2). To accomplish this synthesis and complete that of 

the two biphenyl monomers, the SN2 reaction between the6 >-alkyl bromide 

(the aliphatic spacer**mesogen species) and the chosen carboxylic cesium 

salt (step 6 ) was carried out. This reaction proved successful to a 

varying extent In all three cases, however as In the analogous methyl



(CM2)2
C O O C H 3

3  + C s B r

CHOLESTERIC MONOMER (XXXX)

FIGURE 7 .2  P re p a ra tio n  of c h o le s te r ic  monomer based on c h o le s te ro l
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oethacrylate systens, colunn chronatography vaa necessary to Isolate the 
low yield of cholesteric aonomer XXXX.

Monomers XXXIX and XXXX were shown to be oesomorphous by optical 

microscopy. The former Is mesomorphous over the range 313K-400K, 

exhibiting what Is probably a nematic mesophase, Plate 1 Figure 7,3,

The monomer XXXX shoiro a planar cholesteric mesophase (the helical axes 

of the molecular arrangement of the molecules Is perpendicular to the 

bounding surfaces) and Is capable of reflecting light at the visible 

region over the range 288K-305K as evidenced by Plate 2 of Figure 7.3.

An examination of the optical properties of the corresponding 

homopolymers/copolymers was hampered by the poor yields of the preceding 

monomer syntheses. Only monomer XXXVIII was prepared In a sufficient 

amount to allow pol3rmerlsatlon. That this monomer Is not mesamorphous 

d es not preclude the formation of a mesophase by the homopolymer, as the 

polymer backbone has been found to enhance the degree of order of a 

biphenyl side group. In fact if a monomer Is nematic. In most cases a 

smectic polymer results, only a few examples are known where both the 

monomer and polymer are nematic.

The homopolymer XXXXI was prepared,and examined by DSC and by 

complimentary studies with the hot stage microscope. Differential 

scanning calorimetry revealed two features (Figure 7.4) a) a Tg at 283K 

and b) a melting endotherm at 325K. Without more detailed analysis of 

the enthalpy of transition It Is difficult to ascertain whether this 

thermal behaviour Is that of a conventional seml-crystalllne material, 

comprising both crystalline and amorphous domains, or a mesomorphous 

polymer. However, the Inability to observe any id e n t if ic a b le  mesophase, 

subsequent to  a n n e a lin g  the m a te ria l a t  300 K f o r  24 h o u rs , does, tend 

to  suggest a s e m ic ry s ta ll in e  ra th e r  than a mesomorphous polym er.



PLATE 1 MONOMER (XXXIX)

PLATE 2 MONOMER (XXXX)

FIGURE 7.3 (P la te  1) O p tic a l m icrograph of monomer XXXIX (crossed 

p o la r is e ra , m a g n ific a tio n  x 10. 315K) showing probable 

nematic mesophase.

(P la te  2) O p tic a l m icrograph of monomer XXXX (crossed 

p o la r is e ra , m a g n ific a tio n  x 10, 290K) showing c h ir a l  

nematic mesophase (p la n a r  t e x t u r e ) .
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plate 1 MONOMER (XXXIX)

PLATE 2 MONOMER (XXXX)

FIGURE 7.3 (Plate 1) Optical micrograph of monomer XXXIX (crossed 
polarisers, magnification x 10. 315K) showing probable 
nematic mesophase.
(Plate 2) Optical micrograph of monomer XXXX (crossed 
polarisers, magnification x 1 0 , 290K) showing chiral 
nematic mesophase (planar texture).

£1
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7.3 CONCLUSION

The present exploratory study has shown the possibility of preparing 

a number of Interesting monomers by simple chemical transformation of 

MGN. The feasibility of synthesising liquid crystalline monomers based 

on 2-methyleneglutarlc acid (MCA) has been demonstrated. Such systems 

have Inherent advantages over the ubiquitous methyl methacrylate 

mesogens. For example, the dlfunctlonallty of MCA allows the synthesis 

of a monomer comprising two different mesogenlc moieties, one of which 

could be cholesteric. The dlfunctlonallty may also permit the 

realisation of a polymeric mesophase at a low concentration of mesogen, 

le the mesophase could be observed as a result of the liquid Interaction 

between the pairs of mesogens. Additionally, the unsymmetrlcal nature 

of MGN, by virtue of the ethyl moiety, may go some way to reducing the 

propensity of mesogenlc monomers to yield highly ordered smectic 

structures.
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THE F DISTRIBUTION

Example In an /^-disiribuiion with »i -  S and *'2 -  6 degrees o f freedom the 
area to the right o f an F  value o f 4.39 is 0.05. The value on the F-scale to the right 
of which lies .05 o f the area is in lightface type. The value on the F-scak to the 
right o f which lies .01 of the area is in boldface type. vi -  number o f degrees o f 
freedom for numerator; 1-2 = number o f degrees o f freedom for denominator.
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