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SUMMARY OF THESIS FOR DEGREE OF
DOCTOR OF PHILOSOPHY
FRIEDEL=CRAFTS POLYMERS CORTAINING THIOPHEN
by JOHN B. COLFOED B.Sc.

* The reaction between p-di(chioromethyl) benzene
(DCMB) and thiophen, catalysed by stennic chloride; has
been studied with 2 view to elucidating the kinetics
and mechanism of the reaction. 1In ﬁhis vay it was ﬁoped
to gain a clearer insight into the structure of the
resultant polymer and so to account for its repoxrted
thermal stabilityl.

By stmdying the rate of production of involatile
material it was established that the self-polymerisation
of thiophen would have little or no effect on the DCMB-
thiophen reaction. Analyses of these involatile materials
were carried out using I.R., U~V and n.m.T. spectroscopy
and molecular weight determinations. The rate of self-
condensation of DCMB was also found to be negligable,

by studying the rate of evolution of HCl1l from DCMB--SnCl4

-mixturese.

Products of the DCMB-thiophen reaction, with molecular
weights up to 850, have been separated using both gas
liquid chromatography (G.L.C.) and gel permeation

chromatography (G.P.C.), and identified using mass, I.R.




¢

and n.me,r. spectroscony, & total of eight reaction
products were separstcd and identified. However the
techniques available did wol permit separation and
identification of procuciz of molecular weight greater
than 850 or an estimation of the extent of isomerism
among the reaction productis.

A kinetic analysis of the reaction was éairied‘out
using both G.L.C. and G.P.C. for the separation and
analysis of products. Using G.L.C. the dependence of
the rate of the first two reactions on the first power
of the concentration of each'of the reactants was
established. This allowed a mechanism for the overall
reaction to be proposed and rate constants and activation .
energies for the first two steps in ihé polymerisation
4o be calculated. From the G.P.C. results reaction
curves for all the identified products were constructed.
The extremely complex nature of the reaction and the
resultant products prevented a complete kinetic analysis
of the later stages of the reaction being made. It was
possible, however, to arrive at semi-quantitative conclusions
_about the relative reactivity of the reaction products
and hence construct a useful picture of the structure
" of the resultant polymer.

Polymers vere also prepared by reactioﬁ of DCMB with



thiophen, 2-methyl thicphen, 3~methyl thiophen,
2.5=-dimethyl thiophen and 2-chloro thiophen and an
assessment was made of their relative stabilities using
both thermal gravimetric analysis and thermal volatilisation
analysis. I.R. spectroscopy indicated that all the polymers
had the same basic structure and so it was possiblé to
correlate the observed degradative features with the
differences in the thiophen monomers. |

These studies have allowed the following conclusions
to0 be drawn concerning the reaction of DCMB with thiophen
- and the structure of the resultant polymer.
The overall reaction may be represented by a series

of competing, consecutive reactions of the type,

SnCl —éf—?§
1—CH2—¢—CH2—01 +Z >———-———> 01—CH2—¢~CH2 + HC1

C1-CH,—f~CH,; @ Osnm QCHz—stCHQO + HC1

As the reaction proceeds it rapidly becomes highly

complex with a proliferation of isomers at each molecular



level being brought about by the‘onset of branching

through the disubstituted thiophen nuclei of the products.

The ultimate polymer has been shown to be a highly cross-

linked, insoluble material which exhibits good thermal

stability in vacuum, inert atmospheres and air.

Reference
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During the las?t decade much of ithe work in polynmer
chemistry has been directed ‘vowards the synthesis of
polymeric materials which exhibit superior thermal
stability. This work has been prompted by the need
for materiels of good thermal stability particularly
in the field of eaeron-~space techoclogy where they are
required as adhesives, protective coatings, nose cones
for missiles, ablative heat shields and elecirical

nsulation, Although the ultimate goal of this work

o

ig the synthesis of polymers which are usable for
long periods in air at 500°C, there is a need for
efficient bonding xesins which will have & long life
between 2007C and 300°C.

Laminating meateriels such as the epoxy, phemolic
and polyester resins are known to have excellent
bonding properties belovw 200%C but exhibit poor
thermal stability above this temperature. Atteniion
must therefore be focused on the synthesis of polymers
with chemical structures which are thermally stable
and which may be readily fabricated to give useful

materizls., Consideration must be given, therefore,
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1.2 Pactors Affecting Thermal Stability

The term thermal stability, when appliéd to 8
material, means the ability of the material to meintain
its useful properties at a given temperature, There
are two principal facitors to be considered which affect
the thermal stability of a polymer, one is physical
and the other chemical,

The physical reguirement of a thermally stable
polymer is that it have high melting or scftening
tenperatures. These temperatures can be increased by
increasing interchain forces and reducing chain
flexibili%y. Interchain atiraction cen be increased
by the introduction of polar substituents or by hydrogen
bonding. Stereoregulsrity in vinyl-type polymers also
increases interchain ettraction by allowing the polymer
chains to fit more readily into a crystelline lattice,
thus making it more difficult to overcome intermolecular
forces., The reduction of chain flexibility can be
accomplished by the replacenment of hydrogen atoms by
fluorine, as the side groups of the polymer backboneg,

the c¢lose packing of the flucrine atloms giving greater




stiffness 1o tvhe polynmer
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presence of

other alkyl
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they may lower the melting

point by reducing crystallinity,

The chemiceal factors which affect thermal
stability are more diverse. Polymers which have
good heat resistance must have no bonds with low
dissociation energies. Examples of bond dissociation
energies are given in table 1.11o High dissociation
energiesg, however, will not impart thermal stability
to a polymer if the polymer has siructural features
which allow degradation by low energy processes. Chain
scission, followed by depolymerisation, in the degradation
of some vinyl polymers, is an example of such a low

energy process. (figure 1l.1.).

(a) Chain Scission
o on non 1
M—CHz-tl:uCHQ-cl;~CH2-<,3w——a vmcHzmcl:mC}zgnclz° + 'CHZ-t':uw
R, R, B, R, R, R,
(b) Depolymerisation
1?1 h h ¥
“*—-CH2~=C’--CHQ‘-'C' — w--caz=-<l:° + cng-:-fll
R, R, R, R,




Bead (+) Bissoeis  {Focols/molel
D{HC=C&H) 114
(Y _O=(Cus : 3
D{H,C=CH) 10
D(CSHP&H) 102
D{¢ €t HgtH) | ' | 97
D{HC=CH) | 230
D{H,CCH,) | - 120
D(HCSCCH =CH,) - 87
D(H,C=CHCH,#CH,) ‘ 62
D(Csﬁ CH2 VHS) : . 63
D(C» “ﬁ) S ' 115
D{CHg*F) 118
D(Si*0) o 193
D(r=0) 142
D(41%0) . 116
D(C*P) | 139
D{C*s) 177

Table 1.1

The energy required to give chain scission is at least
partially supplied through the formation of the double
bonds in the monocmer produced during the depolymerisation

process. A second example is afforded by the degradation




of silicong »ubdbbars

digsociation eueryy

gixe and eighb-membered riugs are formed by ihe reccbion
shovn in figure 1.2, The anionic chain ends are thought

1o result from traces of impurities in the polymer,..

The formation of inter~ or intramolecular bonds on
heating is another chemical factor influencing heat
resisbance. The formation of these bonds can result
in crossglinked structures. VWhile these crosslinked
structures,; in many cases, prevent chain degradative
processes occurring, the onset of crosslinking often
changes the physical properties of polymers, causing
embrittliement in meny cases.

The third chemical factor affecting thermel stability
is chemical reactivity. The low reactivity to oxygen,
moisture, ecids, tases, or other substances, desirable
in any polymex becomes perticularly iwmportant at the

elevat=d temperatures al which thermally stable polymewu




The feotures required for thermal eiolility ia

polymers cen then be summarised as:

(a) high melting or softening points;

(b)  high bond dissociation energies;

(¢) structures which sre not conducive to low energy
degradation processes;

(d) structures which are not susceptible to intore
or intramolecular bond formationg

(e) 1low chemical reactivity,

Vigorous research ond development efforis, prompied
by the increasing need for high temperature materials,
have led to the synthesis of a large numbexr of new
polymers which possess some or all of these feavures,
These polymers are often highly aromatic in structure;
high melting, sometimes infusible and usuelly insoluble
in all solvents, thus making their fabrication difficuli
and limiting their usefulness. Nevertheless many of
these polymers have reached the stage of commercial ox

development production in the last few years.

13 Fluowrine Containing Polvmers

The replacement of hydrogen atoms by fluorine, in
a polymer, is knowa to increase¢ its thermal stability,

by introducing bends of higher dissociation energy and
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stable to most chemicalse The need for thermally
rubbers has been partly met by fluorinoted polymers
such as "Viton" (figure l¢3)2, which is a perfluercpropyloss.
vinylidine fluoride copolymer, This polymer is stable

belov 260°C but repidly decomposes at higher temperaturen,

1.4 Inoypanic Polvmers

As can be seen from table 1.1 the dissociation energic:

of bonds involving inorganic elements ere generally highow

than those of carbon-carbon bonds. Thus polymers contoin

inorganic elements would be expected to be stable in the
higher temperature ranges.

The silicone polymeré or the siloxanes 3 (figure 1.4 (2))
wvere the first representatives of systems containing
inorganic elements. Although the intrinsic thermal
stability of these polymers is good they tend to degrade

by the low energy process described previously, and in
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often included

Thermally stable boron and silicon contzining
polymexrs with carborane groups have also been prepareds3
" These have the structﬁre shown in figure 1.4 {(c) and
have been found to be fusible and soluble in orgenic

solventse.

o o
aﬂ-o~31—0~%1~o~31m0u?L—_ﬂﬂ,
l l
R R R R

(b)
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|
R (o),
c CcH
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1.5
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The strength of conventional linezar polymers, wvhi

hd o = g < P P M o ey o ey - S . oL
cemprise single chains of atoms, ig delerninad by the

strength of the wealkest link in the chain. The breskiny

of this link can cause drastic reductions in +the
molecular weight of the polymer, with corresponding
deterioration of its physical properties. Polymers
vhich congist of non«crosslinked structures in which
two molecular strands are Jjoined to each other, would

require that av least two bonds must be broken before

any reduction in molecular weight can occur, thus thes

polymers would be expected to show good thermal stability.

Ladder end Spiro polymers are examples cf such materia
(figure 1.5).
Ladder polymers of many diverse types have been

-

synthezised and although many have only partial ladder

b

Ledder

Bttt —— W B
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of the Tirst perxtiel ladicr structurcs to be synthesisel .

and one whien ia practically useiul, is the zo~celied
1 1} i o3 4?5?637 Tyt + M
Black Orlon® (Pigure 1.6 (a)) o This material

is prepared by the pyrolysis of acrylonitrile which leads
to a deeply coloured polymer with & high order of therxmel
stability. Another early example of & ladder polymer is
in the field of silicone chemistryg. Polyphenylsilesquicuoioy
of ladder structure (figure 1.6 (b)) which eres stable at
temperatures up to QOOOC, have been prepared fyom phenyl..
trichlorosilane as a starting material.

Inorganic spiro compounds have been prepared by
treating metel cations with phosphinic acidsgo Thesé
polymers have the structure showa in figure 1.6 (c¢) and
have been shown to exhibii{ good thermal stability when
zine is used asg the metal cation.

1.6 TFully Aromatiec Polvmers

Polymers containing ohly aromatic units have received
considerable attention in recent years. The first fully
aromatic polymer was the poly-p-phenylene prepared by
Marvelll (figure 1.7). This polymer is inscluble and
infusible, however it has been shown to have good thermal
stability. HMost of the fully aromatic polymers which

heve been siudied, however, have chains conteining
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hetérocyclic rings which, in most cases, are formed
during the polycondensation reaction. There are a very
large number of polymers Which fall into this class
and it is intended to mention only tvo, wvhich show
promise of commercial viability,

The polybenzimidizoles ' have received limited
commercial development as high temperature adhesive
and laminating resins. These polymexs are prepared &s
shown in figure 1.8 by reection between an aromatic

tetranine and the ester of an aromatic dicarboxylic acid.

0

(0]
H
PhO—C C—O0Ph HyN NH,

HoN NH

\

H
N
M__< /N .+ 2nPhOH + 2nH,0
A
., N H
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a soluble prepolymer which caon be used to impregnsie
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nt such as glass fibre, the polycondensation

reaction being completed during the forming of the laminate

at high temperature and pressure., The polymers thus
formed exhibit excellent thermal and oxidative stabiliity

12 (figure 1.9) show considerable

The polyoxadiazoles
promise as fibre forming materials for use at high
temperatures, These polymers can be prepared by several

routes and show good thermal stability in air..

Figure 1.9

1.7 Polymers with Aromatic Units Linked to Non-Aromatiec Unit

The completely aromatic polymers, described in the
previous section,; show good thermal stability, but the
high rigidity of the backbone chain, while introducing
good mechanical properties, often makes them completely
insoluble and brittle, thus hindering their commercial
development. In ovder to reduce chain rigidity, while
£till reteining good thermal properties, many high

agn
&~

temperature polymers ere based upon aromatic rin
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linked by variocus Zrounings

Many of these polyners have wveanched the stage
of commercial development. Folymers such as the
polyphenylene oxides'® (figure 1.10{a)) and the
polysulphonesl4 (figure 1.10{b)), while not exhibiting
excepticnal thermal stability, are distinguished bj
their wide range of working temperaiures (m17OOC to 190°C)
and (~100°C to ISOOC) respectively. Others, however,
have been shown to have good thermal stability. The
polyimide polymersls {(figure 1.10{c)) are possibly the
most succegsful of the new higch temperature materials,
These polymers have been used as films, engineering
plastics, fibres, binders for reinforced plastics
conposites and adhesives, whexre high temperature stability
has been required. Othexr polymers which have ieceived
limited commercial success are the aromatic polyamides16
(figure 1.10{(d)), which are being manufactured as fibrous
yarns and papers, and poly-pwxylylenel7 (figure 1.10{e)),
which has been developed as & protective coating medium
and as an unsupported filme. The polyarylene sulphidesla’19
(figure 1.,10(f)) are an example of a group of polymers of
this type which have been shown to exhibit good thermal
stability but have not reached the stage of commercial

development.
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1.8

previous
secticn, while exhibiting good thermal stability, have
progressed very slowiy %o the stage of practical utility

hey form inscluble and infusible materials,
which are extremely difficult to fabricate. There is,
therefore, a need for a flexible method of formation of
arometic resins which would allow the menipulation of
reaction conditions 4o preduce polymers capable of
fabrication,

- An example of such a reaction is the polycondensation
of benzyl compounds, in the presence'of Friedel-Craftis
catalysts, to yield macromolecular hydrocarbon materials.
The benzyl compounds which have been used for the formation
of polybenzyls are benzylhalides, alcohols, ethers2o and

aldehyd0821

;, but the most thoroughly investigated monomex
has been benzyl chloride. Two kinds of polymer can be
produced by the action of Lewis acids on benzyl compounds
by varying the eatalyst and reaction conditions. One

is & low molecular weight meterial which softens about a0%¢
end is soluble in some solvents, while the other is a
grenulaer s6lid vhich is infusible and insoluble in any
solvents.

The structure of polybenzyl has been the subject of
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(a) Polystilbone Structures Henne and Leicesten®
proposed this structure (figure 1,11 (2)) but littlé
evidence has been found to support theiir propozal and

it is generally considered to be the least likely one.

(b) Lineex: This structure (figure 1.11 (b)) was first
proposed by Jacobsongs who suggested that the benzene

rings were predominantly disubstituted in the p=position,
Such a polymer, however; would be expected to be crystalline
and high melting like the poly=p-xylylenes,

{(c) Random Branchings Flory24 has cited polybenszyl as

an example of this type of polymer (figure 1.11 {c)).

This type of structure would be formed if at any stage

in the reaction any hydrogen atom on any benzene nucleus

has the same cﬁance of being substituted as any other,
subject to the directive influenées of existing substituiion,
(d) "Sow and Piglet" branching: Based on infrared,

£
oxidation and degradation studies, Haes et.al, 20

have
presented evidence for a structure consisting of a core
of almost completely substituted benzene rings surwxcunded
by @ periphery of pendant benzyl groups (figure 1,11 (a))-.
This structure is supported by specitiroscopic and kinetic

. ool
studies carried out by Valentine and Winter™ .
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W¥hile it seens b0 have booen establighed
polybenzyl predeminantly contaius phenyl groups linked

by methylene bridges there still renni some doubt

4]

about the detailed structure., Iiost of the experimental
evidence obtained seems to favour the structure put
forward by Heas, but little account seems to have been
taken of the steric crowding due to adjacent benzyl
groups. A more reasonable structure would appear to be
one in which the average degree of substitution, in all
but the peripheral benzyl groups, is lower than that
suggested by Haas. Parker” 26 has suggested that a
reasonable value for the average degree of substitulion
is three and has suggested the structure shown in
figure 1.12. He also found that the analytical resultis
for the insoluble resins are virtually identical with
those of the soluble resins and proposed that the
structures of both types of polymer are similar., Although
this type of structure is unlikely to impart useful
physicel properties, at high temperature, to the poly-
benzyls, the versatility of the Friedel-Crafts reaction
should allow the preparation of polymers with useful
high temperature properties.

A very flexible method of formation of aryomatic
resins, which involves the use o 2 Friedel~Crafts reaction

between an sromatic dichloromethyl compound end another




es a crosslinking egent in the development of pelybenzy
as & useful leminating resin.

Overhults and Ketleyzg used this type of reaction
to study the effect of methyl substitution in the
aromatic rings of the polybenzyls. They demonstrated
that by varying the number and position of methyl

substituents in the aromatic rings of the monomer and
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7y heve Turther demonzirated

Grassie and Mel
the versetility of this reaction with a detailed study
of the products and kinetics of the reactions of
diphenylmethane, benzene and benzyl chloride with DCMB.
Their work has demonstrated that the frequency of branching
in the polymer énd hence both its thermal and physical
properties can be greatly affected by changes in the
aromatic molecule. This is shown in figures 1.13, 1.14
and 1,15, All products of the reaction between DCMB and
diphenylmethane up to and including products with fivse
aromatic nuclei must be linear. Thereafier branching
may occur and Grassie and Meldrum have shown that molecules
become branched at the earliest possible stage. A molecule
with more than five nuclei, therefore, is more likely to
be branched than linear, owing to the greater rate of
substitution into disubstituted nuclei than intc mono-
substituted nuclei. This was also shown to be true for
the DCMB/Benzene system; thus branching occurs -at a much
earlier stage in this reaction as shown in figure 1,14,
The products of the reaction between DCMB and Benzyl
Chloride wexe found to be very complex as would have becn

expected for this system. This made separation and
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Figure 1,13 Reaction Between DCMB and Diphenylmethane
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Q—-CH2-Cl +

¢—CH2—Cl +

~Cl

C1~CH =~ CH,=Cl ——— ﬁ*CHz—g-CHE

?H
Cl

2
+

01—CH2—¢—CH2—¢~CH2~01

¢~CH,~C1 — y $-CH, ~§—CH_~C1

Reaction of the chloromethyl compounds presented above,

- with the various benzene nuclei available, will result

in the formation of a large number of complex procducts.

Fipgure 1.15

Reaction Between DCMB and Benzyl Chloride



and a possible reacvion scheme iz gheowa in £1
Asg con be seen there should be & rapid build up of highly
braached structures in this system.

These investigstions have shown that by careful
separation and analysis of products the mechanism and
kinetics of polymerisation of poulybenzyl type svructures
can be determined., It should, therefore, be possible to
estimate the effect of changes in the nature and initial
proportions of the reactants on the polymerisation and
properties of the pdlymersy

The preparation of polybenzyl—type polymers with
heterocyclic units in the main chain has also been achieved
by Grassie and Meldrum32 using the reaction between DCMB
and varicus aromatic heterocyclic compounds. Polymers
were formed with benzene, thiophen, pyridine, indole,
guinoline and pyrrole units in +the chain and a rough
estimate of their relative stabilities made by measuring
their rates of volatilisation under conditions of
continuously increasing temperaturegs. Their relative
gstabilities were found to be, in decreasing ordexr, as
follovgsw thiophen, benzene, pyrrcle and indole. Both

'3

pyridine and quinoline gave very much less stable productis.
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luasion ves drawvn, however, as {o

a funciion of the aromavie molcoule or the extendt of
branching oy crosslinking in the polymer.

1.9 Aim of the Present Verk

In the light of the work carried out by Philiips,
Overhults and Grassie it would appear that the reaciion
betwveen DCHMB aund aromatic compounds, catalysed by
Friedel-Crafty catalysts, coﬁld prove to be a wvaluable
method for the synthesis of polymers with superior ther
stability. Grassie and Meldrum have shown that in oxrde
to determine the basic reasons for the stability of
polymers of this type it will be necessary to carry out
detailed investigations of the mechanism of polymerizat
and structure of individual polymers and to correlate
these factors with stability. As the polymer formed by
the reaction between DCMB and thiophen (figure 1.16)

appears to be the most stable of the polybenzyl-iype

CICHZ'——-@—-CHZCI + </_S—\> —_—
{ CHo —-@fc Hz*_“@;i—

il

X

t

a0



iy
]

.

polymers, thus synthesised, it is intended to study

the mechanism of formation and siructure of this polymer

with this ultimate end in vievw.
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(a) Purification and Drying of p—(Dichloromethyl) Benzene,
p~(Dichloromethyl) Benzene (DC:B) (Bush, Bouske end

Allen Ltd.) was purified by recrystallisation from warm

methanol until a constant melting point was obteined (99%C).

The product was dried in e vacuum oven adv 60°C for 48 hours

to ensure complete removal of all liquid residues.

(b) Purification and Drying of Thiophen.

Before use, Thiophen (B.D.H. Ltd. Reagent Grade) wes
stored over calcium hydride at atmospheric pressure,
"Serious" dxyying was carzied out under high vacuum using ‘
the following procedures. Pre-dried thiophen was filtered
into & regservoir, degassed several vimes by the freeziung
and thawing method end distilled onto finely ground calcium
hydride in a storage émpoule (figure 2.1 (2)). The
ampoule was then sealed off, at point A, at & pressure of

less than 10"'5

torr. The thiophen was then left for a
periocd of at least one week during which time it was

intermittently agitated by sheking. Drying was completz

q

by redistillation, uvnder high vacuum,; onto fresh f{inel
ground calcium hydride end storage for one more week.

After this time the thiophen was twice vecuum distilled




Figure 2.1

AR AR
7\
(2) ]
1 7
- (b)

H{ox)

(e)

Typical All-Glass Ampoules.



and stvored in a senled zwpouvle until use.
(¢) Purification and Drying of Stawnic Chleride.

FPhosphorous pentoxide wvas sgublimed, under high
vacuvm, in the apparatus shown in Ligure 2.1 {c¢) 1o
remove it from the "bottle material®, After sublimation
the spparatus waes sealed off at point B and thercefter
used as a storage ampoule.

Stannie Chloride, Anhydreus, (B.D.H. Lid. Reagent
Grade) was transferred quickly from its sealed container
to a reservoivr, degassed several times under vacuum and
distilled onto the freshly sublimed'phOSPharous pentoxide,
The ampoule was sealed off at a2 presszsure of less than 10"5
torr and the contents stored for at least one weck in the
dark34¢ After redisvillation onto freshly sublimed
phosphorous pentoxide, followved by storage for one more
week in the dark, the stannic chloride was twice vacuum
distilled, in all glass apperatus, and stored in e sealed
ampoule under its own vapour pressure in the dark. Before
use as a catalyst, stannic chloride was subjected to two
more distillations, in all glass apparatus, during the
manipuiation of reagents described in section (f). This
ensured the removal of all traces of dissolved phosphorous

pentoxide.



(d) Purification and

of 1,2-Dichloroethane {DCH),
The purificobion and deying of HCE (B.L.IH, Ltd,
Reagen® Grvode) was carried oubt as described in section (e)
for stennic chloride. The DCE,; however, was pre~dried
over phosphorous pentoxide "boittle material" before
degassing, distillation end drying over freshly sublimed
phosphorcus pentoxide. It was not considered necessary
to store the DCE in the dark.
(e) Preparation of Glassware.
All glassware was made of pyrex glass and was
cleaned in the following way. It was washed with cleaning
solution, distilled water, acetone, chloroform and finelly
analar grade acetone before being evacuated on the vacuum
line. The apparatus wes flemed out at a pressure of less

5 torr before use to remove all traces of moistures

than 10~
(f) Manipulation of Reagents.

Since traces of water and other impurities can have
a profound effect upon catalysed reactions of the type
being studied, strict precautions were taken to minimise
contamination. All reagents were purified and dried, sas
described above, using, wherever possible, all glass
apparatus with break seels instead of stopcocks. As

stannic chloride is known to catalyse the self-polymerisation

of thiophen strict precautions were also taken to ensure
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thet at ns time during dthe moudpulation of the reagontis

did these twe liquids come into contvact. The
methed ves devisged to allow the weproducible intyoduction

of very simall amounts of stennic chlorvide to the reaction
ampoule.

Standard solutions of thiophen in DCE and stdnnic
chloride in DCE were made up under high vacuum in the
following way. Thiophen and DCE were distilled from
their storage ampoules into greduated ampoules (figure 2.1 (b))
which were then sealed off., Stannic chloride was transferyed
to & 1 ml, gradusted ampoule using the apparatus shown in
figure 2.2. The apperevus was evecuated to a pressure of

less than 107°

torr and gsealed off at point A. After
breaking the bresk seal, the required smount of stannic
chleride was pbuyed from storage ampoule B into the 1 ml.
graduated ampoule €, wvhich was then sealed off at point D.
The remaining stennic chloride was then distilled into
storage ampoule E, which was then sealed off at point F
and stored in the daxk. The known emounts of reagenits,
in the gradvated ampoules, were then distilled into two
storage ampoules, using an all glass apparatus similar in
design to that in figure 2.4 to meke up the two standard
solutions,

The standard solutions were then thoroughly shaken
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Greaseless Liquid Transfer Apparatus.
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end digiribuisd indo 10 ml. calibreied umpoules using

3 [ R R % S, v r . . . K L

the eapvperabus shoewn in Ligure 2.3. The apparatus consistel
oy e g Ay e P 1y a gy i, . - . -

of e ceptral wvesexvoir A surroundsd by a periphery of nine

10 ml. calibrated empoules B and one inlet tube C. The
storage ampoule D, containing the standard solution, was
sealed onto the inlet tube end the apparatus evecuated
. s

at point E. The apparatus was then sealed off at point F
and the stsndoard selution introduced into the central
reservoir by breaking the break seal. The solution was
then poured into each smpoule in turn and the aumpoules
sealed off at the fine constriction G.

Transfexr of solutions to the reaction ampcule wos
then carried out using the all glass apparatus in figure 2.4,
The gpperatus consisted of o reaction ampoule A, into which
DCHMB had been introduced in the form of a crystalline
solid, attached to the two calibrated ampoules B, containing
the stendard solutions. After evacuation end sealing c¢ff
at point C, the standard solutions were distilled onto
the DCMB, the thiophen solution being distilled first.
The calibrated ampoules and manifold were then flamed out
to ensure complete transfer of reagents and the ampoule

sealed off at point D

-

(g) Reaction Conditions.

o . . O, -+ -
Preliminary experiments were carried out at 30°C -~ 0,17
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Greaseless Solution Transfer Apparatus.
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Figure 2.4 Greaseless Solution Transfer Apparatus.
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in a stivred, dhorao: controlled water bhath,
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All othor exporins were corried out in a Towson and

3
1y

i

Mercer Lid. "Mdinug Seveniy", Dridge Conitxol lod

¢

Thermnstat Bathe Using this equipment temperatures in

- . o o PR P «
the renge +10°C to =20"C could be controlled teo « (.5 C..
Reactions were quenched by immersion of the reaction
empoule in liquid nitrogen,

2.2 Polvmerisation under Nitrogen

(&) Purificetion and Drying of Reagents.

(i) Thiophen (B.D.H. L%td. Reagent Grrde), 2-Methyle,
8-Methyl~ and 2,5-Dimethylthiophen (Ralph N, Emanuel Lid,
Puriss Grade) end 2-Chlorothiophen {(Koch-~Light Laboratories
Ltd. Puriss Grade) were distilled at atmospheric pressuxe
and dried over finely powdered calcium hydride foix 48
hours.. The reagents were then filtered, redistilled aund
stored over finely powdered calcium hydride until use,

All reagents were again filtered and redistilled, at
atmospheric pressure, immediately before use,

(ii) Stannic chloride and DCE (B.D.H. Ltd., Reagent Grade)
were dried as described in section 2.1. DBefore use
stannic chloride was distilled several times under high
vacuum to remove all traces of phosphorous pentoxide.

DCE was distilled at atmospheric pressure immediately

before use.
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(iii) DCMB {Bush, Boslic and illen Lid.) wos purifi
in secticn 2.1.
(b) Preparation of Glassware.

Pyrex glags reaction vessels were washed with cleaning
fluid, distilled water, acetone, chloroform and finally
analer grade acetone before being dried for 24 hours in
en oven at 120°C. Washing and drying of glassware wes
carried out immediately before use, |
(c) Polymerisation,

The apparatus was as shown in figure 2.5.  Reactions

33

were carried out in an atmosphere of pure nitrogen (British
Oxygen "White Spot") which had been dried by passing through
a column A, containing Molecular Sieve Type 4A, which had
been 2ctivated by heating at 120°C for 24 hours.

DCMB was added to the reaction flask B in the form of
a crystalline solid and the flask flushed cut with nitrogen.
DCE and the aromatic compound were added separatvely by
syringe through a septum € and the apparatus agein flushed
out with nitrogen before addition of stannic chloxride, In
order to ensure the reproducible addition of small amounts
of stannic chloride to the reaction flask this reagent was
edded in the form of & solution in DCE, by syringe. The
time of addition of the stannic chloride solution was

noted and was taken to be zero time for the reactions
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the efifluent gases collected by bubbling into distilled
vater., The rate at which hydrogen chloride was carried
from the reaction mixture was measured by titration with
standard alkali. The rate of nitrogen flow was maintained
at 10 ml./min. and this was shown, by means of "blenk"
experiments to be consistent with negligable carrying-over
of stannic chloride.

(a) Polymer Recovery and Purification.

Soluble and insoluble products of reaction were
-separated by filtration of the reaction mixture. Recovery
and purification methods for both types of product are
described below.

(i) Soluble Polymers: After washing the solution with
wvater to remove the dissolved stenni¢ chloride the polyme:
was precipitated by addition of the solution to either
analar methanol or n-hexane., The solution was slovly run
into 3 litres of the precipitant with cqnstant stirringe.
The product was filtered, dried at room temperature in a
vecuun oven, and dissolved in chloroform. This procedure
wvas repeated twice. The final product was then dried in
a vacuum oven et 100°C for 48 hours.

(ii) Insoluble Polymers: The insoluble polymers were



- L 7 S-S | T o . P | P IT A P e- g - " i 2
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vas dyried at room temperature, in a vacuum oven, Aifter
the final washing the polymer was finely ground and dried
in a vacuum oven at 100°C.

Purification of the polymers, as described above gave
materials of fairly high purity. It was not possible,
however, to ensure complete removel of all low molecular
weight species small smounts c¢f which may still have
been presenti,

2.3 Ansalysis of Products

The separation and analysis of products of the reactions
described in this thesis were carried out using the techniques
described belowe
(&) Anealysis of HC1l Produced in the Reaction under Vacuum,

Analysis of HCl was carried out in the apparatus
shown in figure 2.6. A glass bulb A was sealed ento the
reaction ampoule at point B. 20 ml. of distilled water
was then added to bulb A and a glass rod inserted through
the rubber seal {. The distilled waler was added to the
reachbion mixture by bresking the glass seal with the xod,

The mixture wss then shaken vigerously for 15 minutes s




Figure 2.8 Hydrolysis Apparatus.
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fie apperatus waes vhen opened bhelow the breck seal, the
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gloessware washed with distilled water and the washings

addsd to the reaction mixture. The amount of HCl1 wes
mated by titration with standard alkali.

The organic lesyer was washed thoroughly with water,
separated and dried over anhydrous sodium carbonate.

(b) Gas-Liquid Chromatography (G.L.C.),

(i) OQuantitative Analysis: Quantitative G.L.C. analyses
were carried out using a Microtek 2000R gas chromatograph
eguipped with dual columns, flame ionisation detector
and linear temperature programmer, In order to echieve
good separatiop of products samples were injected onto

a 1% silicone gum (SE30) on 100/120 Embacel column
which was then linearly programmed from 50°C to 250°C

at 10°/min. After calibretion of the flame ionisation
detezctor, as described in chapter 5, quantitative
enalyses of DCMB and the first two vproducts of reaction
were carricd out. The calibration of the detecior was
checked at regular intervals.

(ii) Prepavrative G.L.C.: Preparative G.L.C. was used
for the separation of small amounts of products for
calibration of the Microtek 2000R flame ionisation

detector. A Pye 105 Automatic Preparative Chromaztogreph
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¢) Gel Permestion Chromstography

The separation and estimation of the concentration
of reaction products with molecular weights highexr than
300, for which G.L.C. was found to be inapplicable, was
achieved by the use of preparative gel permeation
chromatography. The apparatus used is illustrated in
figure 2.7,

Outgassing of solvent (analar chloroform). wasg
carried oud by refluxing sclvent from reservoir A above
the inlet to the chromatographic columns in such & way
thet a consgtent amount of ouitgassed solvent was retained
in reservoir B. This solvent then maintained a consbant
hydrostatic pressure on the liquid flowing through the
columns,.

The gel, & crosslinked dextran (Sephadex LHZO,
Pharmacia Ltd.) was conteined in two pyrex glass columns C
(4 x 75 cm. and 3 x 75 cm.) which were connected in series.
In both columns the liquid flowed downward in ordexr o

oppose the tendsncy for the gel te float. The solvent

resistent column ends (Pharmacia Lid.) ensured that
except Tor ithe nylon sieves and & small metal ring, in

the column ends, all surfaces in cocantact with the solvent
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Figure 2,7 Gel Permeation Apparatus.




Injection of sample mply by closing the

flon stopoock Dy removing stevper E end allowing the

w3

3

solvent to run off. VWhen the head of solven® had passed

point F ‘the semple was added through opening E and allowed

to flow inte the first column. Stopcock D was then reopcened,

stopper E replaced and the solvent flow continued. Eluate

from the second column passed through a L.K.B. Uvicord 4701A

U=V detector G and was collected in 10 ml. fractions by the

sutomatic fraction collector He The U=~V detector could not

be used quantitatively so quantitative estimations of

products were carried out by evaporation of solvent from

the fractions, at room temperature, and weighing the resid wes,
Camples were prepared for injection by drying of the

organie solution, as described in seclion 2.3 {(a), removal

of solvent under vacuum and dissolution of the residue in

10 ml. analar chlovoforme.

(d) Gas Chromatography-Mass Spectrometry (G.CoMeSe)e
Reaction products which could be separated by G.L.C.

were initially enalysed by means of a L.K.B.900 (L.K.B.~

Produkter) combined gas chromatograph - mass spectrometer,

a schemetic diagram of which is shown in figure 2.8. The

novel feature of this equipment is the molecule szparator

(BeckeruRyhage)So which pumps away most of the heliunm
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carprier while allowing 50-T8 per cent. of the sepavated

component wnder snoiysis vo pass dnto the moss spectromeber,

At all bimes, other than vhen e mass spectrum isg
being scanned; the instrument operates vwith an electron
beam energy of 20ev which is below the ionisation petentia-
of helium (24.8ev) but high enough te icnise eny organic
matter coming off the column., The total ion current is
measured by an electrometer, in the ion source, and fed
through an emplifier to the G.L.C. recorder.

The mass spectrometer is a single focusing instrument
with a fast scenning speed. Vhen a component is observed
onn the G.L.C., recorder pressing the scen button automatic-
2lly increases the ionisation voltage to 70ev and a mass
spectrum is obtained from the fast U=V recorder.

(e) Molecular Weight Measurements.

Molecular weight measurements were carried out using
& Hewledt Packard 301A Vapour Pressure Osmometer. The
measurements were made at 65°C in toluene solution.

(f) Miscellaneous Spectroscopic Analysis,

(i) Mass Spectrometirys Mass spectra of reaction products
of molecular weight greater than 300 were obtained using
an A.E.I. MS12 mass spectrometer. Spectra were obtained
using ionisation volivages vwithin the range 20ev = 70ev.

(ii) Nuclear Magnetic Resonance Spectrometry (n.m.x.):




mataw.
als available, samples run on the Varian HAL00

spectrometer were run in 0,15 ml. micre-cells with

resulting loss of resolution.

i)

cbtain

Infrared Spectrometry (I.R.): I.R. spectra were

o~~~
e
e

ed using Perkin Elmexr 225 and 287 spectrometers.

Samples were prepared as potassium bromide discs or run

&s ligquid films bhetween sodium chloride discs.

(iv)
were carried out on & Unicam SP300
Solutions of the reagent in anelar
1 mg/ml.), contained in 2mm quartz

2.4 Thermel Methods of Analysis

Two methods have been used to

Ultra Violet Spectrometry (U-V):

U=V analyses
spectrophotometer,
diethyl ether (approx.

cells, were used.

study the thermal

degradation of the polymers. Both have been devised for
studying continuously the changes in the nature of a
substance on heating and in this work both involved
linearly programming the temperaiure of the sample from
room=-temperature to 1000°¢,

(i) The

analyses were carrvied out using a Dupont 950 Thermo-

rmogravimetric Analysis (T.G.A.): Thermogrevimetzic

gravimeiric Analyser. This instrument operates on the




to obtain & high vacuum with this wpp&TQbUSs

Although many theoretical methods have been devised
oo
s s . . , >0
for obtaining kinetic data from T.G.A.” , these are

generally only applicable t0 simple degradation processes

[N
=+
e
(¢}

and so no kine analyses of the degradation processes

described in th

1=
451

thesis have been attemptled.

(ii) Thermal Volatilisation Analysis (T.V.A.)S7

s The
T.V.A. apparatus used in this work was similar in design
to the Differential Coundensation T.V.A, which has been
described by McNeillggo A schematic diagram of +the
apparatus is shown in figure 2.9 Two cold traps at -75°¢
and 0°C were mounted in parallel between the silica glass
reaction vessel and a cold trap at ~196°¢C. Samples were
heated at 10°C/min. as the system was continuously pumped.
The pressure in the vicinity of each cold trep was

continuously monitered by a Pirani Gauge (Edwvards High

Vecuum Ltd.)o
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Before carrylng out & detailed investigation of
the reaction between DCMB and thiophen it was necessary
to establish the effect of impurities, such as water,

on the reaction and also 1o estimate the extent to

which reactions other than that between DCHB and thiophen

took place. It was also important to obtain en overall

picture of the main features of the polymerisation and

the resultent polymer. As & result of these preliminary

experiments it was hoped that & convenient method and
suitable conditionsg for following the course of the
polymerisation could be chosen and the best experimental
conditions established.

3.2 The Self-Polymerisation of Thiophen

Since Victor Meyersg fi

of thiophen catalysed by sulphuric acid; a large number
of workers have polymerised thiophen in the presence of
a great variety of acidic species. The polymerisation
of thiophen by Friedel- Crafts catalysts was first report
by Bruce and his co—workers4o who obtained emorphous
solids from the reaction of thiophen with ferric and

stannic chlorides. Vhile in most cases the product of

rst reported the polymerisatic

3
2 G
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viocn of thdoeohen has besn an insoludble

the polymerisa
and infusible solicd, thus meking o detailed analysis
of the pelymer difficult, several wvorkers have prepared
soluble materials by reaction of thiophen with mild
acidic reagents, Analysis of these products has allowed
a clearer picture of the structure of the thiophen polymer
to bz built up.

Using the dielectric polarisation method Gold'stein

and comworkers41’42

have established that polymerisation

of thiophen in the presence of stannic chloride proceeds

through the fermation of 7V-complexes between thiophen

and stannic chloride, These complexes are formed by

the interaction of stannic chloride with the 7C{-electrons

of the thiophen ring and lead to the gradual polymerisation

of the thiophen. Infrared spectroscopy of the thiophen -

stannic chloride complex showed absorption im the region

of 1440 cm’l due to C-H deformation vibrations. Absorption

in this region is generally indicative of the prescnce of

C-H bonds where the hydrogen is ettached to an aliphatic

carbon. It would therefore appear that during the

‘polymerisation of thiophen hydrogen migration occurs to

produce completely saturated centres in the polymer.
Further studies carried cut by Curtis and co«workers48

A A »
and Armour and comworkers‘4 have confirmed that while
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savuraded centres are producsd durin olymerisaticns

catalysed by ecidic reagents. A detailed anelysis of

the "itrimer" and "pentamer" produced by the reaction of
thiophen with 100%-orthophosphoric acid was carried oab
by Curtis and co-workers. U~V analysis indicatedithat
these products still contain unconjugated thiophen

nuclei, T.R. and ne.m,r. analyses, while giving suppoxrt

to the U~V analysis, also showed the presence of aliphatic
carbon atoms in these compounds. Dehydrogenation of the
"trimer" and x-ray analysis of the "pentamer" confirmed

these analyses and revealed that these compounds have

the structure shown in figure 8.1,

7\
7 N\ S

{rimer" “pentamer"

- Figure 3.1
It is clear, therefore, that the reactions occurring

during the polymerisation of thiophen, catalysed by acidic
reagents, are extremely cemplex and should leed to polymexic
materials with complex structures. The production of such

structures during the DCMB-thiophen reaction could greatly
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affect the wesulitend polywmsy end also render kinetic
I U B o [ P ‘« g ! - - [ e s -

SeRlELes I:‘u?a!,)}.ii&;lQS;:.-:; 1% wWog bhelreiore necessary to

estinate the extent to which thicphen seli-polymerised
wnder reaction conditions similar to those to be uscd
in the study of the DCMB-thiophen reaction.

Attempts were made to polymerise thicphen at~3OOC,
both under vacuum and under nitrogen, using stannic
chloride ags the catalyst end 1,2~dichlorcethane ag the
solvent. Reactions were terminated by addition of
distilled water to the reaction mixture. The organic
layer was then separated and dried over anhydrous sodium
carbonate. The extent of reaction was estimated from
the total weight of the involatvile residue obtained
by evaporation of volatile materials from 10 ml. aliguots
of the reection solution. The results were calculated
as the percentage of thiophen which had been converied
to involatile material and are presented as percentage
polymerisation. Deteils of the experiments are presented
in table 3.1 and are illustrated in figure 3.2.

The plots of percentage polymerisation against time
of reaction show that after seven days reaction, ail SOOC,
the maxinum amount of thicphen which has polymerised
represeats only 1.57% of the starting material. It would

appear, therefore, that the self-polymerisation of thiophoan



Table 5.1  Selfepolyimeri

Series g Atmosphere
Nuwinber Vaguon

Reaction Time (Hr) 2k

Wt., of Involatile
Product/litre (g) 0,100

%ge Polymerisation 0,047

Atmosphere

Series
S
7 Vacaum

Number
Reaction Time (Iix) 24

Wt. of Involatile
Product/litre (g) 0.700

%ge Polymerisation 0,243

Series S99 Atmosphere
Number Nitrogen

Reaction Time (Hr) 20

Wt. of Involatile
Product/litre (g) 0.715

%ge Polymerisation 0,155

b e JE A L
24ion of Thionhen
o+ e

' . 1 —.(’
Concenirations of RBeactants (moles 1 7)

SnC.Q 0.020 Thiophen 2,52

48 72 96 120 14k 168

0.625 0,675 0,825 1.250 0,700 1,650
0.295 0,318 0,390 0.590 0,532 0,780
Concentrations of Reactants (moles 1-1)

SnCl& 0.018 Thiophen 3.43

48 72 96 1290 14k 168

1,200 1.750 2,650 3,100 4,000 4,550

0.%12 0,608 0,920 1,080 1,390 1,580

Concentratiocns of Reactants (moles 1-1)
SnClIi 0.024 Thiophen 5,50

50 77 103 125 155

1,800 2,900 3.880 4,501 5.479

0,389 0.627 0.839 0.975 1.179
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o 1 Ty ey IR L 4T ey R Ty e
will bhave 1itlle e¢ffszed on the DCIB-thisphen reachiocn

are Koepy low and rveagent concentrations

not alloved Yo rise above those uwsed in this siudy.
Analyses of the products of the polymerisation of

thiophen undex ni%yogen were underiaken to establish

the nature of the involatile materials. Mbleculaf

weight measurements of the deep brown viscous oils,

produced during polymerisation, gave a value of 343 * 28,

The U~V spectira of these oils all showed a single peck

at 237 my . This is similar to results obtained by

Curtis and co-workers from U-V analysis of the thiophen

"pentamer" end is taken as evidence for the presence of

unconjugated thiophen nuclei. These observations were )

confirmed by bands et 850, 825 and 695 cm™L in the I.E.

spectra (figure 8.83) of these compounds and absorption

at 2,7T0-3.,2% in their n.m.r. specira (figure 8.4). TI.R.

absorption at 1455 em™ ' and n.m.r. absorption at 5.57=9,27

however, also confirmed the presence of aliphatic caerbon

atoms in the products. The zatio of aliphatic to arcomatic

protons, obtained from n.m.r. was found to be 2.1 : 1.

This was considerably greater than would have been

expected from structures such as those shown in figure 3.1.

It would appear therefore that as polymerisetion proceeds

there is a decrease in the number of aromatic nuclei
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eccompoenied by e cewresponding increase in the number

PR N ) and ala?dai T b1 hi
of aliphatic end olefinic units in the polymer These

Y e
< o ES pel

§--

observaitions are in agreement with resulis obiained by

. ] 1 4:‘1’ * A0 ]
Armour and co-vorkers® ; however differences in spectral
evidence indicate that as the molecular weight of +he
product increases the polymer becomes very complex and
makes o devailed analysis very difficult.

3.3 The Self-Condensation of p=di(Chloromethvl) Benzene

It was important to determine the extent of the
reaction of DCMB with itself as this represents a possible
method of introducing branching at a very early stage of
the polymerisation. Mixtures of ﬁCMB, stannic chloride
and DCE were allowed %o react at 30°C and the amount of
HC1 produced estimated by titration with standard alkali.
The rate of evolution of HCl from this reaction system
was found 1o be too slow to be measured accurately as
the amounts of standard alkeli required to neutralise
the evolved HCl fell within the experimental error. Hence
it can be assumed that the self-condensation of DCMB does
not make an importent contribution to the structure of
the polymer. These results were found to be in good
agreement with those obtained by Grassie and Meldrung.

8e4 The Influence of Watexr on the Reoction

A '
It has been shmma“r that water acts as a co=catalyst
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ithovgh rigorous deyving of res
polymerisation has frequently been chown 4o reduce the
rate of polymerisation to zero, Grassie and Nelarhr?g
found that, while é%ter acts as a co=catalyst in the
tion between DCMB and benzene catalysed by sténnic
chloride; the reaction does proceed at a reasonable rate
in the complete absence of water. Their results
demonsirated that a meximum reaction rate is observed
when the SﬁC14/H20 ratic is unity. At higher water
concentrations, stannic chloride is precipitated from
solutior in the form of a hydrate with an accompanying
decrease in reaction rate dus to the decrease in the

SnCl ,~H_0 complex concentration. The decrease in rate

2
at lower concenvrations of water can be accounted for
by the reduction in concentration of the SnCl4»H20
complex in favour of the less active SnCl4 catalyst.
Clearly the piesence of water greatly affects the
rate of Priedel=Crafts reactions of this type and 1n
orédzr to obtain reproducible resulis the concentration
of weter in the reaction mixture must be accurately
controlled. The most convenient way of doing this, end
sc to achieve easy reproducibility, is to exclude water

P

completely by tae rigorous. drying procedures described



ead goed reproducibility was thus obiained throughout

this study.

5.5 The Beactien between DCAMB and Thiophen

Before embarking on a quantitative study of the
reaction beltween DCMB and thiophen, it was necessary

tc carry out some preliminary observations in order to
determine the best experimental conditions for polymerisation
and to devise & convenient method for studying the reaction,
Initially all experiments were carried out at 3000, under
high vacuum, using the techniques described in chapter 2,
During the course of these experiments the follewing
observations were made.

Initielly all reaction solutions were clear and
colourliess. After a short time, however, & yellow colour
gppeaxrs, which gradually deepens, through orange, to a
deep red. As the solutions darken, they also become opagque
and precipitation of a solid begins. Addition of water to
the reaction mixture results in the rapid discharge of
the deep red colouration giving a pale green solution.

poo.
K

er washing with orgenic solvents and drying a deep

C“"

ysllow polymer is obtained. I.R. analysis (figure 3.5)

of this polymer indicated that the siructure is very
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.8 ,
and Meldrum™ " The mechas

howovers

in all common solvents,

seepared by Graszio
nical propevties of the polymen
it is infusible end insoluble

Thermal wvolatilisation

analysis, Tigure 3.6 while showing certain differencés
from the analysis carried out by Grassie and Meldrﬁm,
indicated that the polymer is stable below 800°C.

The onset of colouration, during pclymerisatioﬁ
‘probably indicates the formation of complexes inveolving
stannic chloride and aromatic nuclei. It has already
been shown in section 8.1 that such complexes can be
formed between stannic chloride and thiophen., The
formation of these complexes was also accompanied by
gradual colouration of the reaction mixture. As addition
of water causes hydrolysis of the stannic chloride it
would also be expected to cause the colouration to be
discharged, as was found %o happgn in both the self-~

polymerisation of thiophen and the reaction between DCMB
and thiophen,

At no point during the reaction was complete gelation
observed. The loss of transparency during the reaction
could have been due to the formation of micrcgel., Thus
instead of & continuous gel being fermed throughout the

solution discrete particles of gel are formed and are
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for the poor mechenical properties of {he precipitated

It is possible that the formution of complexes beiween
stennic chloride and the aromatic nuclei could lead 1o
depletion of the amount of active cetalyst in the veaction
mixture.. It would be better therefore to carry out rate
determinations during the initial stages of the reacticny
before the onset of the deep red colouration. In this
way all such determinations would also be carried cut
before the formation of microgel with the resulting loss
of homogeneanity of the reaction mixture.

Sepsration of the reactants and the first two pyoduct;
of reection was achieved by G.L.C, Later products of
reaction were not volatile enough to be eluted from the
column, however. Separation of these later products was
finally achieved using the G.P.C. apparatus described
in chapter 2. Preliminary experiments were carried out
to estimate the rate of HCl producticn and to study changes
in the concentrations of the reagents and the first two
products of reaction using G.L.C. The rate of reaction
at 30003 however, was found to be so fast that therc were
large proportional errors in the esbimated reoaction times.

In order to reduce the raté of reaction,; and hence these




exToxa, vhe experimsats 7 zopoated at 0°C. Al
this temperature ihe weactiocn could be comveniently
controlled and the wvemetion curves shown i

n figure 3.7
were obtained. These curves were obtasined before the
identification of the reaction products had been established
-and s0 no calibration of the G.L.C. detector had been
carried out. The reaction curves did, however, suggest
that two consecutive first order processes wvere involved.
3.6 Summery

The experiments reported in this chapter have shown
that DCMB and thiophen react, in the presence of stannic
chloride, to form polymeric materials. Neither thiophen
nor DCMB have been found to react with themselves to any
significant extent under the conditions used in this study.

The ultimate product of the reaction was found to be an

insoluble and infusible powder, which showed promise of

good thermal stability.
a2 complete analysis of
These experiments

gain a greater insight

These properties, however, made
the polymer extremely difficuli.
have confirmed, that in order to

into the structure of the ultimate

polymer, a detailed inveStigation of the polymerisation

should be carried ocutb.

indicated that such an

using both G.L.C. and G.P.C. as analytical tools.

Preliminery expevriments have
investigation could be cerried out

These
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techniques should allow both the separation of wveanction

products and the determinaiion of reaection suvves for
The results of these investigations into the reaction

betveen DCMB and thiophen are described in chapters 4

and 5.
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The work described in chapter 8 of this thesis
indicated that before a satisfactory account can be
given for the good thermal stability of the DCMB-thiophen
polymer it will be necessary to determine the mechanisn
and kinetics of the polymerisation process. As a first
step in this investigation attempts were made to separate
and identify all the soluble products of reaction before
carrying out a kinetic analysis of their formation. The
identificetion of these products of reaction is described
below.

4,2 Experimental

Using G.L.C. as described in chapter 2, reaction
mixtures were readily resolved into three main components
as illustrated in figure 4.1l. Mass spectra of these
components were obtained using the L.XK.,B.,900 G.C.M.S.
apparafus and small amounts of the pure materials were
separéted using preparative G.L.C. All other products
of reaction proved to be too involatile to be eluted from
the G.,L.C. column, however the developmenit of the G.P.C.
apparatus allowed the separation of these products uvp

to species with molecular weights near the limit determined
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by the pore size of the gel.6.P.0, chrumatogrems and
- . ~ NPT e ry .

the treatment of G.F.C. resulls esve described and

illusvraved in chanter 5. A toto

fad
[a]

. 6% eleven different
products were separaied using this technique and
whenever pogsible mass, I.R. and n.m.r, spectra were
obtained using the equipment described in chapter 2.
In many cases the small amounts of‘materials available
‘meant that n.m.r. analyses had to be carried out using
micro-cells., This led to loss of resolution in the
resultsnt spectra and the increased detection of
impurities present in the samples. These impurities
give rise to the background between 6,40 Tand 6.80 7T

and the peeks around 8.807,

4,3 Identification of Products

The high voletility of both thiophen and DCE
prevented their separation using either G.L.C. or G.P.C.
In this discussion products will be denoted by their
pesk number in the G.P.C. (P, P, etc.) vhile possible
products which have not been identified will be
denoted by the letters of the alphabet. Comparison
of the spectra obtained confirmed that the products
separated by G.L.C, were identical with Py, P2 and Pg
separated by G.P.C. TFor convenience the symbols % end ¢

vill be used thréughout this text tc represent thicphen
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end benzene nuclel resneeliveliy,

(a) Penk Nuabher 1 (I

The mass, I.R. and n.m.v. opoctra for Pl are
illustrated in figures 4.2 and 4,3. These specira
are identical to spectra obtained for pure DCMB. It
can therefore be assumed that Pl is due to unreacﬁea
DCMB. DPeeks at 139, 125 and 104 in the mass spectrum
are due to loss of Cl= and ClmCﬁzmvwhile\the presenée
of chloromethyl groups is confirmed by absorption at
675 cm™) in the I.R. spectrum. The peaks at 2,65 T and
5,49 TVin the nemer. specirum are due to absgorption by
the aromatic and chloromethyl protons respectively.

(b) Peak Number 2 (P2)

The mass, I.Rs and nem.r. specira for P, are
illustrated in figures 4.4 and 4.5. The parent ion
mass number in the mass spectrum occurs &t 222 which
would be expected from substitution of one chloromethyl
group in DCMB by thiophen to form thenyl chloromethyl
benzene (TCMB)., Peaks at 187, 173 and 97 suggest the

loss of Cl-, Cl-CH,- and Cl-CH,-§~ from the material with

2
the peak at 97 being due to the ($~CH2m)+ ion. This
would bhe consistent with the struciure shown for P2'
@uCszﬁnCHZ»CE

P, (TCMB)

upcnne




Y 30 mx109dg SSe g f OANGL]

0LT 05T OMﬂ _ oYt 06 0S

. l

~

N W

TOTEPUI Y 9ATLETod

N




©
(@}
1

WWJ*

Transmittance (%)
o
l

I I 1 I

] I
2000 1800 1200
1) '

] L
€00

o

I
3000
Frequency (cm_

- Chemical Shift (P.P.M.)

Figure 4.3 I.R. and n.m.r. Spectre of P,.



0BT

09T

L 0%t

9/m

081

[4

d Fo umaxgoadg ssep

001

a‘N b/ BING .HrH

|

|

I

;__ T :__@_

|

|

&
&

ch
e

T

IS

douUBPUNY A



©
(-]

RN
o

Transmittance (%)

TRWWWW\JV

I | | | l |
3000 2000 1600 1200

Frequency (cm—l)

JUIL

Chemical Shift (P.P.M.)

Figure 4.5 I.R. and n.m.r. Spectra of Pzw



resonance by the aromatic protons present in the molecule
whiie resonences between 5.407T and 6.207 can be atiributed
to protons attached to eliphatic carbon atoms. The peak
at 5.46 Tis taken 1o be due to absorption by the chloremethyl
group, as found for DCMB, and the peaks et 5,887 and 6,057
attributed to absoxrption by the protons of the methylene
bridge between the thiophen and benzene nuclei. This
shift to higher field is caused by replacement of the
strong inductive deshielding effect of the chlorine atom
by the less effective anisotropic deshielding effect of
the thiophen ring. The peak at 5.887T is attributed to

the methylene gfoups substituted in the 2~-positicen of
thiophen and tﬁe peak at 6.06Tis assigned to substitutioan
in the 3-position. These assignments were confirmed by
comparison of the m.m.r. spectra of 2-Me and 3=Me thiophen
(figure 4.6) which indicated that the deshielding effect
of ‘the thiophen nucleus was greater on substituents in

the 2-position thus making them resonate at lower field,
The relative concenirations of 2- and 3~ substituted
thiophen ruclei were calculated from the relative

intensities of the two ebsorptions and found to be in
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the ratio of 38 ¢ 1.
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‘he presence of both Z- and 2« substiituted thicphen

=1

<

nuclei in P2 is confirmed by ebzorpiions at 6935 cm
and 760 cm™l in the IaR.'specﬁrum shich are due to the
2~ and 3= substitution respectively. The relative
intensities of these peaks while not giving any
quantitative information do indicate that the relative
concentrations of 2- and 3~ substitution were in the
direction found by n.m.r. Although there is no clear
absorption at 675 cm’l, which would have been expected
from the chloromethyl group, there is a small shoulder

! on the broaa peak at 695 e,

at 678 em”
(c) Peak Number 3 (PS)

The mass spectrum of PS’ illustrated in figure 4,7,
has & parent ion mass number of 270, while the cracking
pattern indicates the loss of £-CH,- and $-CH2~¢_ units
to give peaks at 173 and 97 respectively. This is

consistent with the identification of Pg as ditﬁenyl

benzene which has the structure shown.

2-CHy=f~CHy=%
Py (DTB)

The I.R. spectrum (figure 4.8) is very similar to

that of Pz and indicates the presénce of both 2~ and 3=
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n the spectrum of P2 and shows no

The absence of chlorcmethyl groups in P3 is confirmed
by the absence of resonances 2t 5.48 Tin the n.m.£.
spectrum (figure 4.8). Absorptions in the region 2.807T
to 3.407T are again taken to be due to the aromatic Protoas
of the benzene and thiophen rings. The superimposition
of the benzene and thiophen proton resonances eagein
prevent any detailed enelysis of these absorptions,
However it would appear that the large absorption at
2.94Tcan be attributed to the hydrogens on the benzene
nucleus. The absorptions due to the hydrogens of the
methylene bridges occuf at 5,947 and 6,117 for the 2=
and 8- substitutions respectively. The movement of both
the aromatic and methylenic absorptions to higher field
can be accounted for by the compleite removal of the
strong inductive deshielding efiect of the chlorine atoms.
The relative concentrations of the 2- and 3~ substituted
thiophen nuclei weve found to be in the ratio of 2 : 1.
(a) Peak Number 4 (94)

P, is eluted from the column immediately after P3

4
- and as the elution ratio should be expected to decrease



with increesing molecular Vﬁighi it i3 roagonable to
consider siruciures of progrescively increasing
complexiiy &s possible struciures for P, snd &ll
succeeding products. As P4 occurs as an imperfectly
resélve&, small shoulder on 33 it would seem reasonable
to consider molecules with similar molar volumes to

DTB as possible products.

The product A formed by the self-condensation of

DCMB,
CI—CH24?~CH2~CI
f2
g A
(Ha
C1

would probably be expected to elute from the G.P.C.
column near DTB. The mass spectrum of P, (figure 4.9)
however, gives a molecular weight of 372 for this product
which is considerably higher then that of A (318), This
also rules out the possibility that P4 might have been
the product B of the reaction between TCMB (PZ) and DCMB (P1)°

Cl-CH2~Q~CH2»$»CH2n¢~CHanI

B

This compound has a molecular weight of 355 which

again is lower than that given by the mass spectrum of P,

1
£

¢

Furthermore there are no peaks in the mass spectrum ¢f P,
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A ox B ave present 2z impurities. In order to account

for P, it is therelfoxe neceszary +u consider molecules

8

with four aromatic nucleis
C and D represent possible isomeric materials which

could give rise to P

4°
@«CHZ-»Q’!-CH2—@-CH2~¢-CH2~.01 é’:‘nCHz-;?-aCHz-%‘
- ggz
(] | g D
Mz
Cl

Although both of these méterials have a molecular weight
of 408, loss of Cl= would give rise to & peak at 373 in
their mass spectra, and the complete absence of & parent
ion, although unusual, could occur. These compounds
would also be expected to give rise to absorption at

1

675 cm” © in their I.R. spectra and 5.487T in their ne.m.r.

spectra., Although there is no absorption at 675 cm™L in
the I.R. specirum of P4 there is a peak at 5,487 in its
n.m.r. spectrum (figure 4.16) which could be attributed
to resonance by chloromethyl group protons. Comparison
of the intensity of this peak with other peaks in the
spectrum, however, clearly shews that this absorption

s0 small that it can only be eccounted for as a minor

e
44
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follovwing section, vhich preves thab compounds § and D
do give viss to @ parvend pesk im their mass spectra
which is of consiéerably‘greater intensity than sny
peaks in the region of 373. Furthermore the large
increase in molar volume in going from PS to either

C or D would be expected to cause & much greater decrease
in elution ratio than that found for P4°\

The molecular weight of 372 found for P4 suggests

that this product could have been formed by elimination
of HC1 from either C or D. One possible product could

be produced by an intramolecular Friedel-Crafts reaction

giving rise to E.

/ "¢ =y 2N
\CH -»;6-01{2/
E

Studies with molecular models have reveeled that this
product could be formed with the thiophen rings being
disubstituted in eny two positions. It would not be
possible to form & similar type of molecule from D.
This compound has a molecular veight of 372 which

is in egrecment with the mass spectral date. Peaxs at

185, 171 and 110 in the mass spectrun suggest the presence
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values can be accounted for by hydrogen transfer which
is known to occur in arometic systems.

Before accounting for the major features of tﬁe
nem.rs and I.R. spectira of P4.it is necessary to considexz
the conformational features of X, Products of this type
can exist in either of the two extreme conformetional

forms showvn below.,

7 Cheir Form

\\' o ]/

N\

Boat Form

The equatorial end axial hydrogens of the methylene
bridges would be inequivalent in both these forms., These

structural features could have & considerable effect on



that the free rotation of the benzene nuclei in these

compounds will be severely restricted. The effect of
this is that the plenes of the benzene nuclei &re‘
possibly held parallel and at right angles to the plaues
of the thiophen nuclei. The oversll effect of this-would
be that in the n.m.r. spectrum of L the deshielding effcct
which would normelly be present in o lineaxr or branched.
molecule of this type, due to the induced magnetic field
at right angles to the plane of the aromatic rings, would
be reduced as the fields imnduced in the benzene and
thiophen rings would tend to cancel out. Moreover the
resultant induced field would be different for the chair
and boat forms as the planes of the thiophen rings are
held at different angles in these conformations. Thus
the n.m.r. spectrum of E would be expected to be reasonably
complex, A further complicating feature would also b=z
the possibility of thiophen being substituted in different
positions.

The n.meT. spectrum obtained for P4 does not, however,
eppear to be extremely complex. Although the aromatic

rescnances occur in the same vegion as found for PS
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absozpiions at higher field is considerably greater
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than that found for other produsts. This is as woulad

e

have been expected from the discussion above. There
are hovever absorptions due to methylenic protons atl
5.94 Tend 6.077T vhich are similar to those obtained
for Pge Absorptions at 6.287and 6.39T are hovever
at considerably higher field than would have been
expected for a linesy or branched molecule. A possible
~explenation for this is thet four of the protons are
held near to the plane of the resultant field thus
experiencing a shielding effect vhile the other four
are held at approximately right angles toc the field
and s¢ experience & deshielding effect. The presence
éf four peaks could be accounted for by the different
resultant fields produced by the two different conformations
of the molecule, This however is a very simple picture
of the nemeTe spect;um and is not considered to be a
complete explanation. There is evidence of other absorpticns
in this region of the spectrum and account must be taken
of the possibility of different positions of substitution
in the thicphen ring.

The I.R. spectrum of P, is extremely complex and

gives no clear indication of the structure of this cqmpougd@
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Trom the evidence pressnied a2bove it ic suggested
that P, has the structure I, I% ceanct be claimed,
however, that this evidence unequivocably assigns
this structure to P4 and it is cleasr that a more
sophisticated spectral investigation would be required
before a definite assiganment can be made.

5)

P5, like P4, is a relatively minor -product of the

(e) Peak Number 5 (P

reaction and there is evidence to suggest that two
imperfectly resolved peaks make up this product. It
was not possible to separate the two components, however,
and the spectral data presented was obtained from
mixtures of the two peaks.

The I.R. spectrum of P5 (figure 4,12) indicates
that substitution in the aromatic rings is rather complex.
The bands in the region 900 cm"1 to 625 cm"1 are not
81l perfectly resolved but it would appear that there

is no absorption due to chloromethyl groups at 675 cm *.

The presence of both 2- and 3~ substituted thiophens

is again confirmed by absorptions et 695 cm"l and 760 cm”l.
The n.m.r. spectrum of Py (figure 4.12), however

gives strong evidence for the presence of chloromethyl

groups with resonance at 5.5307 . Absorpbion in this

region hasz already been shown to be due to this type
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Figure 4.12 I.R. and n.m.r. Specira of PS'
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egain conrlixn the proscnce of bobh banzone and thiovnlhion
nuclel in the preduct, while absorpiions in the region
5,90 Tto 6.20Tcan be assigned to the protons of
methylene bridges betveen aromstic nuclei, The peak
at 5.927 is due to methylene groups substituted iﬁ
the 2-position of thiophen with the peck at 6,097
being assigned to substitution in the S-position.
The lerge peak at 5.997 may be attributed to methylene
groups linking two disubstituted aromatic nuclei where
the thiophen ring is 2,5=-disubstituted. Similarly
the peak at 6,187 could be assigned to 2,4~ or
3y4=disubstitution in the thiophen ring. This latter
peak, however could also be due to methylene groups
linking di- to tri-substituted benzene rings.

The mass spectrum of P5 (figure 4.11) has a large
peak at 408 which is taken to be the parent ion. A
small peak is observed at 456. - However this is probably
impurity arising from inadequete separation of P5 from
Pge Peaks at 373, 359, 311, 269, 221, 185 and 173
suggest the loss of Cl-, Cl-CHg~-, Z-CH,-, Cl—CHz—ﬁaCHz-,
QuCHZmeCHzm, ClmCHZ-ﬁwCszgm, and ClmCH2~¢m0H2w$—CH2«
units from the molecule. This evidence would suggest

the structures C and 1 for Pse On the basis of molar



wvolume ond adoorpilon efTeehs bhe elution rat of
the limecr isomer would bo cupecbed 4o be smaller thon
=
that of the branched isomer™ ¢ Thue it would appeor
thet thynuvechant dha canand o 2l Tdmann 4 aavnan
tha% vhyougnouv the veaction the liasayr isome:x
predominates with the branched isomer only making =

brief appearance during the earlier stoges of the
reaction, This would be in agreement with data presented
in chapter 5 which indicates that the ‘thiophen nuciei
are much more reactive than the benzene nuclei. These
conclusions would also be in agreement with the n.m.r.
data presented above where only four peeks are observed
for the methylene bridges between aromsatic nuclei, The
concentration of methylene bridges linking di- and
tri-substituted benzene rings would be so small that
no absorption, due to ithem, would be expected to be
clearly resolved in the spectrum. .

P5 could be formed by reaction of P1 with an
aromatic nucleus in P3, Ey reéction of thiophen with
B or by reaction of pairs of P, molecules, The first
seems tc be the most likely major path in view of the
complete absence of B among the reaction products and
the relatively low concentration of Py during the
reaction (see chapier 5).

(£) Peak Number 6 (PG)



the progressive loss

ol L=

units from the parent.

,'ngHz; and £-CHy~{~CH

s

2

Comparison of the mass spectrs

of Ps and PG with that of PS indicates that as the

molecular weight of the product increases the higher

mass ionic spocies

become increasingly unstable.

The I.R. spectrum of P, (figure 4.14) shows the

complete absence of absorption at 875 cm”l, indicating -

that PG does not contain chloromethyl groups.

The

absence of these groups is confirmed by the absence

of absorption at 5.50T in the n.m.r. spectrum (figure 4.14),

This evidence suggests that P6 is a2 five nucleil

product formed by reaction of PS with thiophen or by

reaction of P2 with an aromatic nucleus in Pgav It would

appear therefore that P, is & mixture of F and G which

both have & molecular weight of 456,

-CH,~f~CH =~ e 2~CH,_-g-C
2-CH,, @ CH,~%--CH, g CH, -8 CH,, ? H,-2
CH
, i, 2 \
P (Ze) g ¢ (Pg)
e
o

The n.m,r. spectrum of PG shows a complex array of

peaks in the region 5.90T to 6,207 .

Abzorptions at’
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5.00% , 6.0VY end 5.997% con epedin be sssigned to provons
of the methylene hiidges whinched to 2+ and Semono and
2yb=~disnbstiituted thicphen nucled respscetively, Peaks
at 6,147 and 6,177 could be assigned to methylene groups
attached to 2,4~ and 3,4~disubstituted thiophen nuclei,
However, it must elso be considered possible that.either
of these peaks is due to the methylene bridge between
di- and tri-substituted rings. The smell absorption

at 5.957 could also be taken to account for these

30 hes

absorptions but work by Grassie and ileldrum
indicated that the protons of methylene bridges linking
substituted benzene rings resonate at higher field.
The proportion of aromatic to aliphatic protons were
estimated from n.m.r, absorptions and found to be 2,02
which is in very good agreement with the value 2.00
calculated for the molecular strucﬁure of Peo

The I.R. spectrum of Py ggain indicate§ the presence
of more complex substitution in the product. While

1

the peaks at 700 cm ~ and 765 cm"1 confirm the presence

of both 2~ and 3-monosubstituted thiophen nuclei the

1 and

peak at 755 em~t end the shoulders at 690 cm™
670 cmm1 indicate the presence of other types of
substitution,

It would appear therefore that while both linear
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{(g) Peak Numbers 7 and 8 (P7 and PB)

The mass (figure 4.15),; I.R. and n.m.r, (figure 4.18)
spectra for P7 and. Pg_were found %o be very nearly
identical and it may therefore be concluded that both

P7 and PS are isomers.

Neither the I.R. nor n.,mer. spectra show any
evidence for +the presence of chloromethyl groups and
it therefore secems necessary to account for this material
in terms of the addition of at least one benzene and
one thiophen nucleus to the five nuclei products
comprising Pge The absence of the intermediate‘product
formed by reaction of Pl with PG is perhaps surprising
in view of the presence of P5 among the products, Thiz
however can be accounted for ip termg of the very much
higher reactivity of the second chloromethyl group
in Pl compared with the first and is similar to evidence
presented by Grassie and Meldrum29 in a study of the
benzene-DCMB system.

The largest peak in the masg spectrum of both P7

and P, occurs at mass number 642 and covresponds wivh

8
the molecular weight expected for seven nuclei producis.
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There &re alsd penks of reasonably bigh intensity eb

.

2

656 and 671 but it is beliesved that these arise by

[}

1

combination of the parent ion with methylene fragments,

A large number of T-nuclei products are possible.,
Howéver, in view of the much greater rcactivity of the
thiophen nuclei compared with the benzene nuclei and
the small amount of tri-substituted benzene nuclei
found in previous products it is reasonable to assume
that the major branched isomer will be substituted in
the central thiophen ring. This does not, however,
exclude the possibility of branched isomers being
formed by substitution into the benzene nuclei.

The I.R. and n.m.r. spectra of P7 and P8 are poorly
resolved. However, peaks at 5.90T , 5.987 , 6,077 and
6.17T'can be identified and accounted for as in‘section
(£) for Pge There are in addition two small peaks at
6,257 and 6.847% vhich could possibly be due to the
appearance of benzene tri-substitution in the products.
Both the I.R. and n.m.r, spectra confirm the absence of
chloromethyl groups by lack of absorption at 675 cm'l
and 5,507 respectively. The value for the ratio of
aromatic to aliphatic protons (1.78) is in good agreement
“with the value (1.83) calculated for the molecular

formula. The principal features of mass spectrum of
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As discussed for P5 the elution ratio of branched
isomer should be expected to be larger than that of the
linear isomer. Thus H and I are probably Pg and P,
respectively., However it must also be borne in mind
that a: large number of branched isomers are possible
and that the above assignments may be a simplification
of what is really present.

(h) Peak Number 9 (Pg)

In the mass spectrum of Py there is a small group
of peaks at mess number 828 which would suggest that
this product contains eleven aromatic nuclei. The

cracking pattern for Py cen also be interpreted in the
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very poorly resolved, They erz however very similazr

©

.
re egain

to those shown for Pge The relative intensities of
the peaks ot 5.907T and 5.997 indicate, however, thai
the proportion of monc— to di= or tri-substituted

thiophen nueclei is slightly lower than for P Althougﬁ

g*
this is, at best, only a semi-quantitative observation
it does indicate that the proportion of linear molecules
in Pg is quite high. Nevertheless the very poor
resolution of the spectra does suggest that more complex
brasnched structures do occur in Pge

(i) Peak Numbers 10 and 11 (Plo.and Pll)

It vas not possible to obtain any peaks in the mass
spectra of Py, or P;; above mass number 600. It may
therefore be concluded that the parent ion and subsequent
high mass number scission prodgcts were too unstable to
be recorded. I.R. and n.m.r. spectira of these products
'were agein very similar to those shown for P8 but were
- 80 poorly resolved that it was not possible to make even
qualitative conclusions about the preferred arrangements
of nuclei. It may be concluded however thet PlO and
P are products with more than eleven arvomatic nuclei

11
and that they consist of complex mixitures of linear



and byranched species,

404 Fun

b

The evidence presented in fhi hepter allovs

{1
o

certain generalisations to be made about the course
of fhe reaction between thiophen and DCMB. The overall
reaction is represented by a series of reaction steps
increasing in complexity as the size of the produét.
molecules increases. | \

During the initial stages of reaction the principsl
events are the formation of P2 and PB by replacement
of the chiorine atoms of DCMB by thiophen. The second
chloromethyl group in Pl is very much more reactive
than the first (chapter 5) and this leads to the very
low ccucentrations of compounds containing chloromethyl
groups during the reaction.

As the concentrations of P2 and P3 increase more
complex products are formed. While the concentrations
of Pl‘and thiophen are high these products will be formed
by reaction of Py with en earlier produci followed by
reaction of thiophen with the free chloromethyl group
produced, As the reaction proceeds and an appreciable
concentration of products accumulates in the reaction
mixture, however, the pendant chlorvomethyl groups will

tend to react increasingly with the arometic nucleil in



romethyl groups
will weoct preferadly with thz thiocphen nucieil and

that intremoleculsar roacbions can occture In this

way tvhe reaction rapidly becomes highly complex with

branching increasing as thiophen nuclei are increasingly

absorbed into the productse



It has elready been shown that the vnroducts of
the DCMB-Thiophen reaction can be seperated using
both G.L.C. and G.P.C, Using these techniques a |
study of the mechanism and kinetics of the reacticn
has been carried out in two stages. A study of the
initial steges of the reaétion wvas carried out using
G.L.C. &3 an enalytical tool which allowed DCMB, TCMB
and DTB to be separated and their concentirations
estimated. The later products of reaction were separsted
using the preparative G.P.C. technique. All studies
were carried out under high vacnum using thoroughly
dried reagents'and all experimental techniques were as
described in chapter 2,

5.2 The Initial Stages of the Reaction

‘The use of G.L.C. to separate and identify the
products of the reaction between DCHB and thiophen and
the resultant chromatograms have already been described
in chepters 8 and 4. Three main components are resolved
and have Dbeen identified as DCiB, TCHMB and DTIB. Preliminary
experiments indicated that G.L.C. could be used to follow
the course of the formation of these producis and so

build up 2 detailed picture of the reaction scheme. Such



8 soudy has beon uvndertolivn and iz desoyibed below.

As the rozetion betwesn DCHB and thiovhen procceds
higher molecular weight products
resolved by G.L.C. are increasingly produced. In
order to discourage the formation of these products
reactions were carried out using a large excess of :
thiophen., Thus the reaction betveen thiophen end DCMB
or TCKB is promoted al the expense of the reaction
‘between DTB and DCIB or TCMB. In addition the investigations

were confined to the initial staoes of the reaction such

_J

that the HCl liberated did not exceed 15% of the theovevi
maximum amount. Despite these precautions very small
amounts of higher molecular weight products did appear
at later stages of reaction when the HCl liberated
approached this value. The appearance of these products
was indicalted by a discrepancy between the theoretical
and actual amounts of HCl found. The absolute concentrations
of preoducts were calculated, however, using the simple
expression wvhose derivation is described below. The use
of this expression has previously been described by Gressie
and Meldrung in the study of a similaxr system.
Quantitative Estimation of Products:

The fla s ionisation detector of the gas chromatograph

gives a rvesponse which depends on the nature of the
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calibrations vwere carried out using mixtures of DCMB,

TCMB and DTB in known proportions. By plottiﬁg the

peak areas obtained for TCHB and DTB, relative to that

obtained for DCMB, against their relative molar proportions

in the mixtures, graphs of the type shown in figure 5.1

were obtained. From these plots it was established that

the peak areas per unit molar concentration for DCMB,

TCMB and DTB were in the ratio 1 ¢ 0,98 ¢ 1.44. The

relative molar ratio a : b : ¢ of the three compounds

in a mixtufe is given by,

& ¢ b c= area of Pl/l . area of P2/O.98 : area of P3/1a44
The absolute concentrations of the three components

were then determined in the following way,.

If N, N and N are the concentrations of DCMB, TCHB

b
and DTB at time t, then,

a C
N N N
- a b __c
a,nd, -5:— = -.5"- =3 (1)

If N, = the initial concentravion of DCMB, then,
= . t. M.
N, = Ny + N + Nc».-g}_lﬂzl (2)

vhere N, is the yeild of all other products of higher
i
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aner of DCME molecules
incorpuretzd inte the ith product, The experiments
ribed in secticn 5.2 have shown tha’l the concentreation
of chloromethyl groups in later produéts is very low,
wherefore if NH = the concentraticn of HCl at time t,

Nh = Nb + 2Nc + 2§xiNi (3)
Solution of equations (1), (2) and (8) leads to the

following equations. ' .

=
t

e (2 ) /(20b)
b(2N0nNH)/(2a+b)

=
o
if i

c(2N o= g) /(2a+c)
Since all the parameters on the right hand sides of
these equations are known or can be measured Na’ Nb and
N, can be found.

The errors involved in the calculation of

concentrations from gas chromatographic data have been

estimated from & large volume of data and found to be

vl

o7

in the order of 4 5%, As great care was taken to
‘minimise the errors in the handling of reagents, described
in chapter 2, the errors involved in the overall
determination of product concentrations should not have
risen much above this value.

Characteristics of the Reaction:

The methods described above have allowed the changes
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in the ecomecentrotion of tho 4hres commonents during

L% .~ g4 . -4 P g S B S
8 wveatvion 6o e studiad.  Ths wresciion cvrves obtained

wvere similer to those described ia chapter 8 and are
shown in figures 5.2 = 5.21, As suggested in chapter 3
these curves are of the form o be expected as the re“wlu

of two consecutive reactions,

4 N\ -
Cl——CHz—@-cH?_—c; —= Cl-—CHQ@CHZQ + HCI

Cl—-CHz@-CHQ—Q —_— @CHZ@-C,H‘ZQ + HCI

Throughout the initial stages of the reaction the
decrease in the concentration of DCMB is linear with
time., A decrease in the rate of reaction of DCMB
would have been expected at later stages of reaction
cau51n0 the conversion curve for DCiB to become concave
upwards. The fact that the rate of reaction of DCMB is
meintained at a constant level, throughcut the reaction
is an indication that the aromatic nuclei im later

products of reaction are as reacitive if not more reactiwve

than thioph The reaction curve for TCLB shows an
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Table 5.2

Reacticn
Time
(mins. )

20
Lo
60
80
100
120
140
160
180

Table 503

Reaction
Time
(mins.)

20
40
60
80

100

120

140

160

180

o

FAlPRN B N
VONCLNUIGLLons

(moles 1 I)
P

DCHE

0.2221
0.2191
0.2157
0.2121
0.20%%
0,2051
0.2037
0.1998
0.1965

bxoerimrental Liod:

TCHB

0.002%
0,0041
0.0058
0.0070
0.0078
0,0091
00,0020
0.0093
0.0097

0,0005
0.0018
0,0035
0.0059
0.0078
0.0108
0.0123
0.0159
0,0188

0.0034
0.0079
0,0133
0.0187
0.0229
0,0235
0,0428
0.0318

Experimental Data foxr S11

Concentrations of

DCMB

0,0760
0.0752
0,071
0,0729
0,0719
0.0707
0.0693
0,0684
0,0674

(moles 177)

TCMB

0.0009
0,0014
0,0019
0.0024
0.0027
0,0029
0.00352
0.0033
0.0033

DTB

0,0001
0.0004
0,0010
0,0017
0,0024
0,00354
0.00%5
0.0053
0.0063

Products

HC1

0,0011
0.0045
0.0077
0.0045
0,0117
0.014%
0,0150

Dats frem

0,42
1.00
1.33
1.58
1.92
2,08
2,25
2,50
2,50

Recetion Cuovvas

(10:m)

0.0013
0.003"
0,0051
0,0065
0,6076
0,008%
0.0089
0,0093
0.0096

Data from Reaction Curves

4(o1B) (TCHB)
at
(mol.l_isec“1x106) (mol.lul)
0.08 0.0004
0.25 0,0011
0.37 0.001%
0.50 0.0017
0.58 0.0021
0.67 0,0026
0.75 0.0028
0.83 0.0030
0,83 0.0032
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Tabia 5.4

20
50

60

80
100
120
140
160

180

Table 5,5

Reaction
Time
(mins.)

20
ko
60
80
100
120
140
160
180

s P
Ixmcrimental Dats for

Concentrations of Products
(moles 177)

DCHB TCB B Hex
0,1510 0,0018 0.0002 0,002%
0,1489 0,0033 06,0008 0,0040
0,1467 0,0043 0,0020 0,0085
0.1450 0.,0049 0,0031 0,0124
0,1432 0,0051 0.0047 0,014
0,1406 0,0058 0,0066 0,0189
0.138% 00,0059 0.,0087 0,0229
0.1360 0,0063 0.,0107 0,0279
0,1339 0,0064 0,0127 0,0318
Experimental Data for S.13

Concentrations gf Products
(moles 1

D3 TCMB DTB HC1

0.0612
0,0042
0,005%
0,000k
0,0104
0,0143
0.0153
00,0183
0.0212

0.001%
8 0.0028
0.220% 0.0038
0.2183 0,0050
0.2167 0.,0058
0.2150 0,0065
0.21%6 0,0069
118 0,007k
102 0,0077

0.0001
0.000%
0,0008
0.0017
0,0025
0,0035
0,00%45
0.0058
0.0071

o
xe}

o
N

[

Datea from Neaction Corves
4(u78) (TCas

(ol 1 eee5106)  (mo1.17h)
0,17 0.0009
0,58 0,0024
0.92 0,0037
1,08 0.0045
1.33 0.0051
1.50 0,0056
1,66 0,0059
1.75 0.,0062
1.66 0,0063

Data from Reaction Curves
E@gé) (103).

T

(mol.1 tsec™1x100)  (mo1.17%)
0,08 0.0007
0.25 0.0021
0.50 0,0033
0.58 0,004k
0.67 0,0054
0.83 0.0051
0.92 10,0068
1.00 0.0072
1,08 0.0076
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Table 5.6 Fxperinental Dot for 8,14

Reaction Concentrations of Products Data from Reaction Curves
Akt (moles 177) o e
(mins.)  DOMB  TCMB  DIB HCl d(giB (TCHR)
(mol.lﬁlsec”1x106) (msl.lmi}
30 0.2203 0,0032 0,0005 0.0051 0.28 ' 0.0017
60 0.2169 0.0052 0,0019 0,0117 0.78 . 0,003
90 0.2133 0,0068 0,0039 0,0123 © 1,17 0,0061
120 0,2097 0,0077 0.0066 0.0190 L.k 0, 0073
150 0.2059 0.0088 0,0093 0,0262 1.55 0.0083
180 0.2020 0,009% 0,0126 0.0336 © 1.78 0,0090
210 0.1985 0,0096 0,0159 0,0420 1.9 - 0,0095
240 0.1948 0,0098 0,019% 0,046% 2,00 0.06C99
270 0.1906 0,0102 0,0232 0,055 2,06 -~ 0,0101
Table 5.7 Experimental Data for S.15
Reaétion Concentrations of Products Data from Reaction Curves
i BN gl MO - dom) (103)
» - ‘ (mol.l-lsec_1x106) (moltl_l)
30 ~0,2218 0,0020 0,0002 0,0022 0.06 0.0010
60 0.2193 0,0039 0,0008 0,0060 0.39 0,0029
90 0.2167 0,0055 0,0018 0,0085 0.61 _ 0,0047
120 0.2135 0,0069 0,0036 0,0133 0.84 0,0063
150 0.2107 0,0081 0,0052 0,0162 1,00 0,007k
180 0.,2087 0,008% 0,0069 0,0224 1.11 0.0082
210 0.20556 0,C090 0.009% 0.0277 1.22 0,0087
240 0,2030 0,0092 0,0118 0,0315 1.27 6.0091

270 0.2005 0,0095 0,01%0 0,0368 1.30 G.000%
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Table 5.9

Reaction
Time
(mins)

40
80
120
160
- 200

Concentrations of Preoducts
(moles 17°)

DC:3B

0,2206
0.2161
0.2113
0,2051
0.,2017
0.1975
0.1938
0.1885
0.1858

T

0,0027
0.0053
6.0070
0,0086
0.0092
0,0098
0,0098
0.,0090
0,0095

DIB

0.0007
0,0026
0,0057
00,0103
0.0131
0,0167
0,0198
0,0231
0,0265

Experimental Data for

HC1

0.,0120
0.0180
0.,0210
0,0290
0,0360
0,0450
0.0510
0,0620
0,0670

518

Concentrations gf Products
(moles 177)

DCMB

0.,0740
0,0699
0.0659
0,0620
0.0585

TCMB

0,0019
0.0031
0,0036
0.0036
0,0035

DIB

0,0011
0.0040
0,0075
0,011%
0.0150

HC1

0.007%

0.0113
0,0169
0.,0179
0.0255

Data from D

action Curves

(1cen)

0,0017
0.00629
0.00:1
0.0052
0,00062
0.0070
0.0077
0.0087
0.0093

Data from Reaction Curves

4(DTB)
_1dt -
(mol.,1 "sec

0.46
0.83
1.17
1,46
1.54

(revB)

x106) (mo1.17%)

0,0010
0,0019
0.0026
0,0050
0.003%
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Reaction Conicentirations cf Products Data from Reactiorn Curves
Time (moles 177) { e
(mins.)  DGMB  TGNB DB HCL e (rem)
(mol.lmlsec"1x106) (mol.lml)

180 ‘ 0.,0742 0.0018 0,0010 0,0075 0.5 ) 0,0006
300 0.0717 0.,0025 0.0028 0,0104 0.8 6,0010
L20 0.0696 0,0029 0,0045 0,0120 1,2 0.001%
600 0.0662 ‘0.0032 0.0076 0.0164 1.5 - 00175
760 0.0636 0,003% 0,0101 0.0230 1.8 0.0200

Table 5,11  Experimental Data for S,20

Reaction Concentrations o{ Products Data from Reaction Curves
Time (moles 177)
(mins, ) DCMB TCMB  DTB EC1 9-(-%33) (reMB)
(mol.l-lsec—1x106) (mol.l—l)

120 0.0738 0,0019 0,0013 00,0077 0.21 : - 0,0012
240 0.0695 0,0030 0,0045 0,0102 0.32 0,0019
360 0.0653 0,0034 0,00835 0,0187 0,42 0,0024
480 0.0611 0.0033 0,0126 .0,0266 0,49 0.,0028

600 - 0,0578 0,0032 0,0160 0.0308 : 0.51. 0.0031
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to high conversiosns, The roaciiocn cuwvves for HCL ave

not all well defined as the errors invoelved in measuring
small amouﬁts of HCl were large. They do suggest however
that the rate of production of HCl is initielly sldw,
increasing rapidly as the concenitration of DTB increascs
and finally levelling off at later stages of the reaction.
Kinetics of Feaction:

The kind of experiments described above have allowed
information about the kinetics of these reactions tc be
obtained. This information is presented in table 5.1
and details of the experiments are presented in tables
562 ~ 5,11 2nd figures 5.2 = 5.21,

The rate of the reaction between DCMB and thiophen
to give TCMB can be estimated from the slope of the
DCMB curve, as initially the decrease in concentration
of DCMB will be due entirely to this reaction. By varying
the initial concentrations of DCHMB, thiophen and stannic
chloride in turn, while keeping the concentrations of
the other two constant, and plotting the rate of change
of concentration of DCMB against initial concentrations
of reagents, it haes been shewn that this reaction is

firsd order with respect to DCMB, thicphen and stannic




L L R SV & LI .
chloyide, The svwdronviaste datba i

As the thicphen concentration in all of +theze
experiments was-high coempared with the DCMB concentratica
it may be assumed that this concentration does not chang
significantly during the initial stages of re&cuioﬁe Ag
stennic chloride is not consumed in the reaction its
concentration will also remain constont. Thus plots of
the changing slopes of the DTB curves ageinst the
corresponding values of the TCMB concentration illustraie
directly the dependence of the rate of the second reacticn
on the concentration of TCMB., These plots are presented
in figures 5.3 = 5.21 and it can be secen that there is
a linear relationshi? indicating first order dependence.
The slopes of these graphs plotied against varying initisal
concentrations of thicphen and stannic chloride again
show first order dependence on both these reagenfso The
appropriate data is presented in figures 5.23 and 5.24.

The overall reaction msy then be represented by,

Ik
DCMB + % + $aCl, —L 5 1CMB + HCL + SnCl,
kk

TCB + O+ $nCl, —=3 DTS + HCL + SuCl,

- (‘: “D’"C“l r& B ey S .
e -k (Db.@)(a)(“nC14)

-2k -k (oows) (2 ) (8a01,) + I, (701B) (5) (5501,,).
U £

= fxli...}u.,x,); [\t B W R ‘V'LZ},
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Average vslues of kl and Ra h

using the above equations, from a large emount of data,

ave been calculated,

and were found to be,

2.79 x 107 12mo7 =2 oc“l

2 -2 =1
mol “sec

k

1
ky = 6,87 x 1077 1
Reactions of this type are generally accepted as

£
occurring in two steps4°

sy nemely, complex formation
between stennic chloride and 2 chloromethyl group
followed by reaction of the complex with thiophen., Thus
it seems probable that these rate constants are composite.
They do however give a direct measure of the relative
réaétivity demonstrating that replacement of a chloromethyl
group of DCHB by & thenyl group increases the reactivity
of the other chloromethyl group by a facioxr of aboutl
forty. Grassie and hv1drum29 in a similar investigation,
using benzene as the aromatic molecule found that
replacement of one chloromethyl group of DCMB by benzene
caused an increase in reactivity of the second one by

a factor of +twenty, while the rate comstants kl and k2

2 -2 w1 3

-0 _‘A_ Y Lea X9
vere found to be 1.10 x 10 © 17mol “sec and 1.80 x 10

1%mo1™ %sec™t respectively., Thus replacement of the
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Energies of Acitivation 1, and I, for these reactions

were calculated from Arrhenius plots of data obtained

over the tenperature range -20°C to +10°%C. These

plots are presented in figure 5e25 and the values

obtained were,

7693 kocal/mole

H

B
E, = 7.67 ke.cal/mole
The similerity of these values suggests that the structure
of the polymer should not chenge significantly with the

temperature of polymerisatioan.

5.8 Later Stages of the Eeaction

Gel Permeation Chromatogrdphy has been used in this
study to separate reaction products of higher molecular
weight. Typical chromatograms are presented in figures
5.26 and 5.27. These chromatograms were obtained by
plotting the weight of the residue from each fraction
against its elution ratio, which may be defined as the
ratio of the elution volume of the fraction to the elution
volume of a reference material. The eluticn behaviour
of samples are often described in terms of the ratio
of elution volume to interstitial volumoés, however

this method is sensitive to changes in externel cenditions,
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controlled during this stody. 1% was Pound convenient

<
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60 ure the maximum of the DIMB psuk as ths reference

elution volume. This peak was common to all
chromavograms and the elution ratio, thus defined,

is less sensgitive to changes in experimenfal conditions
as the resulting changes in elution volumes tend to
cancel each other.

It was‘not possible to subject every peak in
every chromatogram to spectroscopic analysis, however
it was found possible to identify the peaks by their
elution ratios which are presented in table 5.12, It
is cleaxr that the elution ratios may be arranged in
columns which do not overlap in value. The accuracy
with which the peaks are defined is demonstrated in
table 5.13 which provides justification for the use
of elution ratios for the identification of peaks.

The typical chromatograms presented in figures
5.26 and 5.27 show that early in the reaction there is
evidence of only the first two preducts, TCMB and DTB,
As the reaction proceeds new peaks appear and increase
in intensity until after longkre&ction times species
with molecular weights near or abowve the limit determined

by the pore size of the gel ave present in high
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L0

Peak Noo Mean Elntion RBatio Maximam Deveation fron
Meon BEluiion Batio
1 1,000 0
2 0.891 + 0,005 - 0,003
8- 0.817 + 0,002 =~ 0,002
4 0.773 + 0,005 - 0,008
5 0.711 + 0,004 = 0,008
6 0.681 4+ 0,004 -  0.008
7 0.638 + 0,007 ~ 0,008
8 0.611 + 0,003 - 0,008
9 0.552 + 0.002 - 0,002
10 0.520 + 0,008 = 0,007
11 0,452 4+ 0,005 = 0,007

concentration. These species account for peaks P10 and
P11 in the chromatograms and indicate that in this system
the molecular weight limit determined by the gel is of
the order of 1300. |
Quantitative Estimetion of Products:

Although good separation of DCiB, TCMB and DTB
was achieved all other peaks in the chromatograms, except

P, and P5, overlapped considerably. Thus the total amount

4
of material represented by each peak had to be obtained
by extrapolating its resolved parts. Because of the
very small amounts of materials present and the necessity
for the extrapolation of peaks, there were considerable

errors in estimated amounts of the products. It was not
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possible 1o estimats these errors precisel

they were not so large as 45 prevent uveeful delinecation
of the changes in concentration of the products during

reaction,

The overlapping of peaks P7 and ?8 and peaks ?10
and Pll was so great in some chromatograms thai
separation by exitrapclation into their resolved parts
was not feasible. It has already been shown, however,
that P7 aﬁd P8 are igomers and no identification of
has been achieved. It seemed reasonable

P and P

10 11
therefore to calculate ﬁhe total amounts of P7 and P8

and PiO

in the construction of reaction curves.

and Pll together and to treat them as one product

Analysis of Reaction Cuives:

Experimental data and the concentrations of products
obtained using the techniques described above are presented
in table 5.14. The reaction curves obtained by delineation
of the changes in concentration of the products during
reaction are represented in figures 5.28 and 5.29.

Again, as found in the G.L.C. study of the initial
stages of reaction, the reaction curve for DCMB is
linear, thus confirming that substitution of DCME into
the aromatic nuclei of the products cccurs at a wate

which is comparable, if not higher,; then the rate of
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gubatitution into thiophen,

fa

The weection curves fox TCME aund DITD are alsc
similay to those obiainsd fwom G.L.C, dantz. It can
be seen, hewever, that the rate of increase of DTB
concentration falls off in a similar manner to that
of TCMB, thus showing that the rate of reaction of
DTB with chloromethyl compounds is comparable with its
rate of formation. The shape of the DTB curve also
confirms that the use of high concentrations of thiophen
in the G.L.C. study of the initial stages of reaction
wvas successful in hindering further reaction of DTB.
Only a very slight.falliﬁg off in the rate of increase
in DTB concentration, at later stages of reaction, was
noted during the G.L.C, study while the curves obtained
from G.P.C. show reaction of DTB at very early stages
of the reaction.

One surprising feature of the reaction curves
obtained for P4 and P5 is the relatively large asmounts
of P4 produced early in the reaction. If it is assumed

that P, is produced exclusively by self-condensation of

4
PS’ then the relative proportions of P4 and P5 early in
the reaction would suggest thet this self-condensation

1 -q ok,

is a very facile reaction. This would seem to sugges?d

that account must be taken of the self-condensation cf



very gradual increase in concenitraiion as the reaction

proceeds. This would seem to indicate that both are
very reactive. The curve obtlained for PS does confirm
that the second chloromethyl group of the DCMB molecule,
incoyporated inte a higher molecular weight products, is
extremely reactive. Further evidence for the reactivity
of this group is given by the complete»absence~of
chloromethyl compounds of higher molecular weight than
P5 in all chromatograms., While it is true that conditions
for separation of these compounds are not very good,

due to the overlapping of peaks, if they had been preseat
some evidence would heave been expected of their presence
as impurities in the spectroscopic studies of the other
materials,

The reaction cuxrves for all cother products are
similar in form to that obtained for DTB. These curves,
however, were no?t well enough delineated or carried 1o
high enough conversion to determine relationships between
the various componentz., Thus it was not possible to
determine whethexr the maximom rates of formation of

fully aromatic products coincide with the concentration




L7 axenavice compound,
The weaction curves fox all producha do hewvever indicate
that the products are produced by & sexies of consecutive
reactions which ave similar to those deseribed for the
formation of the first two produétsa
Although rate constants for some of the reaction

steps involving molecules of moleculer weight higher
than DTB could very approximately be determined from
the data presented above, using the same methods as
were applied to the G.L.C. data, such calculations
would involve very large approximations. It would not
be possible to take account satisfactorily of the many
different paths to some products, and the large extent
to which self-condensation of chloromethyl compounds
takes place would be another factor which would be
difficult to take into account. The values of rate
- constants, thus obtained, would therefore be extremely.
doubtful and it was not considered that such calculations
were justified.
S.4 Summary

| The work described in this chapler represents a
further step towards the precise characterisation of
the polymer prodaced by the DCLB~thiophen reaction,

The cverall reaction may be summarised as & series




condensation of chloromethyl compounds of higher molecular
weight than TCMB.

Products containing only one chloromethyl groﬁp
have been shown to be much more reactive than DCMB.

Thus these products are present in small apouﬁts
throughout the reaction. The thiophen nucleus has been
shown to be much more reactive than the benzene nucleus
in similar reactionszg. This should lead to higher
molecular weight products which are preferentially
substituted in the thiophen rirngs. However there is

no reason to suppose that as the number of reactive sites
on  thiophen nuclei decreases the extent of branching
through benzene nuclei will not ipcrease.

Thus it cen be seen that the overall reaction is
extremely complex. The complexity of the reaction defies
the complete kinetic analysis of the reaction by conventional
techniques. It should, however, be possible to carry out
such an analysis using computer based methods and so to

gain greater insight into the structure of the polymer.




As a further step in the study of Friedel-Craftis
polymers containing heterocycles, attempis were made
to synthesise polymers by reaction of DCMB with |
various substituted thiophens and to make a simple
thermal analytical study of the resultant productse.
The presence of substitution on the thiophen ring
would be expected to have a marked effect on the
properties of the polymers by reducing the extent of -
branching through the thiophen ring. Thus it was hoped
that é1comparison of the thermal stabilities of the
resultant polymers with that of the thiophen polymex
vould give some insight into the reasons for the known
stability of polymers of this type.

6.2 Preparation of Polymers

Polymers were prepared by reaction of thiophen,

2~methyl thiophen, 3~-methyl thiophen, 2.5-dimethyl thiophen

" and 2-chloro thiophen with DCMB, catalysed by stannic
chloride. The reactions were carried out in DCE solution
under an atmoesphere of dry nitrogen using {he techniques
described in chapter 2. The course of the reaction wes

followed by estimating the HCl formed vhich was




vegsel by the

svrenm,  Typiesi wsnchtion ecurves are illustrated
in figuvre 6.1, the yields of HCL being presented as o
percentage of the theoretical possible yield, These

curves wvere obtained from & large wvolume of

experimental
data and so no experimental points are showvn. The
reaction curves obtained for the DCMB-thiophen (Tl)’
ﬁCMszmmethyl thiophen (T2)3 DCiB-8=methyl. thiophen (Ts)
and DCHMB=~2,5=-dimethyl thiophen (TS) polymers (figure 6,.2)
were all very similar and are represented by curve A,
The cﬁrve obtained for the DCMB-2-chloro +thiophen (T4)
polymer, curve B, does not have the same characteristics,
however, showing a much slower initial rate of reaction
but proceeding t0 higher conversions.

The reaction characteristics for polymers Tl’ Tz'
T3 and T5 were 8lso very similer. Reaction solutions
became pale yellow on the addition of stannic chloride.
As the reactions proceeded the yellow colouratvion darkened,
through orange, to give deep red sclutions at high
conversions, except in the case of T3 where the solution
remained orange coloured throughout the reaction. As
the solutions darkened they became ocpaque and polymer
was precipitated. The insoluble material wes washed

with water end orgenic solvents and dried under vacuum
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showad o
in solubility, in most cases becoming almost completely
insoluble in all common organic solvents. All products
were fine powders ranging in colour from very pale

yellow Tg to dark brown Ty ("soluble" product).

()
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@
e
=

The characteristics of <the T4 rea
many ways different from those described above, The
initially colourless solution repidly darkened to give
an extremely dark reaction mixture. No insoluble products
were obtaired but & black soluble gum was obtained by
precipitation by methanol and drying at 60°C under
vacuum. The solubility of this material allowed a
molecular weight deterhination to be carried out which
gave d vaiuve of 4,600 + 400.

6.3 Swneciroscopic Analvsis

Because of the insolubility of all polymers except

T, spectroscopic analyses were limited to the I.R. specira

4
presented in figure 6.3. The spectra obtained for both
the "insoluble" and "soluble" products were foundvto be
very similay in every case and only cne spectrum is

presented for both types of product. The spectyrum shown

for T, is very similex to thoai presented for the thicphen

1
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polymer in chapiter 8. I¢ i bobtileyxy resolve

and shows more cleosyly the prozence of peaks at 800,
755 and 692 on" . The specbrum chizined For T, is
very poorly resclved due to the great difficulty
encountered in obtaining either a good salt disc or
thin film of this product.

The spectra show that the general structure of all

the polymers is very similar, with the only major

1 1

differences occurring in the region 800 cm™~ - 625 cm .,
These differences are undoubtably due to the different
éubstitution patterns in the prdducts, but the spectra
are not resolved well enough to allow an enalysis of

these patterns to be carried out. ‘

6.4 Thermal Analysis

Thermal analyses were carried out using both the
T.GeA, and T.V.A., techniques descrited in chapter 2,
Degradations were carried out under nitrogen and air in
the T.G.A, appafatus and under vacuum in the T.V.A,
apparatus. In both types of analyses samples were
linearly programmed from 50°C to 1000°C at loo/min. In
the labelling of thermograms pirani gauges will be
denoted by the temperature of the cold trap which they
immediately follow.

The thermograms obtained for -the polymers are




T~y g s A X G g A Ty AR oy .
rvepresented iu fig 3.4 b0 5,8, The Minzoluble!
an A v gy, D s ST N AN Lo e b 4 -
T oducos ors dCD.LE'.;:.« vhed oy ohe symbel (1) end the

"soluble” products with the symbol (8)., Attempis
to obtain reproducible thermograms by degrading the
"insoluble" polymers in air were unsuccessful, due
to the onset of combustion during degradation, andh
only the thermograms obiained for the "soluble! polymers
are shown. The T.V.A. Thermograms cbtained for botﬁ
the "soluble'" and "insoluble" products Tl’ T2 and T3
were very similar and only one trace is presented,
TS(I) and TS(S> gove very similar T.G.A. traces and
again Only one is shown.

The T.G.A. thermograms obteined for T;, under’
nitrogen (figure 6.4), show that after an initial
small weight loss at 200%C true degradation begins
above 300°C. Weight loss above this temperature ig
a gradual process with the “"insoluble" polymer exhibiting
greater stability than the "sO0luble" material., The T.V.A.
thermogram is similar to that presented in chapter 2
andbsupports the conclusion tha®t true degradation begins
above 300°C. The T,V.A.'thermogram suggests that four
separate reactions are occurring during degradatién
with materiols which are not condensable at -198°C being

given off +throughout the decomposition. Degradations
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stebility, uvader these condiltions, wp to 4507C,

Thereafter rapid weight 1o

IS 5 cccurg undtil 2ll the

w

material has been consumed by 600°C,
Vhen degraded under nitrogen the thermogram
for TQ(I) (figure 6.5) shows weight loss beginning

at 100°C. This is probably due however to the presence

.

of low moleculayr weight species in the polymer. This
g I P

42}

conclusion is supported by the T.V.A. analysis which
indicates that aegraaation begins sbout 300°C. . -The
thermograms, under nitrogen, feor Tz(I) and TZ(S) are
similar in shape but again weight loss is more rapid
and occurs at lowexr temperatures with the "soluble"
polymer. Analysis of these thermograms is complicated
however by the initial weight loss at lower temperatures.
The thermogrem for degradation in air egain indicates
greater stability of the polymer before rapid weight
loss occurs above 400°C, The T.V.A. thermogram has a
large peak at 500°C coinciding with the point of most
rapid weigh?t loss in the T.G¢A. thermograms. Thereafter
two more reactions take place which do not appear to
involve much weight loss.

The thermograms obbained for T3(I) and T3(S)

(figure 6.8) are different from those obtained from



100

50

_______TZ(S) Air \

Weight Residue (%)

lw]

— 0% 8ndv-75°C'
———=196°

200 400 600 800
Temperature (°C)

Figure 6.5 T.G.A. and T.V.A. Thermograms for T2.




100 == :

= - v

~ 50k i
g. TS(I)_hz
- B T4(8) N,
& —————JT3(S) Air
+

Y

o~
QO

= 0 |

- T,(1) 0%, -75°C and -196°¢C
----- T4(8) 0°C
—— —T4(8) -75°C and -198°C

200 400 600 800
Temperature (°C)

fesswdlive ummime Bl RS Ave o et

Figure 6.6 T.G.A. and 7.,V.,A. Thermograms for T3.




. ALt . PO SR, St I LR NP P —q‘
rapid weight less begiuvning ev this vemperaturs fom

Ohn ., .
C for the "insolubleV

the "soluble!" product and at 450
product. Both polymers show very little weight loss
above 54006._ These observations were confirmed by

the T.V.A. thermograms. The initial weight loss at

250°C for TS(S) is probably agein due to low molecular
weight material being given off. Both T.V.A. thermograms
show only one peak which coincides with the weight losé
maxime in the T.G.A. thermograms. Degradation of Ts(S)
in aif indicated that the stability of this polymer
“under these conditions is comparable to thad undér
nitrogen, below 400°C. Above this temperature rapid
weight loss occurs until no material remains at 600°C,

T, agein shows completely different degradation

4
characteristics (figure 6.7) from those of the other
polymers. The most surprising feature of the thermograms
is the weight loss at 10000, accompanied by evolution

of maeterials which are only partially condensable af ~75°C.
It seems most unlikely that true degradation will begin

at such a low temperature and it is therefore concluded

that some process such as crosslinking is occurring with

the evolution of volatile products., If it is assumed
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gradual process involving
Degradations carried out in air show that the stability
of the polymer, in this medium, is comparable with that
under nitrogen, up to 500°C. Thereafter rapid weiéht
loss occurs.

The degradative behaviour of Tg (figure 6.8) ié
very similar to that of T,. Both TS(I) and TS(S) do
however exhibit slightly superior stability with rapid
weight loss beginning at slightly higher temperatures.
Again degradations in air show compavable stability
with catestrophic breakdown occurring above 40000; The
T.V.A, thermogram is also very similar to’that of T2’
howvevexr the amounts of materials which are condensable
at -75°C and -196°C during the earlier stages of reaction
are considerably less than was found for T2.

All the products examined gave appreciable amounts
of residue when degr&ded in an atmosphere of nitrogen
or under vacuum., Before making any comparison of the
thermal stabilities of the polymers consideration must
be given to the fact
The most simple criterion of thermal stability is the

temperature at which true degradation occurs, however

tors which will affectv such assessments.
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wvhich su 2rily
be considered more stable than cone which degrades by

a gradual process, even though the latter polymer begins
to degrade at o lower tempevature. The need to take
account of both these factors makes a comparison of

the thermal stabilities of the polymers considered iﬁ
this chapter difficult, However some general conclusions
can be dravwn.

It may be concluded that the thicphen polymexr Ty
shows greater stability than both T2 and T5 in an inert
atmosphere, Vhile in a1l three of these polymers true
degradation appears to begin within the temperature range
350%C - 40000, the rate of weight loss shown by the
thiophen polymer is considerably lower than that found
for the other two. It is however more difficult to make
a comparison between Tl and.T30 Although the temperature
at which true degradetion begins for TB is above 400°C,
this polymer suffers catastirophic breakdown in the
region of 500°C., Thus it can be seen thal although this
polymer undoubtably shows greater thermal stability than

. .

. A 0 .
T1 wvithin the range 50°C¢ - 450°C above this temperature

the thiophen polymer is undoubtably the more stable of
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remaini ng after this weight loss is considered to be
the true polymer it can be concluded that the stability
shown is of & similar order to that of Tlo

Comparisons of the rele tlve stabilities of the
poelymers in air can be made much more readily as they
a2ll exhibit catasirophic decomposition soon\after
degradation beginsg. Thus it would appear ‘that the
relative stabilities are in decreasing order Tl’ T3,
TS and Tg° Again there is very little difference between
the stabilities of T5 and T2o The degradation character-

istics of T discussed above, again make any comparisous

47
with the other products difficult.
The TeG.A. thermograms of the products also give

some insight into the extent of branching or crosslinking
in the polymers. The sudden, drastic weight loss, typical
of many vinyl polymers, is often caused by chain processes,
such as depolymerisation, which lead to a great weight
loss over a small temperature range. A high degree of
brenching or crosslinking in a polymer would prevent

such processes occurring and lead to more gradual weight

loss over a much larger temperature range. The T.G.A.
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of the former. Thus it may bhe concluded thaet T, has

a highly branched ox crosslinked sitructure while the

structure of T, is basically linear. Both T2 and T5
[® .

would then be seen to have stiructures intermediate

between these two exiremes as their thermograms show

gradation. Such couclusions

o

features of both types of de
would alsc suggesf that the reaction occurring at low
temperatures in the degradation of T4 involves cross—
linking as the resultant product shows,the typical
degradative features of & crosslinked polymer.

The high order of stability shown by the 2.5~dimethy11
thiophen polymer would seem to suggest that the basie
stability of this type of polymer is not solely a function
of the extent of crosslinking in the polymer. If however
the stability were some funcitien of the thiophen ring,

T3 would not have been expected to exhibit greater

stability than T, in the temperature range 300%c - 450°cC,

1
The thiophen nuclei in T3, however, would be expected
to be completely substituted and it is possible that
degradation at lower temperatures is initiated at the
hydrogen atoms remaining on the thiophen rings in the

other polymers. There is Iittle doubt however that a

S 4 T Sonsre ot oo < * e h] ey Y1 g e
much nore extvensive investigotion would be veguiwved




The wozli degeribed in this chapier has shown that
the extent of branching or crosslinking in Friedel-Crafts
polymers conteining thiophen nuclei can be altered by
the presence of substituents on the thiophen monomers.
The temperature at which true‘degra&ation begins hag
been shown to be independent of the degree of cross-
linking in the polymers. However there is little doubt
that the presence of crosslinked structures does give
a degree of stebility to the polymers at higher
temperatures by preventing chain processes occurring.
It has also been shown that the stability of this type
of polymer is increased by incrcasing the degree of

substitution on the thiophen nuclei in the polymer.
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foregoing sections are discussed with a view 1o
& establishing the mechanism of the DCLE=-thiophen
reaction and the nature of the resultant products.

The reaction between DCMB and thiophen, catalysed
by stannic chloride has been shown to be first order
with respect to each of the reactants and to the
cetalyst. This firsi order dependance can be accounted
for by the following mechanism.

The first step in reactions of this type is
generally considered to be the formation of a complex
between the catalyst and halocompound by interaction
of the electropositive tin atoms of the catalyst with
the electronegative halogen atom346c Such a complex

may be represented by,

&+ §-
leCH2—¢~CH2 --------------- SnClg

Reaction of the aromatic compound with this complex
will then give

C1~CH,~f~CH,-F + il fvﬁﬁgfﬁr

HCYI + Safll

LN

o

. 29 . .
Grassie and Meldrum heve shown +that, in reactions
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complex is wapidly esteblished comparsd vith the rete

of the rveactvion of the commlex with the aromatic molecule,
The absence of an induction period in the reaction curves
for.TCMB confirm that tﬁis is true in the case of the
DCMB-thiophen reaction. The reaction may then be

represented by,

k.
DCMB + SnCl, —21— complex
-1
K. .

cdmplex + thiophen —-£i—+,products

In the stationary state,

d(complex)/dt = 0 = ki(DCMB)(SnCl4)nk_i(comp1ex)
—kii(complex)(thiOPhen)

I, (DCMB) (SnC1 )
k ., + k..(thiophen)
-i ii

]

(complex)

‘Rate of Reaction = kii(complex)(thiophen)

kikii(DCMB)(thiophen)(SnCl4)
= k_; + k;;(%thiophen)

wa, if it can be assumed that km;§> kii(thiophen)
kiksy

Rate of Reaction = -—=== (DC:B) (thiophen)(SnCl,)

-i &

This accounts for the dependence of the rate of

reaction on the first power of the concentration of each
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reactants involved and this = that the poly-
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merisation proceeds through reaction steps which arec
all of the type described above. |

The much greater reactivity of the chloromethyl
group in TCMB, observed in chapiter 5, can be accounted
foxr by the absence of a second strongly electronegative
centre in this compound. Thus the formaticn of an active
complex and so the breaking of the C-Cl bond is greatly
facilitated by the greater electron density on the
remaining chlorine atom.

The shape of the HC1l reaction curves can be accounted
for'by this greater reactivity exhibited by TCMB, compared
with DCMB. Although these curves do not show the induction
period observed by Grassie and leldrum, in the study of
the DCMB-benzene reaction, they do show that the rate
of increase in HC1 concentration rises with increasing
TCMB concentration. The complete absence of a true
induction period can be éccounted for by the greater
reactivity of DCMB end TCMB with thiovnhen compared with
the cerresponding reactions in the DCMB-benzene system,

A feature of the reaction which is perhaps surprising
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been expszched that ss the conce
thiophen decreased the rate of cohsumption of DCMB
wouid also have decreased., It must therefore be
concluded ‘that the aromatic nuclei of the reaction
products exhibiv high reactivity and that this high.
reactivity offsets the decrease in concentration of
the sterting materials and so maintaiﬁs the rate of
reactlon of DCMB &t & nearly constant level, Olah and

48 s
have shown that the reactivity of benzene

his co=vworkers
nuclei, in Friedel-Crafts alkylations, increases with

the number of alkyl substituents on the benzene nuclei,
Thus, from these observations, it is reasonable to assume
thaf such an effect is also to be found with thiophen
nuclei,

The overall reaction may then be represented as a
series of competing, consecutive reactions leading to
products of increesing complexity as the reaction proceeds.
The competitive nature of these reactions mekes it
extremely difficult to carry out a kinetic analysis of
the later stages of reaction since it is very diificult
Yo account quantitatively, from the data available, fox

the varicus paths by which a product may be formed.
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of the higher molecular weigh'% chloxr

which has been shown to be an imporitont aspect of this

reaction, has so far prevenied such & siudy being carried

outs Nevertheless it is pessible to make certain generalw

isetions about the reaction and hence the ultimate product.
The studies descyribed in chapters 4 and 5 of this

thesis have demonstrated the very high reactivity of

both the chloromethyl groups and the thiophen nuclei of

the reaction products. I% hes alsc been established that

the reactivity of the thiophen nucleus, in this type of

]

!

reaction is much higher than that of the benzene nucleus”’,
Thus the polymer would be expected to propogate preferentinlly
through the thiophen nuclei, leading to a product in which

the frequency of branching is less then that found for

’ ’ an
. - O
the DCMB-benzene polymers prepared by Grassie and Meldrum®~,

Although the DCMB=thiophen polymer would not be expected
to exhibit an extremely high dsgree of branching, the
high reactivity of the pencdant chloromethyl groups coupled
with that of the subsiituted thiophsn nuclei should lead
4o a polymer which is highly crosslinked and which has

an extremely low concentravion of chleromethyl groups.
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1ivermoleculsar

It must be comcluded
reactions will also occur %o & great extent leading

to highly crosslinked and ultimately insoluble préducts.

The presence of cyclic structures, such as P49 will elso
lead to a rapid build up of compact crosslinked strﬁctures
thus hastening the onset of insolubility. Account must
also be taken of subv itution into the benzene nuclei
elthough this would be expeccted to be & relatively minor
source of branching in the polymer.

The overall highly crosslinked nature of the thiophen
polymer has also been demonsirated by the thermal analytical
studies described in chapter 6. The extent to which
branching or c¢rosslinking could ocgur through the thiophen
nuclei was controlled by altering the number of substituents
on the thiophen moncomer. The decrease in the density of
crcsslinking, indicated by T.G.A. analysis, on going from
thibphen t0 2- and S=methyl thiophen and fiﬁally to
2.5-dimethyl thiophen gives suppoxrt to the suggestion
that crosslinking talies place mainly through thiophen
nueclei,

These degradative studies also indicated that the



onset of wsruc

N T FX P TS Uy s e e T gy B 2 T o o oy o e

vhen the URLOPAEN DUWSL e, 1N Thnt poLymer, are, a3 fou
- \ 3 N T " g P T L LR b S S LA

as pOSSlle,. compLe LE?.!.‘;,' subatituied. Thoy iv wvenld

appear that while Friedel-Crafts polymers containing
thiophen exhibit good thermal stability, this sbability
is more & function of the highly crosslinked nature of
the polymer than some inherent property essociated with
the thiophen nuclei. )

It wes stated in chapter 1 of this thesis that the
purpose of this work was to gein information about the
DCMB-thiophen polymerisation process with a view to
gaining a greater insight into the stability of the
ultimate polymer. The foregoing discussion has demonstrat;d
that, although it was not possible to carry outv & complete
analysis of the polymevrisation reacvion, the work which
has been carried out has permitted clarification of certsin
features of the reaction and a reasonable assessment of
~ the reasons for the stability of the polymexr to be made.
Thus it would eppear that the thermal stability of the
polymer can best be accounted for in terms of the highly
crosslinked structure of the product. The presence of
thiophen nuclei which are not completely subsvituted, in
the polymer, would in fact seem to be a source of thermal

veakness. Increasing the stabilivy of polymers of thils
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THE PHOTODEGRADATION OF COPOLYIUERS OF HOTIYL METUIACRYLATE

"AND METHYL ACRYLATE AT ELEVATED TEMPERATURES

N, Grassie, B.J.D. Torrance and J,B. Colford



SUMMARY -

Four methyl methacrylate/ methyl acrylate copolymers with
molar ratios, MMA/MA, of 112/1,,26/1, 7.7/1 and 2/1 have been
photodegraded at 170°C by 2537 X radiation. The changes
which occur in the molecular weight of the copolymers are
typical of a random scission process and from fhese and
volatilisation data the extent éf chain scission during the
course of the reaction has been éalculnted. The pattern of
volatile products is the same as that previously obtained in
the thermal reaétion at 300°‘although there are a number of
differences in detail. For example, only one in ten of the
methyl acrylate units is liberated as monomer.compared with -
one in four in the thermal reaction and the ratio 002/ chain
~scissions is considerably greater than the strict 1/1 ratio
observed in the therhal reaction. Zip lengths are also very
: mucﬁ greater in the photo reaction. These minor differences
" between the two reactions have been'a;counted for in terms of
the mechanism previously presented to account for the thermal
reaction; bearing in mind the differences in the temperature
'(170° and‘300°) at which the two investigations were carried

out,



THE PHOTODEGRADATION OF COPOLYMERS OF METHYL METHACRYLATE

AND METHYL ACRYLATE AT ELEVATED TEMPERATURES

N. Grassie, B.J.D. Torrance®* and J.B. Colford,
Chemistry Department, The University of Glasgow, Glasgow, VW.2,

Scotland.

Recent publicationsl-3

have demonsﬁruted how the presence
of the comonomers, acrylonitrile and methyl acrylate influence
the thermal degradation of poly(methyl methacrylate), In both
systems the depolymerisation regction is initiated by random
scission in the methyl methacrylate segments of the polymer
‘chains. Like pure poly(methyl methacrylate) these copolymers
also depolymerise at elevated temperatures under the influence
of 2537 Z radiation, In the acrylonitrile polymer4, however,
the initiation process consists of chain scission specifically
at acrylonitrile units and the principal differences between

the thermal and photo reaction have been accounted for in terms
of the different sites of initiatioﬁ and the influence of the
temperature (280°C and 160°C for the thermal and photo reactions
respectively) and viscosity of the medium upon the relative rates
of the subsequent constituent processes comprisihg the total re-
action, In the present paper the principal features of the
photodegradation of the methyl methacrylate/methyl acrylate co-
polymer system are described and differences from the thermal
reaction discussed.

*Present address: Research Department, Courtaulds Ltd.,
Coventry, England,




EXPERIMENTAL

Copolymers

The four copolymers studied were those whose preparations
have previously been describedz. Their molar compositions
are (MMA/MA) 112/1, 26/1, 7.7/1, 2/1.

Molecular VWeights

Number average molecular weights were measured using a
Mechrolab high speed membrane osmometer.

The amounts of material available for the‘measurement of
molecular weights were of the order of only a few milligrams.
Molecular Weight measurements are therefore subject to con-
siderable error and this accounts for the scatter of points in

figures 4 and 5.

Photodegradation Techniques
| Photodegradations, except those involving the measurement

of CO2 produced, were carried out as previously described4,
the polymer (20-40 mg.), in the form of a thin transparent‘film,
being irradiated in vacuum, through silica, by a source of
2537 X radiation,

Because of the very small amounts of 002 involved it was
found more convenient to make the 002 evolution measurements
in the apparatus used for thermal studies2 with a suitably
modified reaction vessel. The exit tube was situated at the

side of the reaction vessel, being replaced at the top of the



reaction vessel by a silica window through which the polymer
was irradiated.
All product analyses were carried out exactly as de-

scribed for the thermal reactionz.

RESULTS

Influence of Temperature on Rate of Volatilisation

The primary influence of u.v. radiation on poly(methyl
methacrylate) is to cause chain scission, the radicals,
CH

i3

4muCH2—C- , ultimately appearing in the systems. The

COOCH3

overall characteristics of the photolysis depends upon the
subsequent reactions of these radicals which in turn depends

upon the temperature. At high temperatures, at which the

polymer is in the liquid state, monomer produced in the

equilibrium,
?H3 ?HB . ?HB ?HB
—‘ - - L — ~r - . -
nﬁvCHz ? CH, ? em—— CH2 ? + CH2 ?
'COOCH3 COOCH3 COOCH3 COOCH3

can easily escape so that the reaction tends to the right and
quantitative conversion to monomer occurs. On the other hand,
at low temperatures when the polymer is in the form of a rigid
solid, monomer can not readily escape, appreciable depolymer-
isation does not occur and the polymer radicals subsequently

mutually destroy each other. At low temperatures, therefore,
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the photdlysis is characterised by chain scission and at

high temperatures by monomer production, It is the high
temperature reaction with which this paper is concerned.
Unfortunately, however, the range of temperature in which
thié'reaction can be studied is restricted, the lower limit
(52150°C) being governed by the softening point of the

polymer and the upper limit (Z£200°C) by the onset of thermal
degradatioﬁ. Clearly in this'temperature range the viscosity

of the polymer is changing rapidly with temperature and since

‘the viscosity could have a profound influence on the abhove

equilibrium it is important to obtain some assessment of the
influence of the viscosity on the overall reaction. The
data in figure 1 demonstrate that there is no significant
change in the rate of photodegradation of PMMA in the temper-

ature range 150-170°C, Since the reaction consists of photo-

initiation followed by complete unzipping of the polymer

chains the rate of the reaction should be governed by the rate
of initiation and since photoinitiation should be assoéiated
with an activation energy close to zero the constant rate is
accounted for and in turnvimplies that there is no significant
viscosity effect which should be expected to cause an increase
in rate with temperature, In turn it may be concluded that
the increase in the rate of photodepolymerisation of the two

copolymers with temperature, illustrated in figure 1, is not
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Volatilisation (%)
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Figure 1 Extent of volatilistion in 30 mins. at various temperatures

of poly(methyl methacrylate) (e) and methyl methacrylate/

methyl acrylate copolymers (o, 26/1; a, 7.7/1).
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TABLE 1

Photodezradation Data obtained at 17OOC

Chain Length Scissions
Time Volatilis- M.W. of of Co- per mol= per chain uni}
Copolymer (min) ation(%) Residue polymer(CL,) ecule(N)  (n=N/CL/)x10"

600,000 6000 0 0

112/1 0 0 :
10 5.4 250,000 1,27 2.11
30 20.7 - - -
60 k1,4 237,000 0.47 0.78
90 53.6 - - . -
120 60.8 - - ' -
26/1 0 0 600,000 6030 0 0
5 1.7 376,000 0.12 . 0.19
15 4,0 248,000 1.32 2.19
23 13.4 229,000 1.27 2.1
20 30.4 172,000 1.50 2.49
L5 34,2 180,000 1.19 1.98
60 36.2 145,000 1.65 2.73
90 46,2 118,000 1.68 2.79
120 54,0 125,000 1.21 2.01
7.7/ 0 0 425,000 4370 0 0
: 5 1.5 411,000 0.02 0.05
15 2.9 321,000 0.27 0.62
23 L4 181,000 1.25 T 2.86
30 - 5.2 263,000 0.53 1.21
" 45 16.2 168,000 1.12 2.56
65 20.3 144,000 135 3.09
75 22.3 157,000 1.10 2.52
90 27.8 150,000 1.05 2.40
120 29.8 140,000 1.13 2.58
300 40,0 81,000 1.96 L 47
2/1 0 0 370,000 3880 0 0
- 30 1.75 149,000 1.46 3.76
60 5.8 78,000 3,08 7.95
150 13.9 49,000 5.52 14,22
300 28.2 45,000 ,91 12.65
600 39.6 47,000 375 9.65
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associated with a viscosity effect but is a direct manifes-
tation of the modification of the overall reaction by the
presence of the comonomer. |

As a result of these experiments 170°C was chosen as a
suitable. temperature for a general study of the reaction since
an appreciable rate of reaction was obtained over the whole
copolymer composition range without»interference from thermal
degradation; All subsequent data were obtained at this
temperature and are summarised in table 1, Chain scissions
per molecule of polymer were calculated using the formulaB,

CLo(l—x)

N=—g— -1

in which CLo and CL are the original chain length and the

chain length at an extent of volatilisation x respectively,

The number of chain scissions per unit length of chain, n,

giﬁenvby

must be used as a comparative measure of the extent of chain

scission, however, since the copolymers have substantially
different molecular weights,

Molecular Weight Changes

The changes in molecular weight which occur during photo-

degradation are related to the extent of volatilisation in

figure 2, Like the results of thermal degradation they




Molecular Weight x 107

1|0 2|0 3|0 - 4q ﬂ)
Volatilisation (%)

«« TFigure 2 Change in molecular weight with volatilisation for
photodegradation of methyl metha.crylate/methyl acryla‘be’

copolymers at 170°c. (v, 112/1; e , 26/1; o, 7.7/1; & , 2/1).
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are characteristic of a random scission reaction, Even in
the 2/1 copolymers there is no direct evidence of the cross-—
linking which is typical of poly(methyl acrylate), the
residual material being completelylsoluble in all cases;

Volatile Products of Degradation

The pattern of volatile products is closely comparable
with that produced in the thermal reaction, The only sig-
nificant difference concerns the ratio of the monomers.

The g.l.c. analysis of the monomer fractions are presented
in table 2, from which it is clear that approximately one in

ten of the MA units is liberated as monomer compared with one

(in four in the thermal reaction.

TABLE 2

Molar Composition of Monomeric Products (MMA/MA)

Copolymer Products
112/1 >1000/1
26/1 . 320/1
T-7/1 80/1

Rates of Volatilisation

Volatilisation vs time curves for the four copolymers
and PMMA are compared in figure 3, It is obvious that, as
in the thermal reaction, increasing concentrations of MA

increasingly stabilise the copolymers,
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Figure 3 Volatilisation/time curves for the photodegradation of
poly(methyl methacrylate) and methyl methacrylate/methyl
zerylate copolymers at 170°C. (o, PMMi; &, 112/13x, 26/1;
o, 7.7/13 v, 2/1).




Chain Scission and the Production of Carbon Dioxide

The data in table 3 summarise the results of experiments
designed to determine the relationship between chain scissions
and 002 production,

TABLE 3

Chain Scission and the Production of Carbon Dioxide

Temp. Volatilis-~ M.W, of Scissions/ coo/ 002/

Copolymer (°C) ation(%) Residue Molecule Molecule Scission
26/1 160 116 244,000 1-062  4-84 4.5
170 11-5 292000 0-82 4+46 5.4
7-7/1 170 24.8 118,000 1-71 5-15 3-0
170 462 70,000 226 10-6 4-7
2/1 170 74 75,000  3-57 747 2-1

In the thermal reaction a striet 1/1 ratio was found
throﬁghout the polymef composition range which made it pos-—
sible to use 002 production as a direct measure of chain
-écission. A mechanism for chain scission was proposed which
accounted for these experimental observations, From the data
in table 3 it is clear that the COZ/ chain scission ratio is
considerably greater than unity in the photo reaction,

There appears to be some tendency for the ratio to fall as
the MA content of the copolymer is increased but the very

small amounts of material available make it difficult to
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obtain values of molecular weight of sufficient accuracy to
study the effect with high precision.

Chain Scission and Volatilisation

The relationship between chain scission and volatilisation
is illustrated in figure 4, using the data in table 1, Once
again the scatter of the experimental points can be.attributed
to the difficulty of obtaining accurate values of molecular
weight but taken as a whole the results are best intérpreted
as demonstrating a linear relationship as represented in the
figure, Thus it may be concluded that, as in the thermal re-
action, radicals are formed as a direct result of chain scission
and that volatilisation occurs by depolymerisation of these
radicals, Zip lengths may be calculated as in table 4 and the
values are seen to be very much greater than those observed in
the thermal reaction which are presented in the last column of
table 4, However, as before, blockage of the depropagation
reaction by the MA units is clearly occurring since zip
lengths decrease with increcasing MA content,

TABLE 4

Zip Lengths for Depolymerisation

Slope (fig.4)A M.W.lost/ Average wt. Zip length
Co- (% volat./scis- scission of monomer

polymer sion/molecule) M,W., (MW x A) unit (B) MWxA/B Thermal

26/1 22 600,000 132,000 99.5 1327 74
7-7/1 17 425,000 72,000 972 741 74

2/1 5.5 370,000 20,300 95-3 214 34
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Chain Scission and Copolymer Composition

The time dependence of chain scissioh for the four co-
polymers is represented in figure 5.  There is no clear trend
with copolymer composition and all the experimental points may
be réasonably representéd by a single straight line, Thus
the rate of chain scission is independent of the MA content

of the polymer,

DISCUSSION

Figure 2 demonstrates thdt the photolysis of MMA/MA
copolymers at elevated temperatures involves the successive
scissioning of the chain, Although the data in figure 5
are of limited reliability it is clear that the rate of chain
scission is not strongly dependent upon MA content and thus
that the scission reaction does not occur preferentially at
MA units but rather at random, Since the rate of volatil-
isation is progressively retarded By increasing MA content it
may be deduced that MA units block‘the monomer producing de-
propagation process. Tﬁis blocking action is not complete,
however, since small amounts of monomer MA do appear among

the volatile products. In all these aspects the photo
' 2,3

.reaction is identical with the thermal reaction .

There are, however, some well defined differences be-

tween the two processes and the following are probably the
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Figure 5 Time dependence of chain scissions in the photodegradation

of methyl methacrylate/methyl acrylate copolymers at 170°C.
(a, 112/15 0, 26/150, 7.7/1;5 v, 2/1). '
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most significant. Firstly, the zip length in the photo re-
action is very much greater than in the thermal reaction.

Secondly, the strict 1/1 ratio between CO, molecules produced

2
and'chdin scissions in the thermal reaction does not apply to
the fhoto reaction. In this case a very much higher pro-
‘portion of CO2 appears, Thirdly, a very muchbsmaller pro-
portion of the MA is 1iberated'aé monomer in the photo reaction
Z 1 in 10 units compared with 1 in 4 in the thermal reaction.
The following reaction mechanism was prescnted previous-
ly3 to account for the principal features of the thermal re-
action, The minor differences mentioned ahove between the
thermal and phdto reactions can be accounted for in terms of
this mechanism bearing in mind the differences in the
temperatures at whichvthe two reactions were studied, These
were 170°C and approximately 300°C for the photo and thermal
reactions respectively. In the present instance this
difference in temperature may manifest itself through the
direct influence of temperature on the relative rates of
constituent reactions or these relative rates may be even more
strongly influenced by the very great difference in the
viscosity of the medium at the two temperatures, At 170°C
the polymer is in the form of a highly viscous mass while at

300°C it is a relatively mobile liquid.




Bz/’,Depropagation 4, | IntramoleculaT 5. Intermolecular
: ' Transfer Transfer
(predominantly
J random)
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MA Monomer Chain Fragments Chain Radical
6. 7.
Chain Scission CH4, H2, Un-
and CO,. -
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Copolymer Molecule

1, | Chain Scission
(random).

v .
Terminal Chain Radicals

2, | Depropagation to lst
MA unit

\'4
Monomeric MM +
MA Terminated Radical

and
Coloration,

Thus the greater zip length in the photo reaction can be
accounted for by the fact that the more viscous medium, by
suppressing thermal motion, should be expected to favour
intramolecular trensfer (reaction 4) at the expense of inter-—
molecular transfer (reaction 5),. On the othér hand, the
greater COz/chain scission ratio in the photo reaction may

result from the higher viscosity favouring reaction 7 at the
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expense of reaction 6, These may be represented in more

detail as follows,

fHB ij fHB

~~n~ - CH—QNW""‘ co

2
7 .
?HB ?H3 ?H3 ?H3
\NW(I_','O ~~A~C - C = C~n g He
COQCH3 COOCH3

and the lower molecular mobility at the temperature of the
photo reaction should be expected to favour separation of a
mobile hydrogen atom at the expense of the diffusion apart
of two long chain species, Finally the smaller relatiQe
amount of monomeric MA produced at the lower temperature may
be a measure of the direct relative influence of temperature

on reactions 3 and 4. Alternatively it may result from the
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greater viscosity of the medium inhibiting diffusion from
the site of the reaction of monomer produced'in depropagation.

This would favour the back reaction in the equilibrium,

COOCH3 | ?OQCH3
\/vvCH2 -~ C- —— N CH2 = (l)'
H , H

and thus in turn favour reaction 4 at the expense of reaction 3.
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