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ABSTRACT,

This thesis is principally concerned with the kinetics of the
crosslinking of polystyrene using p-di(chloromethyl)benzene (D.C.M.B.),
in the presence of a Friedel-Crafts catalyst, and the effect of this
crosslinking on the thermal properties of polystyrene.

As the polymerisation of styrene and the condensation of D.C.M.B.
with aromatic nuclei can both be initiated by FfiedeluCrafts catalysts,
an attempt wos made to produce crosslinked polystyrene by mixing styrene,
D.C.M.B., and stannic chloride in 1,2~-dichloroethane (D.C.E,) at 30°C
under vacuum., It was impossible, however, to define a set of conditions
under which the two reactions proceed et GOmparable rates to give the
desired product, since the cationic polymerisation of styrene was found
to be approximately 150 times faster than the condensation between
styrene nuclei and D.C.M.B.

It became necessary, therefore, to condense preformed, low
molecular weight polystyrene with D.C.M.B, using stannic chloride as
the catalyst in D.C.E. at 30°C under vacuum, The overall degree of
crosslinking was followed by HC1l evolution and the degree of

vintermolecular crosslinking was determined by molecular weight
measurements. The degree of intramolecular crosslinking was calculated
by difference. By plotting the concentration of crosslinks against
reaction time, the rate of crosslink formation was obtained for each
series of reactant concentrations and by relating the rate of
crosslinking to the initial reactant concentrations, the orders of the
overall, intermolecular and intramolecular crosslinking reactions with

respect to each reactant concentration were determined, The corresponding



rate constants for the overall, intermolecular and intramolecular
reactions were also evaluated.

The initial stages of the Friedel-Crafits condensation between
toluene and D,C.M.B., in D,.C.E, in the presence of stannic chloride,
which may be regarded as a model for the condensation of polystyrene
with D.C.M.B., was also investigated at 30°C under vacuum. HCl evolution
was employed to follow the progress of the reaction, the rate constant
and order of the condensation with respect to the initial concentration
of each reactant being determined by the methods used for the
condensation bhetween polystyrene and D.C.M.B. The rate of crosslinking
polystyrene was compared with the rate of formation of p-dixylylbenzene
from two toluene molecules and one D.C.M,B, molecule, to yield
information concerning the steric effect of polymer molecules on the
rate of Friedel-Crafts alkylations,

Information about the effect of crosslinking on the thermal
properties of polystyrene was obtained using Differential Thermal
Analysis (D.T.A.), Differential Scanning Calorimetry (D.S.C.),
Thermogravimetric Analysis (T.G.A.) and Thermal Volatilisation Analysis
(TP.v.A.). Although D.T.A. and D.S.C. showed that the glass transition
temperature increases linearly with the degree of crosslinking, up to
the onset of gelation, T.G.A, and T.V.,A, indicated that due to increasing
strain as the degree of crosslinking increases, the temperature at which
thermal degradation commences, decreases.

A preliminary investigation into the condensation of styrene/
methyl methacrylate copolymers with D.C.M.B. uéing stannic chloride
as the catalyst in D,C.E. at 60°C under nitrogen, showed that in
addition to the Priedel=Crafts alkylation which produces crosslinks as

in the case of polystyrene, a Friedel-Crafts acylation occurs between
y ) S y



methacrylate ester groups and the ortho position of the adjacent styrene
nuclei, producing cyclic ketonic structures. The rate of acylation is
affected in the predicted manner by ithe presence of activating and
deactivating substituents in the siyrene nuclei. An intermolecular
acylation was also shown to occur between homopolymers of stiyrene and
methyl methacrylate. The increase in the thermal stability of the
acylated copolymers, with respect to the copolymers, was demonsirated
using T.V.A, and this was shown to be a resuli of the stabilising effect

of the cyclic structures in the acylated copolymer chain.
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CHAPTTR ONE,

GENERAL INTRODUCTION,

1.1 Introduction.

The possibility of preparing polymers by Friedel-Crafts reactions
was mentioned as early as 1885} when polymeric materials were reported
to be formed by the action of aluminium trichloride on benzyl chloride.
Polybenzyl has since been the subject of numerous :'mves’cigationsgm9
concerning the influence of Friedel~Crafts catalystis on the structure
and properties of the polymers. Unfortunately, the polybenzyl polymers
are mechanically weak and have little practical value.

More promising results were obtained between 1959 and 1965}0“13
Aromatic compounds were chloromethylated to give di and tri substituted
products which were then either subﬁected to self-condensation or usecd
as coupling agents for other aromatic compounds, to give polymers.
Thesé polycondensatibns'were carried out in the presence of Lewis acids
and the materials formed have been termed Friedel-Crafis Polymers}o
They have many potential applications since they possess considerably
greater thermal stability and mechanical strength than the phenolic
reéins, although they havé similar structures consisting of alternating
methylene and aromatic units.

Friedel-Crafts Polymers are now commercially a.vailablel4 and a
large volume of information has been acquired recently about.the

15=-25

kinetics of formation and the structure of these polymeric resins,



These Triedel-Crafts reactions should be applicable, in principle,
ag a method of crosslinking linear polymers incorporating aromatic
nuclei. Polystyrene is the most obvious example and a new method of -
producing crosslinked polystyrene may bé of considerable advantage
industrially as it is widely used in the micro-electronics field, dve
to its low electric loss characteristics. Some information relevant to
this crosslinking reaction will be discussed in the following sections

of this chapter.

1.2 Cationic Polymerisation of Siyrene.

Due to the complexity of cationic polymerisation generally, this
section is restricted to a description of the cationiec polymerisation
of styrene using stannic chloride as catalyst in 1,2-~dichloroethane
solution, This system is extremely complicated and many inconsiztencies
still remain to be explained, but in general, the rate of
polymerisation is rapid compared with radical polymerisations giving
low degrees of polymerisation at ordinary temperatures and highex
molecular weights at lower temperatures. The activation energies are
very small and the presence of cocatalysts such as water or solvent
can have a considerable influence on the rate of the reaction.
Qualitative investigations into the cationic polymerisation of styrene
were initiated by Staudinger26 but the first quantitative kinetic
study was reported by Wil1:'Lezms?7m29

Until 1964 it was generally accepted that the cationic
polymerisation of styrene involves chain carriérs which are cerbonium
ions derived initially from styrene but there was little direct
evidence for the presence of carbonium ionsg during polymerisation,

The theory became firmly established since it accounted satisfactorily



for most experimental observations. In interpreting experimental
observations, however, it is necessary to distinguish‘between a
denmonstration that an olefin can form a carbonium ion in the presencé
of a catalyst and a demonstration that these ions are the active
species in the polymerisation process,

Relatively few attempts have been made to demonstrate the presence

30

of ions during the polymerisation of styrene and Pepper concluded
that his conductivity studies on the styrene/stannic chleoride system
failed to demonstrate the presence of chain propagating cations or
their concentration. Dielectric measurements of the same system made

by Metz31

indicated that a steady state concentration of lons was
present during the polymerisation but gince no rate measurements were
made ooncurrént1y3 his results do not show whether the ions are
involved in the polymerisation. Ionic character has, however, been
inferred from experimental observations that polar solvents favour the
reactions, that Friedel-Crafts catalysts are efficient initiators and
more recently Evans32 has shown that the dimerisation of
1,1-diphenylethylene has an absorption spectrum due to the presence of
carbonium ions,

33,34

Jordan and Treloar compared the spectra of l-phenylethyl

chloride in stannic chloride and of styrene in stannic chloride, in
polar media and concluded that the equilibrium involved is,

@ &)

(T E— M el _ o
C6H CH-C1 + SnCl < C6H5 CH CH3 + Sn 15

5 [ 4
CH3

the peaks at 410mu and 3009u in the ultra-violet spectrum being due

to growing polymer ions since no reaction occurred in non-polar mediz,



Thus these absorptions were thought to be due to the phenylethyl ion,
but Bertoli and Plesch35 showed that the principal originator of the

absorption at 425mm is the 3(1-methyl, 3-phenylindanyl) cation,

The spectrum of the l<phenylethyl ion has not yet been identified but

that of the homologous 1,3-diphenyl-n-butyl cation,

@
CHB-(ltH-CHz-fH

06H C6H

5 5

35

was shown to have only one important absorption at 315mm. Thus,
although the original theory of the polystyryl cation as the chain

carrier has been questioned, a mixture of chain carrying cations must

be possible,

36-42

Pepper has shown that the cationic polymerisation of styrene,
catalysed by perchloric acid in polar solvents, follows simple kinetics

which can be interpreted in terms of fast initiation and slow

propagation,
Pl + C e} Mfa CCD initiation
@ @ @ .®
Mn c + Pl‘ —_— Mn+1 c propagation
Mﬁa CCD '] Pn + C termination or transfer



where C is the catalyst, or catalyst/cocatalyst complex which is
desoribed in Chepter 3, Gandini and Plesch’>~4C compared spectral and
conductivity measurements with rate measuremenis for the above systemn,
Unexpectedly, their results suggested that the chain carriers are
not ionic. As they are highly polar and in many respects behave as if
they are ionic, the polymerisations were termed pseudo-~cationic,
Plesch proposed that the chain propagating species is an ester formed
between the olefin and perchloric acid and is stabilised by complexing
with four styrene molecules.

Before the discovery of pseudo-cationic reactions in 1964, it
could be said that the function of the cocatalyst was to provide cations

41 and although this is still wvalid for

fo initiate polymerisations
true cationic polymerisations, Plesch suggests that the cocatalyst is
essential in the formation of the ester and thus has a similar function.

The discovery of pseudo~cationic polymerisations, therefore,
necessiiates a reassessment of the results in this field but as no
further investigations have been carried out on the styrenc/stannic
chloride/l,2~dioh1§roethane system, it must be assumed that the
carbonium ion theory is still applicable, until disproved.

Although the rate of polymerisation in polar media is greater
than in non-polar media, this is not simply related to the dielectric
constant of the medium. Other factors including the polarisability of
solvent molecules and their solvating power for ion-pairs are also
very important,

The polymerisation in 1,2—dich10roethane‘was first studied by

Pepper48 who found the following rate relationship,

Initial Rate < (Styrene)2'3(5n014)
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Okanura and ngashlmura49 later obzerved the initial and interncl
rate equations to be different, the change—over occurring at about

30% conversion,

Tnitial Rate o< (styrene)2'4'(sn014)

Internal Rate oX (Styrene)z'o

It was impossible to obtain the dependence upon stannic chloride
concentration for the internal rate eguation., Further investigations

50,51

by Colclough and Dainton in the presence of t-butyl chloride,

which is a cocatalyst, showed that,
. 2.0 ' \
Initial Rate oK (Styrene) (SnCl4)(t-Bu01}

and confirmed Pepper's mechanism with modifications for the presence
of a cocatalyst.

Thus, although the main features of the kinetics and mechanism
of the stannic chloride catalysed polymerisation of styrene in
1,2~dichloroethane are well established52 further investigations are

required to explain the inconsistencies,

1.3 Thermal Degradation of Polystyrene,

Pyrolysis of polystyrene between 300 and 46000 under vacuum
yields approximately 42% monomer, together with progressively
decreasing amounts of dimer, trimer, tetramer and pentamer?3 which
are formed by intramolecular transfer at the «~hydrogen atom§4 During

degradation a rapid decrease in molecular weight occurs initially,

settling down to a lower rate of decrease after approximately 307
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Figure 1. Isothermal Degradation of Polystyrene at 29000.
volatilisation as shown in Figure 1?5’56

There is general agreement about the principal features of the
mechanism of the thermal degradation of polystyrene. However,
controversy still exists about the reason for the rapid decrease in
molecular weight which occurs in the early stages of the reaction. It
may be due to intermqlegular transfer or to Vweak links' in the polymer
structure, although the possible structure of the latter is still in
dispute.

The thermal degradation of polystyrene under high vacuum was
first studied by Jellinek?7 who explained the rapid initial decreazse
in molecular weight as due to radical scission at a number of fwezk
links! randomly distributed along the polymer ohéin. Alternatively,
Madorsky58 proposed that there is no essential difference between the

initial and later stages of the degradation and that the initial fall

in molecular weight is predominantly due {to intermolecular transfer
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following chain end initiation. However, from experimental data
similar to that of Jellinek, Grassie and Kerr55’56 deduced that in the
initial stages of the reaction, chain scission occurs by the breakiﬁg
of labile bonds but that active radicals, os suggested by Jellinek,
are not produced. Instead, they proposed that stable chain ends are
formed at which depolymerisation, as in poly(methyl methacrylate)?g

is not readily initiated until after about 30% volatilisation. In
addition, Grassie and Kerr showed by correlation of the method of
preparation with 'weak link! concentration, calculated from the extent
of the initial decrease in molecular weight, that 'weak links! do not
arise from impurities but that they are formed during the preparation

of the polymer in a reaction which is in direct competition with the
propagation step.

Grassie and Cameron60”62 have obtained the most convincing
evidence for‘the existence of 'weak links'. They compared the degradmiion
reaction of polystyrene in bulk with the reactions in naphthalenc end
tetralin solutions. The rates of initial decrease in molecular weight
were found to be identical in all three media, but the subsequent
decrease in molecular weight is less in naphthalene than in bulk and
completely inhibitedrin‘tetralin. From this evidence, it was inferred
that the radical chain depolymerisation is retarded in naphthalene

and inhibited in tetralin due to the radical chain inhibition properties

of the «-methylene group in tetralin,

but that 'weak link!' scission is unaffected. As thig separability of



chain scission end depropagation to give volatile products cannot be
explained in terms of the intermolecular transfer thebry, which implies
that there is no essential difference between the initial and later
stages of the degradation, this must be taken as strong evidence for
“othe tweak link! theory.
Although a study of the degradation of styrene/stilbene copolymers

eliminated the possibility of head to head linkages,

—CHZ-?H—?H~?H~CH2—?H—

Ph Ph Ph Ph

Grassie and Cameron were unable to identify the correct nature of the
labile structures. They suggested, however, that in addition to the

normal head to tail linkages in polystyrene,

—CHz—?H~CH2-?HﬁCH2—CH-

Ph Ph Ph

addition of monomer during propagation could result in structures of

the type,

~CH,,~CH

B CHz—CH~

Ph

which are similar to the ketenimine structures Imown to constitute



tweak links! in poly(methacrylonitrile)?3

Chemical and spectroscopic evidence for this tyﬁe of structure
have not been obitained due to the low concentrations involved, but a
radiochemical investigationé4 has demonsirated that radically
initiated polystyrenes do incorporete main chain unsaturation, and
further evidence for unsaturation is that mild ozonolysis followed
by scission of the ozonide reduces the molecular weight of volystyrenc
to the same order of magnitude as thermal degradation. In addition,
the molecular weight of thermally degraded polystyrene is not reduced
further by ozonolysis. The following mechanism has been proposed by

Grassie and Cameron for the scission of unsaturated structures.

~CH2—CH —CHz—CH
H —_—N --H
| \ O :
C— A
/I \\ /'
HE CH, Ph H CH, Ph

-CH ~CH + CH~=C~



co 265 .
Using & computer programme, Wall 5 ignored 'weal link! scicsion
and allowed for intermolecular and intramoleccular trdnsfer, but poor
agreement was obtained between the theoretical and experimenial results.

66,67

However, Cameron and Kerr have demonstrated that polystyrenes
prepared using anionic initiators are free from 'wezk links' and from
further Worg on thermally initiated polystyrenes concluded that the
labile structures are oxygenated groups, probably peroxide links
which have become incorporated into the polymer during synthesis, but
they were unable to prove this unequivocally. Unsaturated structurss
are unlikely to be the labile links as they calculated that the

concentration of the 'weak linkst! is a factor of ten less than the

concentration of the unsaturated structures.

1.4 Crosslinking of Polystyrene.

Polymerisation of monomers with a functionality greater than
two or formation of crosslinks between preformed linear polymers are
the two general methods employed in the synthesis of crosslinked
polymers. These reactions are uged to effect desired changes in the
physical properties of polymers, the most useful being an inecreasc in
hardness and strength. The agencies by which crosslinking may be
accomplished are heat, irradiation and chemical reaction with either
a curing compound or a catalyst.

The theory of crosslinking linear polymer molecules to form an
infinite three dimensional network has been developed mainly by
Flory68 and it hes been demonstrated that by aﬁplication of this theory,
the degree of crosslinking of a polymer may be obtained from molcculer
weight measurements?9’7o Although there may be iniramolecular

crosslinks which are ineffective in increasing the molecular weicshti,
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particularly approaching the gel point, relatively Ffew crosslinks
are required to gel a linear polymer. The onset of geiation during
a crosslinking reaction marks the division of the solution into %wo
distinct phases, namely, the gel which is insoluble due to the prescnce
of infinitely high molecular weight species and the sol which is
soluble and can be extracted from the gel since the polymer moleculeg
present are still of relatively low molecular weight. As the
polymerisation proceeds beyond the gel point, the quantity of thev
gel phase increases, the quantity of sol decreases and the mixture
rapidly transforms from a viscous liguid to an elastic material of
infinite viscosity.

Polystyrene crosslinks readily when exposed to ultra-violet

T1

radiation’™ due to the stability of the polystyryl radical formed by

the cleavage of an «-hydrogen atom.

[}
~CH,=C e— ~CH,~C~

Combination between radicals of this ﬁype results in branched chains
and eventually in a three dimensional network. Although these radicals
should alsb be produced during the free-radical polymerisation of
styrene, experimental determinations of transfey rate constants
indicate that the extent of branohing’in free—fadically initiated
polystyrenes is very low even at high percentage conversions.

Crosslinking preformed linear polymers generally involves

reactions which are completely different. from those by which the
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polymers were synthesised originally. Bevington and Norrlsh7 reporied
that no reaction occurred with a mixiure of polystyrene and aluminium
trichloride in nitrobenzene but that a Friedel-Crefts alkylation was

observed when l,2-dichloroethane was used ag solvent,

)
5 AlCl4

-CH2—CH-

C1~CH,~CH,~C1 + A1C1, = C1~CH,~CH

. A101, \4
~CH,~CH~ e ~CH, =~CH-

@ @ _ | 1®,16°
CH,-CH,”  AICL, CHQ-QHZ—Cl + 101,

—CH2-CH-

—CHZ—CH—

CH

+ HCL 4 A1C1,
CH | 7

~CH~CH,,~

This demonstrates that polystyrene may be readily crosslinked using

Lewis ac¢ids and this has also been shown in the reaction between



polystyrene and poly(p-vinyl benzyl chloride) in the presence of

aluminium ‘urichloride73 by identification of the following reaction

products.
AlCl3
=CH,~CH~ + -CHQ-CH— ————=)  ~CH,~CH-
CHZ-Cl CH2
~CH~CH .~

2

Polystyrene itself may also be employed as a curing agent and
using this technique unsaturated polyesters are crosslinked with

short, grafted polystyrene chains.

-OCO—CH—CH—COO—

Fir

~0C0~CH=CH~CO0~

Trichain star polystyrenes, prepared by the condensation between
polystyryl anions and 1,3,5-tri(chloromethyl)benzene have also been

14

synthesised. By this method the degree of branching can be controlled
exactly and the effect of branching on the dilute solution behaviour
of polymers may be investigated.

Thus it has been shown that crosslinked or branched polystyrenes

may be formed by radical, cationic and anicnic reactions involving



reaction sites independent of those vequired for the formation of the
linear polystyrene, However, the mogt common approazch to the prevnration
of crosslinked polystyrene is the copolymerisation of styrene with
p~divinyl benzene (D.V,B,)., D.,V.B., itself may be easily polymerised to
yield brittle, insoluble resins which are commercially unsatisfactory.
If D.V.B. is copolymerised in low concentration with styrene, the
resultant crosslinked copolymers have the appearance of polystyrene,

but possess higher heat distortion temperatures, greater hardness and
strength and have better impact properties. Suspension polymerised

beads of styrene/D.V.B. copolymers are employed as the basis for ion
exchange resins, the ionic exchange sites being introduced later by
substitution 2t the aromatic nuclei. The crosslinks in the bead structure
. help to stabilise them and minimise swelling. Ion exchange resins zre
the main commefcial application of styrene/D.VeB. copolymers but D.V.B,
is also employed in the production of styrene/butadiene rubbers.

A thorough study of the styrene/D.V.B, copolymerigation has been
made by varying the comonomer ratio?s Both intermolecular and
intramolecular crosslinks were considered to contribute to the formation
of a three dimensional network, macrogelation being envisaged to occur
by an accumulation of microgels formed by the intramolecular process.

The type of crosslink formed is,

~CH, ~-CH~CH

> 2—CH-CH2-CH-

—CH-CszCHnCH2~CH~CH2-
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Copolymers of styrene and D.V,B. are empleyed as metrices for
ion exchange resins because styrene monomer is cheap and plentiful,
the copolymers have excellent physicel strength and they arc relatively
resistant to degradation by oxidation, hydrolysis and elevated
temperatures. Recently conventional styrene/bav,B. copolymers have been
modified to form macroreticular ion exchange resins, by incorporating
linear polystyrene within the monomer phase during polymerisa,tionzf6
The linear polystyrene can be removed easily by solvent extraction so
that the resultant beads exhibit high porosity. A greatly increased
rate of diffusion is, thus, obtainéd compared with the conventional
gel type resins having the same degree of crosslinking.

As the glass transition temperature (Tg) of an amorphous polymer
is related to the onset of segmental motion, crosslinking must increase
the Tg due to the greater energy reguired for motion in the more rigid
chains, The effect of D,V.B. on the Tg of styrene/D.V.B. copolymers

T

has been determined’ ' and may be expressed by the equation,

ATg = 5.86 (mole % D.V,B.)

which demonstrates_that'the increase in Tg is directly proportional to
the guantity of D.V,B. present in the copolymer and thus to the degreec

of crosslinking.

1.5 Friedel=Crafts Polymers.

In the presence of Friedel-Crafts catalysts, the polycondensation
of benzyl compounds to yield macromolecular hydrocarbon materinls is a
flexible method for the formetion of aromatic resins with specific

structures and properties. Although the most thoroughly investigated
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monomer is benzyl chloride, benzyl halides, alcohols, ethers and
aldehydes have been employed in the formation of polybenzgyls., Either
a soluble, low molecular weight material which softens at about 20°¢
or a granular solid which ig infusible énd insoluble may be produced
by varying the reaction conditions and catalyst in the reactions
involving benzyl compounds in the presence of Lewis acids.

Much controversy exists about 'the structure of polybenzyl and
four possible structures have been proposed. -

a) Polystilbene.

78

Henne and Leicester’ =~ proposed this structure but little supporting

evidence has been obtained and it is generally not considered very

probable,

b) Linear,

This structure was first proposed by Jacobson? who suggested that the

benzene nuclel were predominantly disubstituted in the para position.

Lo

However, this type of polymer should be crystalline and high melting,

similar to the poly(p-xylylene)s,

-CHz—Q CH ,—
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but polybenzyls do not possess these physical properties.

c) Random Branching.

Flory79 has proposed that polybenzyvl is an example of a polymer
exhibiting rendom branching as shown in Figure 2. This type of structure
would be formed if at any stage in the reaction, every hydrogen on any
benzene nucleus has an identical probability of being substituted,
subject to the directing influences of the existing substitution.

d) 'Sow and Piglet! Branching.

Based on infra-red, oxidative and degradative studies, Haas5 has
presented evidence for a structure consisting of a core of almost
completely substituted benzene rings surrounded by a periphery of
pendant benzyl groups as shown in Figure 3. This structure is supported
by the spectroscopic and kinetic observations of Valentine and Winteré

Although it has been established that polybenzyl is predominantly
composed of phenyl and phenylene groups linked by methylene bridges,
some doubt still remains concerning the detailed structure. The
majority of experimental evidence suggests that the structure proposed
by Haas is the true representation, but the effect of steric crowding
‘due to the adjacent benzyl groups appears to have been neglected., A
more reasonable structure seems %o be one in which the average degree
of substitution, in 21l but the peripheral benzyl groups, is lower
than that suggested by Hsas. Parker8o has proposed that a more
reasonable value for the average degree of substitution is three and
hag suggested the structure shown in Figure 4. In addition, he has
observed that the analytical results for the sdluble and insoluble
resins are virtually identical and hence deduced that the structures
of both types of polybenzyl are similaw.

A very flexible approach to the formation of aromatic resins
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involves the Friedel-Crafts condensation between an aromatic
dichloromethyl compound and another aromatic compound. The condensation
of p—di(chloromethyl)benzene (D.C.M.B.) and diphenyl ether in the
presence of stannic chloride is a simpie example of the use of this

14

alkylation reaction in the synthesis of a prepolymer. Harris = has
shown that additional heating effects the rapid curing of this prepolymer,

by the D.C.M.B. already present, with evolution of HC1.

SnCl4
Cl—CHZ-C6H4~CH2—Cl ------- ) {}6H4-O-C6H4—CH2~C6H4—CH2?5—
Heat
+
¢ H.-0-C.H ,
,6 5 675 SnCl4
—————— Crosslinked Resin 4 HC1
Heat
D.C.M.B,

Phillipslo algo discovered that D.C.M.B. may be employed as a coupling
agent in the development of polybenzyl with useful properties. OVthults
and Ketley81 have used this type of condensation to investigate the
effect of methyl substitution in the aromatic rings of polybenzyls.
They demonstrated that by varying the number and position of the methyl
substitutuents in tﬁe aromatic nuclei of the comonomers, both the
melting point and crystallinity of the resultant polymer could be
oéntrolled.

Crosslinked polymers of the above type, having greal inertness
and heat stability, high fibre adhesion and non-corrosiveness to metals
are novw being produced commercially by two disfinct processes,. In the
first?2 benzyl chloride is self-condensed in the presence of stannic
chloride and then the prepolymer is cured in the presence of‘stannic

chloride and dimethyl-p-xylenyl ether (D.M.X.E.), to vield a hent
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. 83
resistant polymer, The second ”

oné more successful method involves
hez¥ing a mixture of D,C,H.B, or D.I.X.E, and vhenol, using stannic
chloride &s the caizlyst., Following formation of the prepolymer,

crosslinking is induced by hexamethylenetetramine (H.W.P.A.), which

forms sizsble methylene linkages.

. Snil

CH.,~0~CH, ~C H ,~CH, ~0=CH. e G H —~CH. ~C T e

3 o 6H4 CH? G CH3 + 06H5 0H 3 CH2 06H4 CH2 CéHB ”
Heat

O
Heat
ﬁfﬁfﬁtﬁ%ﬁard Intractable Resin
i)
¥ 3

In praciice a mixture of substituied phenols is used to vary the
properties of the products as is reguired.

15-23 .

Grassie a2nd Heldrum have demonstrated the versatility of
Friedel~Crafis Polymers further with a detailed investigation of the
producis and kinetics of the condensation of benzene, diphenyl methzne
(D.P.K.) 2nd benzyl chloride with D.C.K.B., using stannic chloride ==&
the catalysi, Their results indicate that the freguency of brancﬁing
in the polymer and hence both its thermal ard physiczl properties can
be greatly influence& br changes in the aromatic comonomer. Figure:s
5,6 and 7 illusirate the initizl sitzges of the three reactions,

tz of 1the reaction between benzene

P

respectively, The first iwo produc
and D.C.H.B. must be linezr but thereafter Grossie and Meldrum have

shown that branching ocours 2% the earliest possible stoge, due to the

[
Q

ereater rate of substiiuiion into diszubstituted nuclei than in
ponosubstituied nuclei., It can be sesn, therafore, that a hishly
branched structure will be formed preferably in the reaciion belween

benzene and D.C,I1.3,, tut 2 mixivre of linezr z2nd bronched chains
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C.H
676
C1=CH,~C H ,~CH ~ ~CH,~CH =Cll_=C i
OHy=OgH,=Cli,=C1  —=——)  Cl-CH,~C(H,~Cl~Cgil, 4 HC1
CcHe
— OgHy=CH y=C gl ~CH,~C(Hly +  HCL
- D.C.M.By 06H5—CH2~?6H3—CH2~06H5
CH,
I
?6H4 +  HC1
CH,~C1
C6H6 S
——d C6H5-CH2-<|36H3—CH2-06H5
.
?6H4 +  HC1
i
CgHly
D.C.M.Ba
el ‘06H5-CH2~?6H3—CH2~C6H5
CH,
CgHy=CH,~C sH ~CH,~C1
&
Cglly  +  HCL

Figure 5. One Possible Reaction Sequence in the Benzene/D.C.M.B.

Condensation,



Cl-uH 6H4~CH2—07 + C6H5—CH2—C6H5

+ HC1

1-CH, ~ -C
..9;2&2&;9 C H_=CH,.~C H,~CH 5=CgHly=CH=C (H ~CH,,=C (H + HC1
6°5 "2 V64 674 2 V64 65

4‘ - - - - o . e - - - T
D.C.R.Bé C6H5 CH2 f6H3 CH2 06H4 CH2 C6H4 CH2 06ﬁ5
i
?GHA + HC1

CH2-01

Figure 6. One Possible Reaction Sequence in the D.P.M./D.C.M.B.

Condensation,

06H5—0H2—Cl —_— C6H5-CH2-?6H3 CH -C1 + HC1

+ CH,~C1
01~CH,~C(H -~CE =01 +
C1~CH,=C ¢, ~CH,=C (H, =CH,~C1 + HC1
CgHs=CH,~C1
+ y  CgHs=CH,=C(H,=CH,=Cl  +  HCl
Cglls=CH,=C1 |

Figure 7. Possible Initial Steps in the Benzyl Chloride/D.C.M.B.

Condensation.,



consisting of alternating methylene and benzenoid groups, which

rapidly increases in complexity, is formed as the reaction progresses.

6H4 CH2 !6 3~CH --C6H4
i
]6 3-CH ~f H3 UH C6 4
CH2 CH2
?GHﬁ | ?6H4
.
C6H4

Further iﬁformation concerning the products and kinetics of formation
has been obtained by studying the condensation between D.P.,M, and
D.C.M.B., whicﬁ yields less highly branched products, although they
possess an identical basic methylene/phenylene structure, In this
reaction the earliest possible stage at which brenching cen occur is
after a linear product containing five aromatic nuclei is formed, and
the subsequent branches also contein greater linearity. The products
of the condensation between bengyl chloride and D.C.M.B, were found
to be very complex due to the self-condensation of benzyl chloride
which occurs in addition to the benzyl chloride/D.C.M.B. condensation,
This made separation and identification of the products very difficult
since rapid formation of extremely highly branched structures occurs
in this system.

These investigotions have demonstrated that by careful separation
and analysis of the reaction productsz, the mechanism and kinetics of
polymers of the polybenzyl type structure may be determined. The effect

of changes in the neture and initinl proportions of the rezctents on
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the structure and properties of the producis should, therefore, he
capable of estimation,

The synthesis of polybenzyls containing heterccyclic units has
also been achieved by Grassie and Meldrum, employing the reaction
between aromatic heterocyclic compounds and D.C.M.B. Measurement of
the relative thermal stabilities of these products by Thermal
Volatilisation Analysis indicated that of the polymers prepared, the
thiophene (T)/D.C.M.B. polymer was thermally more stable than the
benzene/D.C.M.B. polymer, For this reason, Grassie and Colford24’25
investigated the kinetics and products of the ?/D.C.M.B. condensation,
and their observations indicated that the chloromethyl groups react
preferentially with the thiophene nuclei rather than with the benzene
nuclei. This means that in the initial stages of the reaction the
products will be much less branched than in the benzene reaction and
the majority of branches formed in the later stages of the condensation
will occur at the thiophene nuclei. Another basic structural difference

compared with the benzene polymers is that intramolecular cyclisation

occurs to form structures of the type,

//CH2 C6H CH
2
\ /

CH C6H4

and incorporation of these structures into large, complex molecules
will result, effectively, in a partial ladder structure, thereby
accounting for the higher thermal stability of the thiophene/D.C;K.B

polymers.,
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1.6 Object of the Current Investipation.

Following these investigotions into Friedel-Craf+is Polymers,
the reaction between aromatic nuclei present in linear polymers and '
D.C.M.B., could prove a valuable method for the synthecis of crosslinked
polymers. Friedel=-Crafis alkylations between polystyrene and D,C,1.B,
should provide a synthetic route %o producing polystyrenes with more
flexible crosslinks than those present in the rigid chains of
styrene/D.V.B. copolymers. The zim of the present investigation,
therefore, is to study the kinetics and mechanism of the crosslinking
of polystyrene by D.C.M.B., using stennic chloride as the catalyst, in
1,2-dichloroethane solution. Since styrene may be polymerised by
Friedel=Crafts catalysts, it should be possible to produce crosslinked
polystyrene using a two stage process involving prepolymerisation and
curing.

a) Prepolymerisation.

SnCl
CHé=CH ———————— —CHQ-CH—
Cglls CgHs
b) Curing.
SnCl4
~CH,=CH-~ ——— —)  =CH,~CH~
+ cH, + HC1

m-cn;@— CH,~C1

Cd%-Cl



SnCl4
—————— ~CH,-Cli-
~CH,,=CH~ -
2
CH,, + HC1
. [ag
CH,, + on014
-CH-CH,,~

The method should also be applicable for crosslinking copolymers

containing small percentages of styrene.
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CHAPTER TVWO,

EXPERIMENTAL TECHNIQUES AND APPARATUS,

2.1 Manipulation of Reactants.

Accuracy is essential in kinetic experiments, and for this
reason particular attention must be paid to the purity of the reactants.
This section, therefore, describes the rigorous procedures which were
employed to ensure the degrée of reproducibility reouired.

Since fraces of water and other impurities, especially residual
drying agents,'are known to have a profound effect upon catalysed
reactions of the type being studied, strict precautions must be taken
to minimise contamination. All reagents were purified and dried using,
wherever possible, all glass apparatus with break seals instead of
stopcocks, in order to prevent contamination by vacuum grease which
can easily be ‘tcarried! during a distillation. Pyrex glassware, which
was used throughout, waé washed and dried thoroughly before use and

~

was always flamed out at a pressure of less than 10 torr immediately
before sealing off. The purity of all the reactants, except polysiyrene
and stannic chloride, was checked by Gas Chromatography.

a) Purification of p=Di(chloromethyl)bengene,

p-Di (chloromethyl)benzene (D.C.M.B.) (Bush, Boake and Allen Lid.)
was recrystallised from methanol (B.D.H., Ltd., Anzlar Grade) until a
constant melting point (99000 was obtained. This white crystalline

o )
solid wos dried in s vacuum oven at 60 C for 24 hours to enzure the
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complete removal of solvent residues.

b) Purificetion of Styrene,

Preliminary drying of styrene (Forth Chemicals Ltd.) was carried
out by storing over calcium hydride at atmospheric pressure, at OOC,
for one week, After filtering, the partially dried styrene was
degassed several times, by the freezing and thawing method, and
distilled under vacuum on to finely divided calcium hydride in a
storage ampoule, shown in Figure 8, The ampoule was then sealed off
under vacuum at constriction A, at a pressure of less than 10~4 tore,
and stored for a period of at least one week at a temperature of 0009
during which time it was intermittently agitated. Drying was completed
using the apparatus shown in Figure 9 in which B is the storage ampoule
described in Figure 8. The apparatus was evacuated and sealed off at
constriction g} Break seal D was then broken using a magnetic stirrer
encased in glass and the styrene was distilled into a storage ampoule
E, which was then sealed off at constriction F. As purification could
not be improved by further drying or distillation, the styrene was
stored in the storage ampoule E, under high vacuum at OOC, until
reguired., Storage at OOC was necessary 1o prevent polymerisation, since
the inhibitor, p-tert butyl catechol had been removed in the distillation.

- ¢) Purification of Toluene.

Toluene (B.D.H., Ltd., Analar Grade) was purified using exactly
the same procedure as for styrene, except that it was finally stored
at room temperature.

d) Purification of Stannic Chloride.

Phosphorus pentoxide was added to G in Figure 10 via the aperture
I vhich was then sealed off under atmospheric pressure. The apparatus

was then evacuated, and the phosphorus pentoxide purified by
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Figure 8. . Figure 10.

Figures 8 and 10. Typical All-Glass Ampoules,
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Figure 9. Greaseless Distillation Apparatus.
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sublimation into H, The ampoule was finally cealed off at Je

Stannic chloride (Anhydrous, B.D.H. Ltd., Reagent Grade) was
quickly traensferred from its sealed container to a reservoir which
wes then attached to the vacuum apparatus and evacuated., The stamnic
chloride was degassed several times and distilled under vacuum on to
the freshly sublimed phosphorus pentoxide in the drying ampoule H.
After sealing off the drying ampoule at constriction K, at a pressure
of less than lOm4 torr, the contents were stored for at least one week
in the dark. Following this drying procedure the stannic chloride was
distilled under high vacuum into a storage ampoule using apparatus
similar to that described in Figure 9, except that storage ampoule B
has been replaced by drying ampoule H. Using similar all glass apparatus,
the stannic chloride was redistilled to ensure that all traces of
dissolved phosphorus pentoxide had been removed. Stannic chloride was
stored in the dark at all times, when not in use, to prevent radical
decomposition by light.

e) Purification of 1,2-Dichloroethane.

1,2-Dichloroethane (D.C.E.) (B.D.H, Ltd., Reagent Grade) was
pre-=dried over phosphorus pentoxide at atmospheric pressure for at
leagt one‘week. The D.C;E. was then filtered into a reservoir and
purified and dried using exactly the same technigues as those used
for stannic chloride. It was not necessary, however, to store D.C.E.
in the dark.

f) Purification of p-Methyl Benzyl Chloride.

p-Methyl benzyl chloride (M.B.C.) (Emanmuel Ltd.) was purified
and dried using exactly the same procedure as for D.,C.E.,, except that
the pure, dry M.B.C. was stored at 0% o prevent self-condensation.

Great difficulty was encountered during distillation of the N,B.C.



owing to its high vapour pressure,

2.2 Prevaration of Standard Solutions.

As only small quantities of stannic chloride were reouired, the
following method using standard solutions of stannic chloride in D.C.E,
was devised to allow reproducible introduction of small amounts of
stannic chloride into the reaction ampoules. In all series of reactions
except those involving toluene, the concentration of the standard
solution was 0,0868 mole/1. (described below) and in the case of the
toluene experiments the standard solution had a concentration of
0.434 mole/1,

The apparatus shown in Pigure 11 was evecuated and sealed off et
constriction L. After breaking the break seal M, 1 ml. of stannic
chloride was pouréd from its storage ampoule N into the 1 ml. graduated
ampoule O which was then sealed off at constriction P. The remaining
stannic chloride was then distilled into storage ampoule Q, sealed off
at constriction R and stored in the derk until required.

Using an identical type of apparatus 99 ml. of D.C.E., were
transferred into the 100 ml. graduated ampoule S and the remainder
distilled into the étorége ampoule T and stored for future use.

Having now obtainéd the reguired quantities of stannic chloride
and D,C.E,, these were distilled into storage ampoule U using the
apparatus shown in Figure 12, After evacuation the apparatus was
sealed off at constriction V, the break seals ¥ and X were broken
and the stannic chloride and D.C.E. were distiiled from graduated
ampoules 0 and S, respectively, into storage ampoule U which was
Pinally sealed off at constriction Y.

TIn the interest of accuracy graduated ampoules were chosen =0
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that their volumeszs were as close to the required quantities as
possible. The standard solution was now stored in the dark until
required. It should be noted that at no time was the catalyst allowéd
to come into contact with any reagent other than solvent until

commencement of a reaction was desired.

2.3 Prevaration of Polystyrenec,

Polystyrene was used as a reactant in a number of the series of
experiments to be described in this thesis,

a) Polymerisation of Styrene,

24 ml, of styrene were transferred from its storage ampoule into
a 50 ml, gradu&ted ampoule and sealed off under high vacuum using
apparatus identical 4o that shown in Bigure 11. The remaining styrene
waes distilled into the storage ampoule, sealed off and stored at 0°c.

Using an identical procedure, 12 ml. of the stondard stannic
chloride solution were transferred to a 15 ml. gradu=ated ampoule and
the remaining standard stannic chloride solution transferred to the
storage ampoule, both ampoules being sealed off under high vacuum at
the appropriate times. It was necessary to pour the stannic chloride
solution as stannic ohléride and D.C.E. would not distill with
equivalent velocities.

204 ml.of D.C.E. were transferred into a 250 ml. gradu=zted
ampoule under high vacuum from a storage ampoule using apparatus
similar to that described_in Figure 9. The graduated ampoule was sealed
off but it wasvnét necessary to retain the remaining D.C.E, as about
200 ml. is the meximum which can be handled practically.

Having now prepared the quantities of styrene, D.C.E, and stendard

stannic chloride sclution desired for the polymerizztion of =trrene,
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the apparatus shown in Figure 13 was used to tranafer the rencianis
into the reaction vessel. After evacuating, the apraratus was sealed
off at constriction Z. Break secals a and b were broken and the styrene
and D.C.E. were allowed to distil from graduated ampoules d ond e
respectively, into reaction vesselig. Once transfer of the styrene

and D.C.E, was complete, break seal ¢ was broken and the stannic
chloride sclution was allowed to distil from graduated ampoule f into
reaction vessel g. Distillation of the stannic chloride solution wasg
acceptable in this case since thehentire contents of graduated ampoule
£ were being transferred. Since reaction veszel g was at -196°¢ during
the distillation, as with all the distillations which have been and
will be described, no catalysis can occur., Once‘the distillation of the
stannic chloride solution was complete the reaction vessel was sealed
off under high vacuum at constriction h.

The contents of reaction vessel g were thawed, mixed as quickly
as possible and the reaction vessel was immersed in a stirred,
thermostatically controlled water bath at 30 z O.SOC‘for 30 minutes,
The reaction vessel was then opened and the conlents precipitated by
pouring slowly into 2.5 1. of methanol which wes being stirred
constantly. A fine, whife precipitate of polystyrene was filtered,
washed several times with methanol and dried in a vacuum oven at 60°¢
for 24 hours. The polystyrene was then redissolved in 250 ml. of
1-4 dioxen (B.D.H. Ltd., Analar Grade), reprecipitated into methanol,
filtered, washed and dried as before, By weighing the polystyrene
obtained it was féund that approximately 40 % ﬁolymerisation had
occurred.

This procedure was repeated five times to obtain sufficient

polystyrene to perform all the desired reactions. Once they had been
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Figure 14. Polystyrene Pre-heating Purification Apparatus.



prepared, all six samples werec dissolved in dioxan, the solutions
combined and reprecipitated, filtered, washed and dried as described
previously.

b) Purificotion of Polystyrene,

Analysis of the 'purified’ polystyrene by infra-red and Thermal
Volatilisation Analysis showed that it contained residuzl, trapped
dioxan and, as it is known that stannic chloride forms complexes with
ethers, removal of the occluded dioxan became necessary.

The apparatus shown in PFigure 14 was devised to eliminate the
dioxan from the polystyrene. The quantity of polystyrene required for
a reaction was weighed into reaction vessel 1, which was then attached
to the vacuum apparatus. After evacuation of the apparatus, Ehe reaction
vessel containing the polystiyrene was heated, using a silicone oil bath
and electric heating mantle, to 180°¢ for 45 minutes?4 A pirani gauge
was used to follow the evolution of the dioxan from the polystyrene,
When‘all the dioxan was removed, the reaction vessel was sealed off
under high vacuum at constriétion j and the polystyrene stored under

high vacuum until reguired. Analysis of the pre~heated polystyrene

showed no occluded compounds were present,

2.4 Condensation Reaction Procedure.

Four distinct condensation reactions have been studied;aﬁd in
order that full kinetic data might be obtained, each reaction was
studied for varying times at various concentrations of all three
reactants. For each type of reaction only one éet of reactant
concentrations has been chosen, at this stage, to illustrate the
procedure, The brocedure described here allows for the prepafation of

five identical solutions, simultaneously.
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) Styrene/D.C.HLRB. Condensation.

5 ml. of styrene were transferred into a 5 nml. graduated ampoule,
the remaining styrene being distilled into the storage ampoule, under
high vacuum, using apparatus similar to that shown in Figure 11. Using
an identical procedure, 2.5 ml. of standard stannic chloride solution
and 42.5 ml. of D,C,E., were isolated from their mzin batches, under
high vacuum, in 5 ml. and 50 ml. graduated ampoules, respectively. The
standard solution of stannic chloride in D.C.E. was aiways shaken
.vigorously before use and in transfer reactions of all types involving
styrene, speed is essential to reduce the possibility of unwanted
polymerisation. The apparatus shown in Figure 15 was now employed to
distribute the standard stannic chloride solution from its present
position in graduated ampoule k into each of the five 1 ml. graduated
ampoules 1, on the periphery of the central reservoir m. The apparatus
was evacuated, secaled off at constriction n, break seal o was broken
and the standard stannic chloride solution transferred to the central
reservoir m. 0.5 ml, of the stannic chloride solution was then
introduced into each graduatéd ampoule 1 which was then sealed off at
‘constriction p. 1 ml. of styrene and 8.5 ml, of D.C.E. were introduced
into five 1 ml., and fivé 10 ml. graduated ampoules, respectively, by
an identical procedure.

The apparatus shown in Figure 13 was now constructed with
graduated ampoules containing the above quantities of styrere, D.C,E,
and stannic chloride in positions d, e and f, respectively. 0.5 g. of
D.C.M,B, was weighed into reaction veszel g which was then attached at
point h. Following evacuation, the apparatus was sealed off at
constriction Z and after breaking break seals a and b, the styrene

and D.C.E., distilled on to the D,.C.H.B, Once distillation was comnlete,
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break seal ¢ was broken and the stannic chloride solution was allowed
to distil into reaction vessel g. When this distillation was complete,
the reaction vessel was sealed off at constriction h and kept at -196°¢
until reguired. Thus, by using this technigque, five identical solutions
of reactants were formed, the quantities being designed here, as in all
other cases, so that the total reaction volume was 10 ml.
Fach reaction vessel was then thawed, mixed as ouickly as possible

and immersed in a stirred, thermostatically controlled water bath at

+ o . .
30 = 0.5°C for a predetermined time, after which the reaction vessel
was opened and the contents precipitated and purified in an identical
manner to that alfeady described in the preparation of polystyrene,

b) Polystyrene/D.C.M.B, Condensation.

Stannic chloride solution was transferred from its storage
ampoule and distributed into five 0.5 ml. portions in 1 ml. graduated
ampoules as described in the previous section and D.C.E. was similarly
transferred and distributed into five 9.5 ml. portions contained in
10 ml. graduated ampoules. For this reaction, the apparatus shown in
Figure 16, in which r and s contained the D.C.E. and stannic chloride
solution respectively, was used. 0.5 g. of D.C.M.B. was weighed into
each reaction vesselig_ﬁhich contained 1;0 g. of pre-heated polystyrene
and this was then attached to the apparatus at point v. The apparatus
was evacuated and sealed off at constriction g and after breaking break
seal t, the D.C.E. was allowed to distil on to the polystyrene and
D.C.M.B, in reaction vessel 1. Once distillation was complete, the
resction vessel contents were allowed to thaw and left until the
polystyrene which, due to pre-heating, was solid and not a pqwder as
before, had dissolved. The reaction vessel was then refrozen, break

seal u brolken and the stannic chloride solution allowed to distil into
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the reaction vessel. On completion of distillation, the vresction
vessel was cealed off at constriction v. An identical procedure wag
uged for all five reactions,

The contents of each reaction vessel were thawed, mixed and
allowed to react as in the styrene/H.C.M.B. condensation, After 2
rredeternined time, reaction was terminated and the reaction products
purified as described in the synthesis of polystyrene.

¢) Polystyrene/,B,¢, Condensation.

By employing a procedure identical to that used in the styrene/
D.C.M.B, condensation, five 1 ml. graduated ampoules containing 0.5 ml.
Qf M.B.C,, five 1 ml. graduvated ampoules containing 0.5 ml. of stannic
chloride solution and five 10 ml. graduated ampoules containing 9.5 ml.
of D,C.E, were prepared,

On this bccasion, the apparatus used to fill the reaction vessels
was that shown in Figure 17. 1.0 g. of pre-heated polystyrene in |
reaction vessel i was attached at point 7, the epvaratus was evacuated
and sealed off at constriction 8. Break seal 1 was broken and the
D.C,E, was allowed to distil from graduated ampoule 10 into the reaction
vessel, The contents of the reaction vessel were allowed to thaw, the
polystyrene allowed to dissolve and then the contents were refrozen.
Break seal 2 was now broken and the M,B.C, allowed to distil into the
reaction vessel, The polystyrene was not allowed to dissolve in the
presence of the M,B.C., which has a much higher reactivity than D.C.M.B,
On the completion of distillatioﬁ, the stannic chloride solution wags
allowed to distil through break seal 6 and finélly the reaction vessel
i was sealed off, under high vacuum, at constriction 9. Again a similax
procedure was employed for all five reactions.

In these reactions, as before, condensution was allowed to
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procecd at 30%¢ and terminated by the addition of distilled wataer Trom
reservoir 3, via break seal 4 which was broken by a glass rod. The
water and reactents were shaken vigorously, poured into a conical flerk,
the reaction vessel was washed out thoroughly and the washings added to
the flask. The contents of the flask were then titrated with 0.1 N
sodium hydroxide solution using p-nitrophenol as an indicator, in

order to determine the quantity of HC1l evolved during the reaction.

d) Toluene/D,C.}.B. Condensation.

1.0 g. of D.C.M,B, was weighed into an empty reaction vessel 5
which was then attached to the apparatus shown in Figure 17, at point 7.
Five 1.0 ml. graduated ampoules containing 1.0 ml. of toluene, five
1.0 ml. graduated ampoules containing 0.5 ml. of stannic chloride
solution and five 10 ml. graduated ampoules containing 8.5 ml. of D.C.E,
were obtained By the method described for the styrene/D.C.M.B. reaction.
- The apparatus was evacuated and sealed off at constriction §, the
toluene and D.C.E. distilled into the reaction vessel by breaking
break seals 1 and 2 respectively, and when distillation was complete,
break seal é'was broken and the stannic chloride solution ailowed to
distil into reaction vessel 5, which was then sealed off at constriction
9, under high vacuum.

The contents of all five reaction vessels were allowed 1o react
at 30°C for predetermined times and the condensations terminated by
distilled water as in the polystyrene/M.B.C. reaction. Again the HC1
evolved was titrated but in addition, the organic layer was extracted
with D,C.E., washed with distilled water, drieé over anhydrous sodium

sulphate, filtered and the D.C.E. allowed to evaporate, leaving the

reaction products,
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2.5 Spectrescopic Analysis,

a) Infra=-red.

Using the KBr disc technigue, infra~red spectra of the polymers
were recorded on a Perkin-Flmer 225 Grating Infra-red Spectrovhotometer,
whereas the spectra of the products obtained from thermal degradative
studies, whether solid, liquid or gascous were recorded on a Perkin-
Elmer 257 Grating Infra-red Spectrophotometer using NaCl plates.

b) Ultre-violet.

A Unicam S.P. 800 Ultra=violet Spectrophotometer was used to
record ultra~violet and visible spectra of the polymers. Quantitative
measurements were made using a 0.1% solution of a polymer in chloroform
(B.D.H. Ltd., Analar Grade) in 5mm. quartz cells.

¢) Nuclear Magnetic Resonance.

N.M,R. Spectra were obtained on a Perkin-Elmer R.10 60 Mc/s

 Spectrometer, in deutero~chloroform solution.

2.6 Molecular Weight Measurements.

The basic equation relating osmotic pressure (77) to number

average molecular weight (ﬁ;) is the van't Hoff expression,

where R and T have the usual significance and ¢ is the concentration
of the polymer solution in g./lOOg.

Molecular weights were obtained by measuring the osmotiec pressure
of solutions of the polymers at different concentrations and by

plotting ﬁ:versus c. The straight line obtained was extrapolated to
c



find (M) , the value of 1 when ¢=0 (at infinite dilution). A simple

c)o 85 c
conversion factor,” 2.53 x_lg? gives I directly.
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ﬁ£ may be represented by,
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where Ni is the number of molecules of molecular weight Mi.

Molecular weights were measqred on a Hewlett-Packard 501 High
Speed Membrane Osmometer with Cellophane 300 membranes at 2500. For
molecular weights between 1,000,000 and 20,000 a 1% solution of polymex
in toluene was used and for the measurement of molecular weights between

20,000 and 5,000 a 0.2% solution of polymer in toluene was used.

2.7 Thermal Methods of Analysis.

a) Differential Thermal Analysis. (D.T.A.)

In this technique86 a sample and inert reference are heated or
cooled at a known, fixgd rate. The sample temperature is continously
compared with that of the reference material, their temperature
difference, AT, being piotted continuously as a function of the
furnace temperature, T.

The D,T.A, module fitted to the Du Pont 900 Thermal Analyzer
consists of a furnace or heating block into which two glass tubes
containing the sample and reference, respectivély, are placed.
Therﬁooouples are inserted into the sample and reference and the whole
assembly is covered by a bell jar to permit a controlled atmdsphere.

This method of analysis is extremely sensitive and sc that



» W< PR . N
meaningful comparisons can be made beiwecen samples, such Tactors as
sample size, consistency of packing, heating rate, atmosphere and
thermocouple position must be reproducible.
All samples were analysed in a very finely divided sinte since
thermal conductivity is being measured, under an atmosphere of nitrogren,
t a heating rate of 10°¢/m '
at a heating rate of 10 C/mln. and the sample size was 10mg.

b) Differential Scanning Calorimetry. (D,S.C.)

The D,5.C, technique is related to the D.T.A, method, the main
practical difference being that the sample is enclosed in an
aluminium pan and the reference is an empty pan., In theory D.5.C.
should measure the differential energy required to maintain a sample
and inert reference at the same temperature. This necessitates separate
heaters for the sample and reference and a thermocouple circuit to
signal an imbaiance and increase the power to the semple during an
endothermic transition or to the reference during an exothermic reaction,
The area under the curve when heat change is plotted against temperature
can be equated with the heat of reaction., The Du Pont 900 Thermal
Analyzer fitted with the D.S.C. cell is not a true D.S.C. instrument
as described above, In fact, it is a carefully designed D.T.A. cell
which produces a differential temperature peak rather than a differential
energy peak but heats of reaction can be obtained from the arca under
the curve with good calorimetric accuracy.

Calibration of the D.S.C, cell is achieved using known heats of
fusion of metals and a calibration coefficient'is obtained for the cell

at the temperature at which the peak occurs for each metal using the

equation,

E = AHa

L AT



<50

vhere & is the calibration coefficient,

A T is the heat of reaction (cal/g.),

2 is the heating rate (°C/min.),

T is the X-axis scale (°C/in.),

AT is the Y-axis scale (OC/in.),

A is the ares of the peak (sq. in.),

W is the sample size (g.).
Once E has been determined for that series of temperatures, a graph of
E versus T, as shown in Figure 18, enables the calibration coefficient
to be obtained for the temperature at which the peak of interest occurs.
Knowing E, and rearranging the equation, unknown heats of reaction are
- easily obtained from the peak area,

Again so that comparisons could be made between samples, 10mg.
samples, clogsely packed in flat pans were always heated in a nitrogen
atmosphere at 1OOC/min.

¢c) Thermooravimetric Anelysis, (T.G.A.)

Thermogravimetry is used to study the weight loss of a material
as a function of time in an isothermal operation or as a function of
temperature in a linear temperature programmed operation. In this
study, weight loss is only studied as a function of a fixed heating

rate.

The Du Pont 950 Thermogravimetric Analyzer employs a null type
balance in which any weight change/gn the sample is opposed by an
equal restoring force applied to the beam. This restoring force is
then a measure of the change in the weight of fhe sample., The 0.5kw.
furnace is capable of operation up to 1200°¢ and the curve of weight

loss versus sample temperature is plotted on an X-Y recorder.

, o .
As before a heating rate of 10 C/mln. wes used to heot 2 10mg.



sample in a platinum pan, in an atmosvhere of nitrogen. Packing vas
necessarily loose in this case, as the pan is suspended very delicately
and the thermocouple is not in the sample but exiremely close to the
outside of the pan, |

d) Thermal Volatilisation Analysis., (T.V.A.)

87

This technique was devised by licHeill ' and measures the thermal
conductivity of the volatile material evolved from a heated polymer
sample which is being continuously pumped. The differential condensation
T.V.A, apparatus (D.C.T.V.A.) shown in Figure 19 was later developed
by McNei1188 and is a modification of the original equipment which
employs a series of five traps maintained at different tempecratures.
After each trzp is placed a Pirani gauge which measures the transient
pressure of a material not condensed by that particular trap. The
responses from the Pirani gauges are fed into a multi-point recorder
so that they are recorded simultaneously. These traces of the responses
are a measure of the rate of volatilisation ageinst time., Each trace
obtained gives an indication of the volatilities of the various products
as well as the temperature a2t which they are produced. It has been
found that polymers give very characteristic curves and much information
about stability, reaction mechanisms and the nature of the volatile
products can be deduced. Also, further information about the products
can be obtained by analyéis of the volatile materials which have
condensed in the various traps, the short chain fragments which
condense on the walls of the reaction tube outside the furnace and
the residue.

A separate temperature versus time trace is also.recorded so
that when a linear temperature programme is used, as in normal practice,

A

any deviations of the heating rate from linearity may be checked., As
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T.V.A, is carried out under high vacuum, on loosely packed 50mg.
samples, exact comparison of results with T.G.A. carnot be made due to
the difference in conditions. However, similar trends should be present

and the information obtained should be complementary.

2.8 Gas Chromatography.

Qualitative analysis of the purity of the reactants was carried
out, wherever possible, using a Microtek G.C, 2000R Gas Chromatograph
with a flame ionisation detector using 1 % silicone gum (S.E. 30) on
Embacel 100/120 columns. A linear temperature programme of looc/min.,

between SOOC and ZOOOC, was used.

2.9 Elemental Analysis,

Micro-analysis of the polymers was carried out by the complete

combustion technique, using a Perkin-Elmer 240 Elemental Analyszer.

2.10 Styrene/Methyl Methacrylate System.

Since only a preliminary investigation into this system was
undertaken, it was not thought to be necessary to employ the rigorous,
time-consuming procedures described previously, to obtain the high
state of purity desired for the styrene system, which was investigated

-

in detail. Instead of working at pressures of less than 10 ' torr,
all reactions were performed under nitrogen.

a) Purification of Reagents.

Methyl methacrylate (I.C.I., Ltd.) was purified by distillation
under vacuum and drying over calcium hydride at OOC, as described
for styrene. Azobisisobutyronitrile (Eastman Organic Chemicals Lid.)

was recrystallised from ethanol and dried at room temperature for



24 hours in a vacuum oven to ensure complete removal of solvents.

The following substituted siyrenes,

2,6-dinethyl styrene, m-methyl styrene,
m—-chloro styrene, p-methyl siyrene,
p—~chloro styrene, p-methoxy styrene,

(Koch=Light Laboratories Ltd.) were obteined pure. 95 % ethanol
(Burroughs Ltd.) was dried with fresh sodium wire, before use.

"~ All other reagents were purified as described in the previous
sections of this chapter and the standard stannic chloride solution
was also prepared by the procedure described earlier.

b) Polymer Syntheses.

Values for the reactivity ratios for the free-radical
copolymerisation of methyl methacrylate and styrene at 80°¢ were not
listed in the literature. However, the known values of reactivity
ratios at different temperaturess9 wore plotted against temperature
and from the linear relationship obtained, the reactivity ratios for
ﬁethyl methacrylate (gA) and styrene (rB), at 80°C were evaluated

as follows,

rA = 0.48
rB = 0.54.

The ratio of methyl methacrylate to styrene required for the preparation
of 1/1, 5/1 and 10/1 copolymers was calculated from the copolymer

composition equation, which can be rearranged to give,

BgrBdA + AB(dA - dB) - A°rdB = O
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vhere %% is the ratio of methyl methacrylate to styrene in the
desired copolymer,
%’is the ratio of methyl methacrylate to styrene in the
monomer nixture.

During the copolymerisation reaction, the concentrations of the
monomers will change as they will react with different velocities. The
result of this is that the copolymer composition will change and
therefore, no copolymerisation was allowed to proceed beyond 20 %
conversion,

A small scale pilot reaction was carried out for each copolymer
in a 50 ml. three-necked, round bottom flask. A solution of 2.5 ml.
of the calculated monomer mixture and 0.5 g. azobisisobutyronitrile
was made up to 25 ml. with ethanol and refluxed under nitrogen, for
30 minutes., On cooling, the copolymer precipitated, was filtered and
dried ét 8000 in & vacuum oven for 24 hours. It was then reprecipitated
from dioxan by pouring into a 50 % methanol/distilled water mixture,
filtered and dried as before. The percentage polymerisation was
determined by weighing. Knowing the extent of polymerisation obtained
jin a reaction time of 30 minutes, the copolymerisation time for 20 %
conversion was found and used to prepare the series of copolymers
on a 500 ml. scale, using similar apparatus. The exact copolymer
composition was then determined by elemental analysis, which gave the
relative quantities of carbon, hydrogen and oxygen present in each
copolymer.

Copolymers of methyl methacrylate with tﬁe substituted styrenes
an& poly(methyl methacrylate) itself were prepared using an identical

procedure. Polystyrene was prepared as described earlier and dioxan

wag removed from &ll the homopolymers and copolymers by reprecipitation



from chlorcform, which does not react with stannic chloride.

c) Crosslinking and Cyclisation Reactions.

Quantitative details of these reactions will be given leter,
as it was found necessory to discuss these with the results obtained.
Only the reaction conditions will be given here,

A solution containing known weights of a copolymer, D.C.HM.B.
and a known volume of standard stannic chloride solution, was made up
to 20 ml. with D.C.E. in a 50 ml. round bottom flask, which was then
sealed after being flushed with nitrogen. It was immersed in a stirred,
thermostatically controlled water bath at 60 r 0.500. This solution
was used 1o investigate the crosslinking recaction, whereas exactly
the same solution with no D.C.M.B. present was used to study the
cyclisation reaction.

The reaction mixtures were either allowed to gel or were
precipitated into a 50 % methanol/distilled water mixture and purified

as described previously.



CHAPTER THREE,

PRELIMINARY OBSERVATIONS.

3.1 Introduction.

Before undertaking a detailed kinetic investigation of the
reaction between styrene and D.C.M.B., using a Friedel=Crafts catalyst,
it was necessary to establish conditions under which the condensation
could be conveniently followed. Although only one catalyst is present
in the reaction mixture, two distinct condensations are occurring
simul%aneously; The cationic polymerisation of styrene, which has been
studied in detail?e is known to be extremely rapid but the Friedel-
Crafts alkylation to be used in the crosslinking reaction is much
slower}6 It was, therefore, important to obtain an overall picture of
the main features of the two stage process so that the most reliable
experimental approach could be determined. As two different reactions
are occurring it was aléo of prime importance to investigate each

reactant thoroughly so that possible undesirable side reactions could

be either eliminated or avoided.

3.2 Influence of Water.

In many cationic polymerisations catalysed by stannic chloride,

water has been shown to act as a cocatalyst52 and Grassie and Meldrum16

have also shown that in the reaction between benzene and D,C.H,B., &

maximum rate is observed when the H20/Sn01A molar ratio is unity.
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For this type of catalysis the mechanism is consideredgo to be,

..
SnCl4 + H20 T SnCl4.H2O

SnCl, H,0 — suc1,08® 5O
At higher concentrations, stamnic chloride is precipitated from
solution in the form of a hydrate and the accompanying decrease in
reaction rate is accounted for by the consequent decrease in stannic
chloride concentration in the solution. The decrease in rate at lower
water concentrations can be explained by +the reduction in the
concentration of the SnCl4/H20 complex in favour of the less active
stannic chloride caizlyst.

However, although water is a cocatalyst, reaction was still
found to occur-at zero water concentration and +this is supported by

91

Colclough and Daintont!s’™ observetion that the cationic polymerisation
of styrene by stannic chloride in D,.C.E. ogours in the absence of
water.

The presence of water, therefore, greatly affects the rate of
Friedel=Crafts reactions of the types under investigation and in order
to obtain reproducible iesults the concentration of water must be
accurately controlled. To achieve easy reproducibility, the most
convenient method of controlling the water concentration was to
eliminate it completely by the rigorous drying procedures described
in Chapter 2 and to carry out all rate measurements under vacuum.

These procedures minimise contamination and good rebroducibility was

obtained throughout the study.



3.3 Influence of D,C.R,

If the solvent itself can act as a cocatalyst, drying will never
reduce the condensation reaction rate to zero. Pepper48 bas shown that
D.C.E. exhibite cocatalytic properties in reactions of the type under
investigation, but it is only 2 cocatalyst in polar media, such as
itself when used as the solvent. This is due to the higher solvation

0,51

energy of a polar mediumé which enzbles solvation siabilisation of

the ion-pair. D.C.E., however, is not a cocatalyst when present as a

_t ,t i ' - L3 48
Teactan n a non-polar medium. The mechanism suggested by Pepper
for the cocatalytic activity of D.C.E. towards stannic chloride may be
represented as,

@

®
SnCl + (cE,C1), ——3 SnCl, ¥ ClC,H,

4

Thus, the reactions under discussion are accelerated by using D.C.E.

as solvent.

3.4 Influence of HCl.

HCL is a useful product of the styrene/D.C.M.B, condensation
since it can be used.tovfollow the progress of the reaction. However,
it has been shown48 that HC1l itself is a catalyst for Friedel-Crafts
reactions in polar media, irrespective of the presence of water and

also that in the presence of stannic chloride?l HC1l can act as a

cocatalyst, by the following mechanism,

SnCl4 + HC1 — SnCl5 H

As in the case of the solvent, the HC1l produced accelerates the reacticn
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in polar media. This is another exanple of solvation stabilisation

of the ilon~-pair in polar media,

3.5 Self-Condensation of D,C.M.B.

It was important to establish whether D,C,.H.B. would undergo
significant self-condensation under the reaction conditions employed,
since this would make branching possible and thus a correction would
be required when celculating the degree of crosslinking. Mixtures of
various concentrations of D.C,M.B. and stannic chloride in D.C.E. were
allowed to react at 3000 and the quantity of HC1l produced was estimatcd
by titration with standard slkeli. No reaction could be detected after
long periods and so it was assumed thet the rate of self=-condensation
of D.C.M.B, is negligible compared with the rate of condensation of-

styrene with D.C.M.B.

3.6 Cationic Polymerisation of Styrene.

If the crosslinking reaction is to be followed by molecular
weight measurements, then it is essential that the polystyrene formed
in'the styrene/SnCl4/D.CeM°B. mixture should have a molecular weight
which is independent of reaction conditions.

Although not very much work has been done on molecular weight
distribution of polystyrene produced cationically, Pepper and Burton36
have shown that polymers isolated at very low conversions should have
the fmost probable! distribution as found in condensation polymerisaticns
and that as the reaction proceeds the distribufion should broaden,
shifting its maximum to a lower chain length. This has been confirmed

experinentally by Albert and Pepper§8 In order to test this in the

present reactions, solutions of identical concentrations of styrene
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and stannic chloride in D.C.E. were polymerised for varying times

and purified by the methods outlined in Chapter 2, It wes found that

the ﬁh decreased from 12,000 after 30 minutes reaction time to 9,000

after 300 minutes reaction time, which confirmed the above predictions.
Identical solutions of styrene and stannic chloride in D.C.E.

were also polymerised for 300 minutes in the pregence of varying known

quantities of D.C.,M.B, and it was found that as the D.C.M.B. concentration

increased, the ﬁ; decreased from 12,000 with no D.C,M.B., preseni to

7,000 with a high concentration of D,C.M.B. This may be due to termination

of the polymerising styrene by hydroohlorination?2’93 Also Colelough

50,51

and Dainton have shown that the degree of polymerisation of
styrene catalysed by stannic chloride in D,C.E. is proportional to the
styrene concentration but independent of the stamnic chloride
concentration,

It appears, therefore, that the initial molecular weight of the
polystyrene formed in the condensation between styrene and D.C.M.B. is
dependent upon reaction time, D.C.M,B. concentration and styrene
concentration. The molecular weight of the polystyrene will differ for
each combination of reactants required for a complete kinetic

investigation. Any results derived from ﬁ; measurenents.must, therefore,

be cautiously investigated and examined.

3.7 Miscellaneous Competing Reactions.

Bevington and Norrish72 reported that polystyrene can be
crosslinked by D.C.E. using aluminium trichloride as the catalyst
giving crosslinks with structure (a), which is similar to the desired
crosslink structure (b). As HCl is also evolved as a reaction product,

there is no obvious method of distinguishing between the two types of
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crossiinks. IY is, therefore, imporiani to determine ihe exient of
the Former crosslinking process under ihe reaction conditions 4o be

used.

~CH, ~CH~-

CH
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~CE-CH,,~
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Experiments were performed by reaciing mixtures of various
concenirations of siyrene and stannic chloride in D.C.E. for verying
times and the éegree of reaction estinated by titraiion with stendard

‘alkali. It was found tkat under the wide renge of concentrations used,
no crosslinking reaction could be detecied and so it wes concluded that
the only two reactions which do occur under the conditions selected for
this study are the desired cationiec polymerisztion of siyrene and the

Friedel-Crafts alkylation beiween siyrene and D.C.HM.B.

3.8 Stvrene/N,C,M.B, Condensziion.

a) Introduction.

The influence of each reactant having been determined, it wes
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Table 1.

Concentrations of Reactants in the Styrene/D,C.l.B. Condensations.

Series (D.C.M.B,) (Styrene) (SnCl4)
(mole/1.) (mole/1.) (mole/1.)

4 0.338 0.875 0.00451

5 0.676 0.875 0.00451

6 1.352 0.875 0.00451

T - 1.014 0.875 0.00451

novw possible to proceed with some preliminary exzperiments which
demonstrate the feagsibility of using Friedel-Crafts condensations to
produce crosslinked polystyrene in a two stage process consisting of
prepolymerisation, followed by curing. Since both the polymerisation

of styrene and the condensation of D,C.M.B, with aromatic rnuclei can

be initiated by Friedel-Crafts catalysts, it should be possible to
produce crosslinked polystyrene in a one step process by mixing styrene,
D.C.M.B., and sﬁannig chloride in the appropriate proportions.

10 ml. réaction vessels were filled with lmown quantities of
styrene, D,C.M.B., stannic chloride and D.C.E. by the procedures
described in Chapter 2 and the reactions were considered to start from
the time thawing commenced. The reactions were carried out at 30%¢ and
were terminated using the methods detailed in Chapter 2. Initially,
all reaction mixtures were clear and colourless but as the reaction
proceeded a yellow colour developed. This gradually deepened, through
orange, to the deep red colouration which wes present at the onset of
gelation. Also, the solutions became more viscous as the reactions

proceeded but at no time did they loose their transparency. Addition
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of water 1o the reaction mixiure or precipitation into methunol

resulted in vapid discharge of the deep red colouration in favour of

& colourless solution and a fine white precipitate, which was purified
by the %technigues described in Chapier 2. The concentrations of reactants
used For all the rezctions investizated zre presenied in Table 1.

b) Estirztion of the Desree of Crosslinking from EC1 Evolution.

Using the procedure described in Chapter 2, the quantity of HC1
evolved during each reaction wes determined by titrztion with standard
alkzli and the resulis are tz2bulated in TPable 2. Typical plois of
volume of 0.1W HalH reguired for neutralisation versus reaction time
for certain series of reaetant concenirations are presented in Figure ZQ.
The intercept is associazted with neutrallsztion of the siannic chloride
present in the reaction mixiure and so this amount must be subtracted
from ezch titre to obiain the frue volume of alkali required to
neutralise the HC1 evolved during the formation of crosslinls. Typical
plots Qf ECl evolwved versus reaction time are shown in PFigure 21. The
linearity of the plois demonsirzies that the rate of HC1 evolution is
constant.

¢) Estimztion of the Degree of Crosslinking from Ultra~violel Spectroscory.

Linear polystyrene and polysiyrenes with varying degrees of
crosslinking were cynthesised and purified using the procedures
detaileé in Chapter 2. Ulira-violei specirz o polyciyrene and two
crosslinked polysiyrenes zre shown in Figure 22. Crosslinking is
clearly associated with the sbsorption shoulder at 276mun, Figure 23
shows ulira-violet spectra of ¢,m and p xylenes, which have absorpiion

maxiva &t 272, 274 apd 275%n, respectively. p-Dibenzyl benzene gives

o
eh
o
ted
}
M}
=8
o
»
i
¢
.

an identical specirum to ik
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tssuming that the shoulder et 275z in the croselinited poliystyrensz
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Teble 2.

Relationship between HC1l Evolution and Reaction Time,

Series Reaction Time (HC1) Evolved (mole/1.)
(hours) Titration Ultra=-violet
4 5 0.0046 0.0066
4 42 0.0356 -
4 54 - 0.040
4 T2 0.0619 0.060
4 78 ' - 0.066
2 5 0.0092 0.006
5 24 0.035 -
5 29 - 0.034
5 42 0.060 -
5 53 - 0.060
5 5 - 0.100
6 5 0.0092 0.0066
6 48 0.092 0.100
6 T2 0.133 0.133
7 5 | 0.0092 ©0.0134
7 42 . 0.0745 =
7 54 - 0.0934
7 72 0.128 . ~0.120
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samples is due to para disubstituted bengene rings, this suggests
that one crosslink consists of the predicted structure of three para
- disubstituted benzene rings, as shown in Chapter 3.7(b), due %o the
directing properties of subgtituted benzene rings.

From quantitive ultra~violet spectra, similar to those shown in
Figures 22 and 23, the molar absorbances of polystyrene, all the
crosslinked polystyrenes and p-xylene, at 276qp, were calculated94

using the expression,

Absorbance = log.Io = eE.lfc
I
vwhere Io = incident beam intensity,
I = transmitted beam intensity,
e = molér absorbance,
1 = path length (cm.),
¢ = concentration (mole/1.).

The concentration term was calculated in termsAof the molecular weight

of the styrene monomer unit. The molar absorbances of the polymers were
found +to increase linearly with reaction time and typical examples are

vlotted in Figure 24.

If the value of the intercept is again subtracted from the value
of the molar absorbance at each reaction time, then the molar absorbances
due solely to the crosslinks may be determined and the absolute number
of crosslinks may be calculated as follows.

The absorbance of 1 mole of p-xylene = 500.

Let the molar absorbance of the crosslink units in a certain sample = =x.

Then, in that polymer sample,
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Number of moles of p-xylene = x
500
Number of moles of crosslinks = X
500,3
Number of moles of HC1 evolved = 2%
1500

Using this expression,'the concentration of HC1l evolved during a
certain reaction time was calculated from ultra=violet data and typical
examples of HCl evolution versus reaction time are shown in Figure 25,
the values being presented in Table 2. It can be seen that since the
concentration of HCl evolved increases linearly with reaction time, 2

constant rate of HC1l evolution wag obtained.

It has, therefore, been demonstrated that two methods are
available for the determination of HCl evolution and thus the number
of crosslinks present in a particular sample, since two HC1l molecules
are liberated after the formation of one crosslink., Figures 26 and 27
show typical examples of the results obtained by the two procedures,
for HC1l evolution versus réaction time, superimposed on one graph. The
results are collected in Table 2. It can be seen that, within the limits
of experimental error, the results are identical, a linear relationship
of identical gradient being obtained by the two methods.

The results obtained by the ultra-violet spectroscopy method
were calculated using p-xylene as a standard and since the results are
in excellent agreement with those obtained from direct titration of the
HC1 evolved, this is evidence for the Friedel-Crafts alkylation
occurring at the para position in the siyrene nucleus. This is where
substitution is expected duec to the ortho and para dirccting influence

of the polystyrene alkyl backbone and to the steric hindrance at the
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ortho and meta positions.

d) Tnvestigation into the Colouration Dffect.

As the crosslinking reaction proceeds the colour of the solution
darkens as stated previously. Stammic chloride is known52 to form
acceptor complexes with many donor molecules and so the following tests
were performed to determine the source of the colourztion.

Polystyrene, polystyrene with D,¢.M.B., D.C.M.B., crosslinked
polystyrene and crosslinked polystyrene with D.C.,M.B, were all dissolved
in a solution of stannic chloride in D.C.E. Only the solutions
containing crosslinked polystyrene became coloured showing that an
activated disubstituted benzene ring is required for complex formation.
No colouration occurs with D.C.}M.B. presumably because the disubstitu{ed
benzene nucleus is deactivated by the chloromethyl groups. Also, solutions
of p-xylene with stannic chloride and p~-dibenzyl bengene with stannic
chloride in D.C.E. give red colourations and so under these conditions,

the complex must be of the form,

where R and R! are activating substituents.

It was considered outwith the scope of this thesis to undertake a

quantitative investigation of this complex formation mechanism.



e) Infra-red Analysis,

No differences could be deiected between the spectra of the
parent polystyrene and the crosslinked polystyrene samples., A typicél
spectrum is shown in Figure 28. -

Two points arise from the results of the infra-red spectroscopy.
The first is that there was no absorption in the region of 850 cﬁ?l due %o
disubstituted benzene rings. Secondly, no absorption was observed in
the region of 675 cﬁ?l due to pendant chloromethyl groups, which vwould

be present as a result of partial reaction of D.C.M.B.

~CH,_~CH~-

CH

CH2-01

DisubstituﬁedAbenzene rings, however, were detected by ultra-
violet spectroscopy and so it was concluded that infra-red spectroscopy
is not sensitive enocugh for these investigations, due to the low
concentrations of crosslinks present.

£) H.M.R. Analysis.

As in the case of infra-~red spectroscopy, the spectra of polystyrene
and all the crosslinked polystyrenes were identical. A typical N.M.R.
spectrum is sghown in Figure 29. There are no resonances &t 7.8 T and
5.5 T due to a disubstituted benzene ring or a pendant chloromethyl

group, respectively.
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Figure 29, N.M,R. Spectrum of Polystyrene.
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t was hoped that either infra-red spectrozcopy or HN.M.R.
speciroscopy would indicate whether rendant chloromethyl groups exist
but since crosslinks cannot be detected by these techniques, 1% cannct
be assumed that pendant chloromethyl groups do not exist simply because
no evidence of their presence can be found. The second chloromethyl
group is much more reactive in the benzene/D.C.M.B}é and thiophene/
p.C.1M.3°% systems and eo in the polystyrene/D.C.M.B system no
chloromethyl groups should exist but this higher reactivity mey be

influenced by steric effects which do not exist in these other cases.

g) Blemental Analysis.

Since the crosslinked polystyrenes and linear polystyrene
consist of only carbon and bhydrogen, no information about the structure
of the crosslinke could be made using elemental analysis. However, the
presence of chlorine in & sample can be defected qualitatively, even
in extremely small percentages. No evidence for chloxrine wes found,
irrespective of the degree of crosslinking and so it was deduced that
there are no pendant unreacted chloromethyl groups present in the
crosslinked polymers.

h) Kinetic Investigations.

Having obtained linear plots for HC1l evolution versus reaction
time, for each series of concentrations of reactants, the gradients
of the lines, which denote the rate of evolution of HCl were plotted
versus the initial D,C.M.B. concentration to obtain the smooth curve
shown in Figure 30.

The overall reaction betwecen styrene and D.C.M.B. consists of
many steps which will be discussed in detail at a later stage but at

this point only the overall reaction need be considered.
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CH:CH2 O'__% _CHZ_CH_
SnCl ‘
nc 4
+
CH2
01-0112@_432-01
CH2
~CH~CH,_~

The following rate equation describes this reaction,

Rate = ko(D.C.M.B.)X(Styrene)y(SnCi4)z
where x,y and z are the orders of the reaction with respect to D.C.M.B.,
styrene and stannic chloride, respectively. Since only the concentration

of D,C.M.B. has been varied at this stage, the above equation may be

sinplified to give,
x
Rate = kl(D.C.M.B.)

vhere k, = ko(Styrene)y(SnCI4)?
95

This equation may now be written in the formj
log. (Rate) = log.k, + xlog.(D.C.M.B,)

If log.(Rate) is plotted against log.(D.C.M.B.), the gradient of the
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Table 3.

Dependence of Rate of HC1l Evolution upon D.C.}.B. Concentration.

Series (D.C.M.B.) log.(D.C.M.B.) a(HC1) log.d(Fcl)
dt dt
(mole/1.) (x107)
(nole/1/hr)
4 0.338 ~0.471 0.834 -3.078
5 0.676 ~0.170 1.26 -2.90
6 1.352 0.131 1.94 -2.712
7 1.014 0,006 1.68 -2.775

straight line obtained represents the order of the reaction with
respect to the D.C.M.B. concentration. This is shown in Figure 31 and
the results are presented in Table 3. Using this method, an order of
0.65 with respect to the D.C.M.B, concentration was obtained.

Rate = kl(D.C.M.B.)O'65

3.9 Gonclusions.

These preliminary experiments have demonstrated that crosslinked
polymers can be produced by the method described in this chapter.
However, although both the polymerisation of siyrene apd the condensation
of the aromatic nuclei with D.C.M.B. are initiated by Friedel-Crafis
catalysts, it became clear that it is impossidble, by simple
menipulation of variables such as temperature and concentration of
reagents, to find a set of conditions under which the reactions will
proceed at comparable rates %o give the desired products. The

polymerisation of styrene is so much fagter than the crosslinking
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condensation that it is virtually complete before a significant
amount of the crosslinking reaction has occurfed. Siﬁce it has been
shdwn in Chapter 2 that approxirately 40 % conversion of styrene to
polystyrene had occurred after 30 minutes resction time and Figures
26 and 27 show that for the crosslinking reaction, reaction times of
up to 80 hours are being studied, it may be estimated that the cationic
polymerisation of styrene is in the order of 150 times faster than the
condensation between aromatic nuclei and D.C.M.B.

The true concentration of the initiator participating in the
crosslinking process may be influenced by the polymerisation phage
and so it would be much more satisfactory to start from polystyrene in
any mechanistic and kinetic investigation of crosslinking. Also, it
has been shown that the molecular weight of the irnitial polystyrene
varies with reaction time, D.C.M.B. concentration and styrene
concentration and so more satisfactory results should be obtained using
preformed linear polystyrene. Low molecular weight polystyrene should

be used so that gelation will occur less quickly.
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CHAPTER FOUR.

CROSSLINKING OF POLYSTYRENE.,

4.1 Introduction.,

The preliminary investigations in Chapter 3 have shown that as
the cationic polymerisation of styrene is much faster than the
condensation between the aromatic nuclei and D,C.M.B., the two processes
are conéecutive rather than concurrent, when one starts with a mixture
of monomeric styrene, D.C.M.B, and stannic chloride. Since the percentage
conversion and thus the time of polymerisation of styrene is known to
affect its molecular weight distribution§6’38 a quantitative study of
the condenmation process should be facilitated by sterting with the
polymer rather than the monomer. This chapter, therefore, is concerned
with the kinetics of the reaction between D,C.M,B. and the aromatic
nuclei in the prefofmed polystyrene. The polystyrene used in the
reaction will, therefore, have a constent, known molecular weight which

does not vary with reaction time or reactant concentrations and also

the concentration of the stannic chloride present will not be upset by

the prepolymerisation step.

4.2 Synthesis of Polyatyrene.

Cationic polystyrene was prepared end purified using the procedures
described in cdetail in Chapter 2. A large cnough quantity was prepared

initially in oxrder to ensure that the whole investigation involved
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identical material. The number average molecular weight of the

purified polystyrene, meegured by menmbrane osmometry és described in
Chapter 2, was 13,500, As the purpose of these experiments was to
determine the variation in the degree of crosslinking with reaction
time, it was desirable to commence with low molecular weight polystyrene
80 that the greatest possible extent of reaction could be achieved
before the onset of insolubility or gelation,

Using the speciroscopic technigues described in Chapter 2, the
purity of the polystyrene was checked., Ultra~violet, infra~red and
NQM.3996 spectra are shown in Figures 22(&), 28 and 29, respectively.
In all cases, the spectra showed that the polyetyrene was extremely
pure and in no specira were solvent residues detected. Also, no trapped
solvent was detected when the polystyrene was heated above its glass

transition temperature using Thermal Volatilisation Analysis?8

4.3 Polvstyrene/D.C.M.B, Condensation.

a) Tdentification of Products.

After mixtures of various known concentrations of polystyrene,
D.C,1.B. and stanni¢ chloride in D,C.E. had been allowed to react for
known times at 3000, the reactions were terminated and the producis
purified by the methods detailed in Chapter 2. If the overall reaction
is as shown overleaf, then close examination of the system shows that
both intermolecular and intramolecular crosslinks may be formed. It is,
tﬁerefore, necessary to determine the relative amounts of each type of
crosslink and to determine the kinetics for each reaction. The
concentrations of reactants used in these kinetic invesitigations are

presented in Table 4.

As the possibility of the existence of pendant chloromethyl groups
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in the crosslinked polymers has now been eliminated, it follows that
all the disubstituted aromatic nuclei deteccted by ultra~violet

spectroscopy must be due to crosslinks,

k
—CH2-0H~ ———— =CH, ~CH-
2
SnCl
4
+
CH2
Cl—CHe-O—CHz-Cl + 2 HC1
CH,
~CH-CH,~

It has also been shown that under the reaction conditions chosen for
these experiments, crosslinking by D.C.E. does not occur and so all the
crosslinks must consist of the above structure; incorporating three
para disubstituted aromatic nuclei.

b) Determination of the Degree of Crosslinking,

The procedure for the estimation of the concentration of HC1
evolved during the reaction was described in Chapter 2. This titration
method involves addition of water to the reaction mixture, giving a
water layer containing the HC1l and an organic layer containing the
crosslinked polystyrene., After titration, extrﬁction of the orgsnic
layer is required so that the crosslinked polystyrene may be precipitated.
However, it was shown in Chapter 3 that the results obtained by the

titration and ultra-violet spectroscopy methods are in excellent
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Table 4.

Concentrations of Reactants in the Polystyrene/D.C.M.B, Condencations.

Series - (D.Cc.M.B.) (Polystyrene) (Snc14)
(mole/1.) (mole/1.) | (mole/1.)
10 0.298 0.961 0.00451
11 | 0.596 | 0.961 0.00451
12 0.894 0.961 0.00451
13 0.149 0.961 0.00451
14 0.298 1.442 0.00451
15 ©0.298 0.481 0.00451
16 0.298 0.720 0.00451
17 0.298 0.961 . 0.00902
18  0.298 0.961 0.01353
19 0.298 0.961 0.01804
20 0.298 0.240 0.00451

agreement and so the latter was used for convenience.

Using the experimental {echniques described in Chapter 2,
quantitative ultra-violet spectra of the crosslinked polystyrenes were
obtained and employing the procedure detailed in Chapter 3 for
calculating the concentration of HC1 evolved from a certain reaction
nixture after a known reaction time, the relationship between the number
of crosslinks formed and reaction time was determined for each series
of concentrations of reactants. This method evaluates the overall numbew
of crosslinks presgent in a polymer, irrespective of whether the crosslinks
are intermolecular or intramolecular.

Typical ultra-violed gpectra of polystyrene and a series of
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(b) Polystyrene Crosslinked for 24 hours. (Series 11.)
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polystyrenes with an increasing degree of crosslinking are shown in
Flgure 32. Qualitative examination of these spectra shows that the
absorpiion shoulder at 276mn, which increases with increasing reaction
time, does not appear in the spectrum of polystyrene.

Although intermolecular and intramolecular crosslinking can occur
simultaneously and the HC1 and ultra=viclet methods measure their
combined total, only the intermolecular crosslinks increase the molecular
weight of the polymer. Thus, in principle, intermolecular and
intramolecular crosslinking can be separately measured by a combination
of ultra~violet and molecular weight measurements. No direct method is

available for determination of the degree of intramolecular crosslinking.

4.4 Kinetics of Crossglinking Polystyrene.

a) Overall Reaction.

Typical plots of HC1l evolved, calculated from ultra-violet
spectroscopy measurements, versus reaction time are shown in Figure 33.
If the value obtained for the concentration of HC1l evolved after a
certain reaction time is simply halfed, then the concentration of
orosslinks per litre of reacting solution msy be obtained, since during
the evolution of two moles of HCGl, one mole of crosslinks sre produced.
Knowing the concentration of polystyrene in each reaciion mixture, the
concentration of crosslinks in moles per mole of styrene (W) may be
caloulated. Using this method the overall concentration of crosslinks
in each crosslinked polystyrene sample prepared was calculated from the
HC1l data listed in Table 8 and the results are presén%ed in Table 5.

The overall concentration of crosslinks, for each series of
concentrations of reactants was plotied ageinst reaction time and

typical examples are shown in Figure 34, A linecer relationship is
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Table 5.
Variation of Overall(N), Intermolecular(n) and Intramolecular(li-n)

Crosslink Concentration with Reaction Tine.

Series Time (Crosslinks) (mole/mole Styrene)
(hours) E n n
10 10 0.00175 0.00095 0.0008
10 20 ' 0.0035 0.00169 0.0017
10 30 0.0055 0.00241 0.0027
10 40 0.0070 0.00306 .0.0038
10 50 0.0085 0.00356 0.0049
10 60 0.0105 0.00413 0.0062
10 70 0.012 0.00463 0.0075
10 80 0.014 0.00513 0.0093
11 10 0.003 0.00116 0.0018
11 20 0.0058 0.00214 0.0037
11 30 0.0088 0.00306 0.0056
11 40 0.115 0.00384 0.0079
11 50' 0.0145 0.00454 0.0100
11 60 0.0175 0.00518 0.0124
12 10 0.00375 0.00086 0.0027
12 20 0.0075 0.00185 '0.0055
12 30 0.01125 0.00276 0.0081
12 40 0.015 0.06356 0.0116
12 50 0.019 0.00428 0.0147

12 60 0.0228 0.00444 0.0179
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Table 5. (contd,)

Series Time (Crosslinks) (mole/mole Styrene)
(hours) N n N-n
13 10 0.0015 0.00049 0.0007
13 20 0.0028 0.00096 0.0014
13 40 0.0055 0.00185 0.0031
13 50 0.0065 0.00228 0.,0037
13 70 0.009 0.00286 0.0057
13 80 0.0103 0.00324 0.0066
13 100 0.0125 0.00378 0.0087
13 110 0.0138 0.00396 0.0100
13 120 0.015 0.0040 - 0.0110
14 10 0.002 0.00096 0.C0090
14 20 0.004 0.00185 0.0019
14 30 | 0.006 0.00276 0.0031
14 40 0.0078 0.00356 0.0043
14 50 0.0098 0.00437 0.0057
15 20 0.004 0.00074 0.0034
15 40 0.0085 0.00169 0.0067
15 60 0.0125 0.00264 0.0101
15 80 0.017 0.0034 0.0133
15 leO 0.021 0.00413 - 0.0168
15 120 0.025 6.00477 0.0204

15 140 0.0295 0.00533 0.0241
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Table 5. (contd.)

Series Time (Crosslinks) (mole/mole Styrene)
(hours) N n N-n
16 20 0.004 0.00153 0 0026
16 40 0.008 0.00286 0.0054
16 60 0.0125 0.0039 0.0084
16 80 0.0165 0.00484 0.0116
16 100 0.0205 0.00566 0.0149
17 10 0.0045 0.00153 0.003
17 20 0.009 0.00264 0.0063
17 30 0.0135 0.00371 0.0097
17 40 . 0.018 0.00474 0.00133
18 10 0.006 0.00185  0.0044
18 20 0.0125 0.00333 0.0091
18 30 0.0185 0.00459 0.0138
19 5 0.004 0.00135 0.0023
19 , io : 0.008 0.0024 0.0056
19 15 0.0125 0.0034 0.0080
19 20 0.0165 0.0043 0.0124

19 30 0.0248 0.0057 0.0191
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Table 5. (contd.)

Series Time (Crosslinks) (mole/mole Styrene)
(hours) N n N-n

20 20 0.005 0.00026 0.00045
20 40 0.0105 0.00074 ().0009
20 60 0.0155 0.00116 0.0014
20 80 0.021 0.0017 0.0019
20 100 0.027 0.0021 0.0024
20 120 0.032 0.0026 0.00285
20 140 . 0.037 0.0031 0.00335
20 160 0.043 0.0034 0.0038
20 180 0.048 0.0038 0.0043
20 200 0.053 0.0041 0.0048
20 220 0.058 0.0044 0.0053

20 240 0.063 0.0047 0.00575




Table 6.
Relationship between Rate of Crosslinking and Initial Concenirations

of Reactants.

Series  (D.C.M.B.) 4N (x10%) an (x10%) a(=n) (x10%)
1t T at

(mole/1.)  (mole/1/nr) (mole/1/hr) ‘(mole/1/nr)

10 0.298 1.74 1.00 0.80
11 0.596 2.92 | 1.20 1.70
12 0.894 3.80 1.40 2.80
13 0.149 1.25 0.30 0.60
(Polystyrene)
(mole/1.)
10 0.961 1.70 1.00 0.80
14 1.442 1.85 1.00 1.00
15 0.481 2.10 0.40 1.80
16 0.720 2.05 0.80 1.20
20 0.24 2.60 0.15 2.40
(SnCl4)
(mole/1.)
10 0.00451 1.70 1.00 0.80
17 0.00902 4.45 1.40 3.10
18 0.01353 6.20 1.80 - 4.40

19 0.01804 8.20 2.60 5.20
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Table 7.
- Logarithmic Relationship between Rate of Crosslinking and Initial

Reactant Concentrations.

Series  log.(D.C.M.B.)  log.dl  log.dn  log.d(l-n)

at at at
10 ~0.526 -~3.76 -4.00 -4.09
11 ~0.225 ~3.54 -3.92 -3.77
12 -0.048 -3.42 -3.85 -3.55
13 ~0.827 -3.90 ~4.53 -4,22
log. (Polystyrene)
10 -0.017 -3.717 -4.00 -4,09
14 0.159 -3.73 ~4.00 ~4.00
15 -0.318 -3.68 ~4.40 -3.75
16 -0.142 -3.69 -4.09 -3.92
20 -0.620 -3.59 -4.82 -3.62
1og.(SnC14)
10 -2.35 - -3.77 -4.00 ~4.09
17 -2.,05 -3.35 -3.85 ~3.51
18 -1.87 -3.21 -3.75 -3.36

19 -1.74 -3.09 ~3.55 -3.28




Table 8.

Dependence of Molecular Weight and HC1 Evolution upon Reaction Time.

Series Time (nct) (x103) ﬁ£4 1og.ﬁ£
(hours ) (mole/1.) (x10H)

10 24 6.7 2.08 T 4.32
10 48 13.6 2.49 4.39
10 66 28.0 3.50 4.54
10 78 28,0 4.02 4.60
11 24 11.8 2.25 4.35
11 42 25,4 2.92 4.47
11 54 31,2 3.76 4.58
12 24 20.6 2.30 4,36
12 42 30.0 2.63 4,42
12 54 39.2 3.20 4.51
13 30 8.5 1.50 4.18
13 66 16.8 2.10 4.32
13 100 25,2 2,92 4.47
14 18 6.4 1.82 4.26
14 30 15.2 2.42 4.38
14 44 14.8 2.73 4.44
14 54 21.4 3.70 4.57
15 T2 30.4 2.30 4.36
15 114 48.0 3.52 4.55

15 144 61.0 5.07 4.71
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Table 8. (contd.)

Series Time (nC1) (x103) M 1og,ﬁ£
(hours) (mole/1,) (x10™%)

16 24 10.0 1.91 4.28
16 54 22,0 2.77 4.44
16 78 31.8 3.82 4.58
16 96 38.8 5.21 4.72
17 6 6.0 1.55 4.19
17 18 13.8 2.05 4.31
17 24 21.0 2.30 4.36
17 30 28.6 2.66 4.43
18 18 18.8 2.34 4.36
18 24 30.0 2.80 4.45
18 27 36.8 3.09 4.49
19 6 8.0 1.80 4.26
19 18 33.2 2.68 4.43
19 20 30.2 3.34 4.52
20 96 61.4 2,06 4.31
20 144 75.0 2.41 4.38
20 192 85.6 2.88 4.46
20 240 126.0 3.57 4.55
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obtained, the gradient representing the rate of formation of overall
crosslinks. By varying the concentration of each reactant in turn, while
maintaining the other two constant and by plotting the rate of formation
of the overall number of crosslinks against the initial conceniration

of each reactant, the graphs shown in PFigures 35, 36 and 37 were obtained,
from the values presented in Table 6.

The graph of the rate of overall crosslink formation (QE) versus
the initial D.C.M.B. concentration is a curve, am shown in égzare 35 and
in order to determine the order of the reaction with respect to the
initial D.C.M{.B. concentration, it was necessary to plot the corresponding
logarithmic relationship as shown in Figure 38. The gradient of this
linear plot which is the order of the reaction with respect to the
D.C.M.B. concentration, is 0,65.

By plotting the rate of overall crosslink formation against the
initial polystyrene concentration, a straight line parallel to the
concentration axis is obtained, as shown in Figure 36. This indicates
that the rate of overall crosslink formation is independent of the
initial polystyrene concentration and, therefore, the order of the
reaction with respect to the polystyrene concentration is zero, over
the concentration range studied. The corresponding logarithmic plot,
shown in Figure 39, verifies the above observation.

As the graph of the rate of overall crosslink formation versus the
initial stannic chloride concentration gives a straight line passing
through the origin, as shown in Figure 37, the order of the crosslinking
reaction with respect to the stannic chloride concentration is unity. A
plot of the corresponding logaritﬁmic relationship, as shown in Figure 40,
gives a linear relationship of unit gradient confirming this, The values

used in these logarithmic plots are presented in Table 7.
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The overall reaction may thus be represented by the rate equaticn,

A = kN(D.C.M.B.)0“65(Polystyrene)o(8ncl

& %z

or 1ogﬁ%%' = log.kN + 0.65 log.(D.C.M.B.) + 10g.(SnCl4)

The average value of the rate constant, kN’ at 3000, obtained from a

large amount of rate versus concentration data is,

EN a 2,5 x 10_5 l.molé:lé?l

b) Intermolecular Resction.

The number average molecular weight (ﬁg) of each polymer was
measured in order to determine the variation in intermolecular ecrosslinks
with regction time, Typical ploits of’ﬁg versus reaction time are shown
in Figure 41, and the linear plots obtained in the corresponding graphs
of log.ﬁ; against reaction time, shown in Figure 42 indicate that the
increase in ﬁg with reaction time is exponential, Data are collected in
Table 8. From these data, the concentration of intermolecular crosslinks
in a given polymer may ﬁe calculated as follows,

If m is the number of intermolecular crosslinks formed per initial
molecule an& Mo and Mt are the chain lengths at times zero and %,

respectively, then it follows that,

il
M, = 2
l =m
M
l]=m = 2
M

t



If n is the number of intermelecular crosslinks per monomer unit (moles/

mole styrene) then,

Thus, knowing the molecular weight of a crosslinked, polymer, the
concentration‘of intermolecular crosslinks may be easily determined.
Values of n obtained in this way are presented in Table 5 and
plotted in Figure 43. It can be seen that the relationship between the
concentration of intermolecular crosslinks and reaction time is not
linear since theilr rate of formation decreages as the gel point is
épproached. However, as it is the initial stages of the reaction which
are under investigation; the rate of formation of intermolecular
crosslinks for each series of reactant concentrations may be datermined
by assuming the initial section of the curve to be linear, The rates
of formation of intermolecular crosslinks, measured in this way, for
each series of concentrations of reactants are presented in Table 6.
Graphs of the rates of formation of intefmoleéular crosslinks
(dn) versus initial D.C.M.B,, polystyrene and stannic chloride
ggzgentrations, are shown in Figures 44, 45 and 46, respectively, In

each case a linear relationship, passing through the origin is obiained
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showing that the order of the intermolecular croselinking reaction,
with respect fo the initial concentration of each reactant, is unity.

Thus the rate equation for the intermolecular erosslinking resction

is,

dn = kn(D.CeM,B.)(Polystyrene)(sm}l
dt

4)
and evaluation of the rate constant (kn) at 30°¢ gives,
-2 =]

k = 0,725 x 102 1%2m01e. 28"

¢) Intramolecular Reaction.

As the relationships between the overall concentration of
crogslinks and reaction time and the concentration of the intermoleculan
crosslinks and reaction time are now knowm, for each series cf
concentrations of reactants, the relationship between the concentration
of intramolecular crosslinks (N = n) (mole/mole Styrene) and reactien
time is available, by difference. Figure 47 shows the relationship
between the concentration of intramolecular crosslinks and reaction
time, obtained from the values listed in Table 5. It can be seen that
the rate of formation of intramolecular crosslinks is slow in the initial
stages of the reaction but increases as the gel point i approached. As
in the intermoiééular reaction it is the initial stages of the reaction
which are of interest, for the purposes of a kinetic investigation, and
so the rate of change of the concentration of intramolecular crogslinks
wags obtained from the initisl linear portion of the ocurve. The values

obtained for these initial rates are presented in Tables 6 and 7.

Figures 48 and 49 show tho reletionship between the rate of
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intramolecular crosslink formation and the initial concentrations of
D.C.M.B. and stannlc chloride; respectively. As a straight line passing
through the origin is obtalned, in each case, the reaction is first
order with respect to the concentrations of these two resctants.,

The graph obiained for the variation in the rate of intramolecular
crosslink formation with the initial polystyrene concentration is rather
unusual and is shown in Figure 50, The corresponding logarithmic plot,
shown in Figure 51, has a gradient of -1, This means that the rate of
intramolecular crosslink formation, in the initial stages of the reactilon,
decreases with increasing polystyrene concentration, with the result that
the order of the reéction with respect to the initial polystyrene
concentration is =1, As the polystyrene concentration is increased, the
intramolecular reaction is presumably inhibited since the molecules
become more coiled, inhibiting the diffusion of the reagents into the
coila, At extremely low polystyrene concentrations, the rate of
intramdlecular crosslinking will increase since the molecules will be
more rod-like and a greater proporticn of the aromatio rings will thus
be vulnerable to reaction. As the graphvof the rate of intramoleculaw
crosslink formation versus the initial polystyrene concentration must
pass through the origin; the complete graph must be of the form shown
in Figure 52, It can be seen that the rate of the reaotioﬁ must. incresse
initially, followed by the main linear portion of the curve, describedr.
in detail above, and finally as the rate of the reaction can never be
negative, the curve must 1$ail off' at high polystyrene concenirations.
A consequence of these predictions is that thefe must be a certain
polystyrene concentration at which the rate of intramolecular

crosslinking is at a maximum.

The rate equation for the intramolecular reaction may be written s,
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d(N -~ n) = kN_n(D.C.M.Bg)(Snclél)

at

 (Polystyrene)

and from the data collected, the rate constant (kﬁ-n) 2t 30°C was

calculated to be,

kg, = 0.675x 107 g.*

d) Discussion,

The kinetics of the crosslinking .reactions having noﬁ been
determined, it is necessary to try to reconcile the apparent
inconsistencies.

The order of the crosslinking reaotion,rwhether the overall
reactign or the separate intermolecular and intramolecular reactions
was always unity with respect.to the stannic chloride concentration as
expected by comparison with the D.G.M.Bs/SnCI4/benzene, diphenyl methane
and thiophene systems}6’19’24

However, the order of the overall reaction with reépect to the
initial polystyrene concentration was found to be zero but the orders
of the intermolecular and intramolecular reactions, with respect to the
volystyrene concentration were found to be 1 and =], respeciively. The
order of the intermolecular reaction requires no explanation and the
order of the intramolecular reaction has been discussed in the previous
section, If the two reactions are superimposed, then it is reasonable
to assume that the orders of the reactiions will cancel and give a
resultant zero order for the overall reaction, A low order for the
autoxidation of polystyrene, with respect to the polystyrene
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concentration, has similarly been observed:  As the concentration of
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the polystyrene increases, the amount of coiling in the chains increases.
The diffusion of the other re&cﬁants into these highly coiled molecules
becomes more difficult and so the rate of diffusion decreases as the
polystyrene concentration increases, Thus the reaction rate does not
increase with increasing polystyrene concentration. Consegquently, it

may be assumed that at low polystyrene concentrations, the intremoleculax
reaction lg predominant and at higher concentrations the intermolecular
reaction predominates due to the relative differences in the ease of
collision between reacting molecules,

Both the intermolecular and intramolecular reactions have been
shown to be first order with respect to the D.C,M.B. concentration. As .
the overall and intermolecular reactich orders ﬁere determined
independently and the intramolecular reaction order was calculated by
a method which is dependent upon the concentrations of both overall and
intermolecular crosslinks, it follows that the order of the overall
reactién should also be unity, with respect to the D.C.}M.B. concentration
"and not 0.65 as determined experimentally.

Figure 53 shows the relationship between the rate of the overall
crosslinking reaction and the initial D.C.M.B. concentration. These
points are identical to those shown in Figure 35, in which it was
assumed that the origin must be a point, to obtain the curve shown, In

Figure 53 it can be seen that a straight line can be drawn through these

same points but that an intercept of,

4y = 0.07 x 107 mole.1Ts."

dt

is obtained on extrapolation. This suggests thet another reaction may

-3 ~1

-1
be occurring with a rate of 0.07 x 10 ~ mole.l. "s. and this would mean
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Table 9.
Postulated Relationship between Rate of Overall Crosslink Formation

and Initial D.C.M.B. Concentration.

Series (D.C.M,B,) Intercept Overall Crosslinking Rate
(mole/1.) (x104) (mole/1/hr)
(mole/1/hr)  Observed Postulated

an (x10%)  aw’ (x10%)

it a3

10 0.298 1.74 1.04

11 0.596 2.92 2.22
, 0,07

12 0.894 3.80 3.10

13 0.149 1.25 0.55

that the variation in the raté of the overall crosslinking reaction
with the initial D.C.M.B. concentration would give the graph shown in
Figure 54, obtained by subtracting the intercept value from the rates
plotted in Figure 53, as shown in Table 9. If this hypothesis is true
then the overall reaction would be first order with respect to the

initial D.C.M.B. concentration. The rate equation would be,

*
gg = kN*(D.C.M.B.)(Sn014)

and the rate constant (kN*) at 30°C would be,
k¥ = 1.50 % 162 1.mole. sot

However, no experimental evidence for this hypothetical reaction was

obtained but as the predicted reaction rate is extremely low, it is
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possible that it could not be detected within the accuracy of the

technigues employed.

It has been shown that the rate constants for the intermolecul&r

and intramolecular reactions are,

k, = 0.725 x 1072 1%noles%s 2

and

Kien = 0.675 x 100 o-*

The corrected rate constant for the overall reaction (kN*) derived
above, is within experimental error, {the sum of these, as would be
expected and the slight difference is probably due to the slight effect
that the corrected rates of the overall reaction would have on the rates
of the intramolecular reaction, The rate constant for the overall
reaction, however, was originally found to be,

Ky = 2,50 1670 1.mole ‘et

which is well outwith the range of experimental error, since no
correction is necessary and so this gives even more support to the
theory of the undetected‘competing reaction,

The relationship between the concentrations of the overall,
intermolecular and intramolecular crosslinks with reaction time, for
a series of concenirations of reactants, is shown in Figure 55. The
rates of the intermolecular and intramolecular reactions were obtained
by assuming the initial portion of the curves to be linear and thue
calculating their gradients. Although the rate of the overall reaction

can be obtained directly from the linear relationship shoim in the upper
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line in Tigure 55, the points on thie line werc extropolated to zerc

to obtain the initial portion of the line, since measurement of the
concentration of crosslinks after short reaction times is not sufficiently
accurate. It way be that the gradient of the line in the initial stages
of the reaction is slightly different from the gradient in the later
stages, which could be an average value and thus affect the graph of

the rate of overall crosslinking versus D.C.M.B. concentration,
considerably. As a result, & reaoction which is first order in the

initial stages, which are under investigation, may have an overall order
which is less, for example 0,65,

It can be seen in Figure 55 that the average overall rate of
crosslinking remains constent during a reaction. However, in the initisl
stages, the rate of intermolecular crosslinking is greater then the
rate of intramolecular crosslinking. As the reaction proceeds, the rate
of the intermolecular reaction decreases and the rate of the
intremolecular reaction increases, Approaching the gel point, the rate
of intermolecular crosslinking is extremely low but the rate of
intramolecular crosslinking is increasing rapidly. During a crosslinking
reaction, in addition to the size of a molecule increasing, i% also
tends to be more spherical. The result is that intramolecular crosslinks
may be formed between itwo chains which are already linked by an
intermolecular reaction ag well as between two sections of an original
§haino Thus the probability of intramolecular crosslinking iz much
higher than that of intermolecular crosslinking in the later stages of
the reacﬁion,'as observed, |

| The rate constaents which were calculated previously are
undoubtedly composite since each reaction, between an aromatic unit in

polystyrene and & chloromethyl group in D.C.H.B.; is most likely to



occur in two steps, namely complex formation between stannic chloride
and a chleromethyl group, followed by reaction of the complex with an
arvomatic nucleus. Since there are two chloromethyl groups in D.CQM.B.,
the rate constant is composite of four reactions, However, Grassie and
Meldrum16 have shown that the second chloromethyl group is approximately
twenty times more reactive than the first and so the rate constants
calculated previously may be considered as refering mainly 4o the slower
reaction of the first chloromethyl group, which is the rate determining

step,

4.5 Summary,

Reaction mixtures of known concentrations of D.C.M.B., polystyrene
and stannie chloride in D,.C.E. were allowed to condense for known times,
at 3000. The progress of the reactions were followed by HC1l evolution
and the change in molecular weight of the initial polysiyrene. The
overall concentration of crosslinks, at various reaction times, was
determined from the HCl1l evolution and the corresponding concentrations
of intermolecular crosslinks from the increase in molecular weight of
the polystyrene. Knowing these concentrations, the concentration of
intramoleéular crosélinks, after each reaction period, was determined
by difference,

By plotting the concentration of orosslinks against reaction time,
the rate of crosslink formation was found for each series of concentrations
of reactanits., From the rates of the overall, iptermoleoular and
intramolecular reactions, the orders of these reactions with respect to
the initial concentrations of the reactants have been determined. The

rate constants for the overall, intermolecular and intramolecular

reactions were then evaluated.
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CHAPTER FIVE,

INVESTIGATIONS INTO MODEL SYSTEMS.

5.1 Introcduction.

The rate constants which have been determined for the polystyrene/
D.C.M.B., condensation are composite since they apply to the reaction of
a D.C.M.B, molecule which has two reactive sites, As there is no method
by which the rate constants for the reaction of each chloromethyl group
in D.C.¥.B. in the polystyrene/D.C.M.B, system can be determined
independently,Aan estimate of their values may be obtained by studying
modelisystems.

The reaction between polystyrene and p-methyl bhenzyl chloxide
(M.B.C.) may be regarded as a model for the reaction of the second
chloromethyl group in D.C.M.B. with polystyrene, Thereforé, by studying
the kinetics ofrthe polystyrene/M.B.C. condensation, information about
the rate constant for the second step in the polystyrene crosslinking
reaction should be available, and hence deductions could be made about
the value of the rate constant for the first step of the reaction,

The second model system is the condensation between toluene and
D.C.M.B. In the benzene/D.C.M..B° condensation16 and the diphenyl methane/
D.C.M.B. condensation}9 the rate of the reactién of the second
ohlé%omethyl group was much faster than that of the first chloromethyl
group. Similar results should, therefore, be obtained for the toluene/

D.C.M.B. condensation and the polystyrene/D.C.M.B. condensaiion, Thus,



100

the cverall rate constant for the reaction of two aromstiic nuclei with
one D,C.M.B., molecule should be eqguivalent to the Tate constant for the
reaction of the first chloromethyl group, which is the rate determiﬁing
step. Also, the reaction of two toluenc molecules with one D.C.H.B.
molecule is equivalent to the feormation of one crosslink in the
polystyrene/D.C.M.B° system and so comparison of the rate constants
obtained for the rate determining steps in the toluene/D.C.M.B. and the
polystyrene/b,C.M.B. condensations should yield informaticn concerning

the steric effects of polymer molecules on this type of reaction.

5.2 Polystyrene/M,B.C., Condensation,

The similarity between the reactions involving the second

chloromethyl group in D.C.M.B. with polystyrene,

SnCl4 '
w(H,,~CH= — =(H, ~CH~

2 2
-CHZ-CH :
CH2

CH

+ HC1

| CH,=C1 | CH,

-GH-CH2
and M.B.C. with polystyrene, shown overleaf, is obvious.
Reaction mixtures of known concentrations of polystyrene, M.B.C.

and stannic chloride in D.C.E. were prepared and allowed to react for



CHZ—CI CH2 + HC1

~CH=-CH,_ -

various times at 3000, using the procedures described in Chapter 2,
Termination of the reactions was induced by the addition of distilled
water and the progress of a reaction followed by titration of the
HCl evolved against standard alkali. This method was employed, in
preference to the ultra-violet spectroscopy method, since the polymers
were not required and so there was no need for isolation and purification,

The concentrations of the reactants are given in Table 10 and the
graphs of the concentration of HCl evolved versus reaction time are
shown in Figure 56, from the results presented in Table 11. Series 21
contains no polystyrene., TFigure 57 shows the above results plotted as a
percenﬁage'of the total possible yield of HC1l, These graphs show that
almost complete self-condensation of M.B.C. has occurred in both cases
and very little reaction with polystyrene has occurrcd. Since the
percentage of HC1l evolved in the series of reactions with polystyrene
present is less than that with no polystyrene present,vit appears that
polystyrene inhibits the self-condensation of M.B.C. The results also
show thdt thig self-condensation reaction occurs very quickly and that
after a certain percentage condensation, no further reaction occurs.

It is obvious, therefore, that in the reactant concentration

range studied, which is comparable to those used in Chapter 4 for the
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Table 10.

Concentrations of Reactants in the Polystyrene/M.B.C. Condencetions.

Series (M.B.C.) (Polystyrene) (Sn014)
(mole/1.) (mole/1.) (mole/1.)

21 0.368 - 0.0045

22 0.368 0,961 0.0045

Relationship between HCl Evolution and Reaction Time.

Series Time (HC1) Evolved
(hours) (mole/1.) . % Theoretical
21 24 0.32 : 85.5
21 48 0.28 5.7
21 T2 0.32 85.5
21 96 0.29 78.4
22 24 0.25 67.5
22 48 0.21 56.8
22 12 0.26 70.3

22 96 0.24 65.0
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polystyrene/D.C.H.Ba system, self-condensation of M.B.C., is the
predominant rezction and so no useful information could be obtained by
studying this system further,

Difficulty had been encountered during the distillation of M.B.C.,
due to its high vapour pressure, and so the apparent incomplete self-
condensation of the M,B.C., might have been due to incomplete transfer

of the M.B.C. t0o the reaction vessel.

5.3 Totuene/D,C.H1.B, Condensation.,

It has been shown that the early stages of these condensation
reactions can be investigated by studying the reaction at conversions

of less than 15 %.16’24

As the purpose of this investigation is the
comparison of the reaction of cne D.C.M.B. molecule with two aromatic
nuclei in polystyrene, with the reaction between toluene and D.C.M.B.,
it is necessary to limit the reaction to no more thun the first 15 9,

in order fo be sure that it is limited to the condensation of one

D.C.M.B., molecule with two toluene molecules,

SnCl
O ___jfm__é CH, —iy :

- 2
D.C.M.B. O - © . mo
CE,~01 CH,
+
HC1
CH
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Using the procedure described in Chapter 2, the mixturves of the
concentrations of toluene; D.C.M.B, and stannic chloride in D.C.T,
shovm in Table 12 were allowed to react at 30°C for verious times. The
reactions were terminated by the introduction of distilled water and
the extent of the reaction was estimated by titration of the HC1 evolved
vith standard alkali., Determination of the degree of reaction by the
ultra-violet spectroscopy method was not accurate as a mixture of
products was obtained. After titration the products were extracted with
D.C.E, as described in Chapter 2.

Typical plots of the variation in the concentration of HC1l evolved
with reaction time are shown in Figure 58, and all the results are
listed in Table 13. These resulte were obtained after subtracting the
value of the titre obtained at zerc time. As these plots are linear,; the
constant rate of HCl evolution, which is a measure of the constant
reaction rate, may be determined by calculating the gradients of these
curves, In the condensation between polystyrene and D,C.M.B., the
reaction was followed by measuring the rate of crosslink formation
and since the reaoction of the first chloromethyl group in D.C.M.B. is
the rate determining step}6’19’22’24 the rate of crosslink formation
is equal to half the rate of HCl evolution. As comparison between the
polystyrene/D.C.M.B, condensation and the toluene/D.C.H.B. condensation
is desirved, it would be more adventageous to follow the toluene/D.C.M.B.
system in terms of the formation of p-dixylyl benzene (D.X.B.), than
in terms of HCl evolution., Assuming that the reaction of the first
chloromethyl group in D.C.M.B. is the rate detérmining step, then the
rate of formation of D.X.B. may be obtained by halfing the rate of HC1
evolution, The values obtained for the rate of HCl evolution and the

_rate of D,X.B., formation are presented in Table 14.
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Teble 12,

Concentrations of Reactants in the Toluene/D,C.}.B, Condensations.

Series (D.C.1.B.) (Toluene) (SnClA)
(mole/1.) (mole/1.) (mole/l,)
23 0.572 0.940 0.0217
24 0.429 0.940 0.0217
25 0.715 0.940 0.0217
26 0.572 0.940 0.0326
28 0.572 0.705 0.0217
29 ©0.572 0.470 ‘ 0.0217
30 0,572 0.940 0.0109
Table 13.

Relationship between HC1l Evolution and Reaction Time.

Series Time (mins) (HC1) Evolved (mole/1.)
23 60 0.071
23 120 0.092
23 240 0.214
24 60 - 0,035
24 120 : 0.076
24 180 0.104

24 240 0.135
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Series Time (mins) (HC1) Zvolved (mole/1.
25 60 0.052
25 90 0.165
25 120 0.126
25 150 0.150
25 180 0.185
26 60 0.058
26 90 0.118
26 120 0.134
26 180 0.190
28 60 0.037
28 90 0.055
28 150 0.085
28 210 , 0.134
29 60 ~0.031
29 120 0.042
29 ; 180 0.070
29 300 0.126
30 60 0.036
30 120 0.054
30 150 0.057

30 240 0.107




Table 14,

Dependence of Rate of Reaction upon Initial Concentrations of Reactants.

Series (D.c.u.B,) a(ncl) (x104) a(D .Y.B ) (xlO
dt

(mole/1.) (mole/1/min) (nole/l/mln)
23 ~ 0.572 8.87 4.44
24 0.429 5.80 2.90
25 0.715 10.27 5.14

(SnCl4)

(mole/1.)
23 0.0217 8.87 4.44
26 0.0326 11.10 5.55
30 0.0109 4.45 2.23

(Toluene)

(mole/1.)
23 ; 0.940 8.87 4.44
28 0.705 6.00 3.00

29 0.470 4.05 2.03
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The relationship between the rate of the reaction and the
concentration of each reactant was determined by varying the concentration
of each reactant in turn, while rmaintaining the other two constant, -
Figures 59, 60 and 61 show the variation of the reaction rate with the
initial concentrations of D,C,M.B., stannic chloride and toluene,
respectively. The linearity observed illustrates first order dependence
in each case?5

Thus, the overall rate equation for the early stages of the

reaction may be represented by,

d(D.X.B,) = kT(D.C.M.B.)(Toluene)(SnCl )
% 4

From the large volume of data collected, the average value of the rate
constant (kT) at 30°C has been calculated as,
2 -2 =1

ky = 4.00 x 10% 12m01672s"

As explained in Chapter 4, this rate constant is probably composite
due to complex formation between stannic chloride and each chloromethyl

group in D.C.M.B. and the reaction of each complex with toluene.

5.4 Conclusions.

As the rate constant determined for the reaction of two toluene
molecules with one D.C.M.B. molecule can be assumed equivalent to the
rate constant for the reaction of the first chloromethyl group in
D.C.M.B., with one toluene molecule, since this is the rate determining
step, comparisons can be made between the rates of the reaction of

o . .
D.C.M.B, with various aromatic nuclei, at 30°C using stannic chloride
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as the catalyst in D.C.E, sclution, as shown below,

Reactant Rate Constant Reference
Benzene 1.10 x 16“4 lgmoléfgérl 16
Diphenyl methane 5.32 x 10 1%moler s, " 19
Benzyl ohloride 1.50 x 10 1%nole, 25 22
Toluene 4.00 x 16*4 lrf‘mole:es—."1 -
Polystyrene 1.50 x 1072 1.mole. st -

If the benzene/D.C.M.B. condensation is taken as the standard,
then due to the activating nature of the methyl group in toluene, an
increase in reactivity would be expected in the toluene/D.C.HM.B,
condensation, Similarly, as the benzyl group in diphenyl methane is
more activating than the methyl group in toluene, even higher
reactivity would be expected in the diphenyl methane/D.C;M.B. condensation.
Also, benzyl chloride should be more reactive than benzene but less
reactive than toluene. These predictions agree with the observed results
tabulated above.

Polystyrene, however, is much lesslreactive than these primary
aromatic nuclei and so the activatiﬁg'natdre of the alkyl backbone in
polystyrene must be completely dominated by the stefic effects of the
large molecules and also the coiling properties unique 40 polymer molecules,
This is predictable since it is difficult for a polymer molecule %o
arrange itself in the correct conformation for reaction and diffusion
of smaller molecules into polymer molecules can also be difficult., The

results shown zbove indicate that although toluene is approximately four
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times more reactive than benzene, polystyrene is approximately thirty

times less reactive than toluene.

The overall rate equation for the crosslinking of polystyrene
with D.C.M.B. really describes the first step in the crosslinking
process, which is the slow rate determining step. An attempt was made
to isolate the fast second step by studying the reaction between
polystyrene and M.B.C, Self-condensation of M,B.C. was so fast, however,
that this approach had to be abandoned. Using the techniques described
in Chapter 4, the kinetic data for the toluene/D,C.M.B. condensation
were obtained and the rate constant for the early stages of the reaction
evaluated. The reactivity of toluene was compared with the reactivity |

of polystyrene and other aromatic nuclei.
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CHAPTER SIX,

THERMAL ANALYSIS OF CROSSLINKED PCLYSTYRENE.

6.1 Introduction.

In this chapter, the effect of the degree of crosslinking on the
glass transition temperature (Tg) of polystyrene and on the temperature
at which thermal degradation of polystyrene commences, will be
investigated and the results discussed with reference to the structure
of the crosslinked polystyrene,

v

6.2 Glass Transition Temperature Measurcments.

gQ_Introducticn,

Many methods are available for measuring the Tg of a polymer,
especially the standard dilatometric method of Bekkedahl?B in which
changes in specificvvolume are measured as a function of temperature,
or the commonly used simple cantilever softening point test?g which
gives an adequate measure of Tg for commercial purposes., However, these
methods cannot be used for small quantities or for polymers of very high
or low molecular weight which are difficult to mould. ﬁore recently, a
meﬁhOdIOO has been de#eloped Por relatively low molecular weight polymers
in which peak width is measured as a function of temperature in the
N.M.R, spectra of the polymers, In this investigation, the Tg is

measured solely by D.T.A. and D.S.C., gince these methods are convenient

and accurate.



As no measurable sxothermic or endothermic process occurs at the
Tg9 DsTeAe and D.S.C, must detect a change in heat capacity. The
inﬁerpretation of thermograms has been discussed in detai186 for D,T.A.
but not much literature is at present available on the more modern D,S,.C.
methods,

101-103

Various workers have employed different techniques for the

interpretation of D.T.A. thermograms but as the technique applied by
Keavney and Eberlinlo1 involved measuring the temperature at the sample
centre, which is the method employed in the Du font 900 Thermal Analyszer,
their treatment has been applied tc¢ the thermograms obtained in this
investigation., As glass transitions involve no latent heat changes but
do involve specific heat changes, only a shift in the baseline occurs
in these thermograms, and since this effect is very small, high sensitivity
is required. Kéavney and Eberlin said that the Tg occurg at the
intersection of the lines formed before and sfter the change in the AT
versus T curve. Although they found that ‘I‘g wvags independent of heating
rate, a sharper "break' in the curve occurs with higher heating rates.
Discrepancies and anomalous resul®s are evident in the literature
concerning transition temperature measurements, bui these can all be
explainedlo4 by the polymer history and instrument design and sensitivity,
as different results may be obtained on samples of the same composition
but in different morphological states. The results reported here are
regarded as being accurate with respect to each other, although they
may differ slightly from previous investigations; This precision was
obtained by using identical conditions for ecach determination and by

ensuring that each polymer sample was subjecied to identical pre-treaiment.

Glass transitions are simila3105’106 to second order transitions

in which a change in secondary thermodynamic properiies cccurs without
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a change in latent heat. Below the Ty sufficient thermal encrgy exists
in the polymer only to allow the atoms to vibrate about an eguilibrium
position and so the polymer is glassy and britile. Above the T ’
segmental motion occurs, the volymer then exhibiting tough, flexible

and rubbery properties,

107

Boyer and Spencer studied the effect of molecular weight on

the Tg of polystyrene and found that in the molecular welght range
1,500 to 60,000, there is a linear relationship between Tg and molecular
weight but between 60,000 and 300,000, the Tg remains constant.

It has been ghown that Tg measured by D,S.C. is dependent upon

heating rate ol 109,110

and pre=treatment but as long as these are
identical for a series of samples, meaningful comparisons can be made.

In this investigation it was found that D.S.C. was much more accurate

and reproducible than D.T.A., mainly due to the 'noise' in the baseline

of the D,T.A. which accompanies the high sensitivity required, Informstion
regarding the enthalpy of the transition was also obtained by D.S.C.
Typical D,T.A. and D.S.C. thermograms are shown in Figures 62 and 63,
respectively.,

Ag in the case of‘D.T.A., past investigators have used various
points on the D,S.C., thermogram to define the Tg' For consistency with
D.T.A, the Tg was obtained by the method described earlier for D.T.A.
but the endothermic peak minimum (Tmin) was also recorded for comparison
with other investigations. The resull of these investigations was that
the relationship between the degree of crosslinking and the Tg was

determined.

b) Differential Thermal Analysis.

As D.T.A. has been superceeded by D.S.C. for the purpose of this

investigation, the results will only be presented here and discussed
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Figure 62, D,T.A. Thermogram of Polystyrene. (ﬁ# - 13,500)
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Figure 63. D.S.C. Thermogram of Polystyrene. (Mn - 13,500)
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Figure 65. Pive Typical D.S.C. Thermograms showing an Increase in

Crosslinking Reaction Time Shifting the Endotherms to
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