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SUMMARY OP TRESIS FOE DEGREE OF 
DOCTOR OF PHILOSOPHY 

FRIEDEL-C RAF T S POLYMERS CONTAINING THIOPHEN 
by JOHN B. COLFORD B.Sc.

• The reaction between p-di(chloromethyl) benzene 
(DCMB) and thiophen, catalysed by stannic chloride, has 
been studied with a view to elucidating the kinetics 
and mechanism of the reaction* In this way it was hoped 
to gain a clearer insight into the structure of the 
resultant polymer and so to account for its reported 
thermal stability'*'•

By studying 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*r. spectroscopy 
and molecular weight determinations* The rate of self
condensation of DCi\!B was also found to be negligable, 
by studying the rate of evolution of HC1 from DCMB-SnCl^ 
mixtures.

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.
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and n.m.r. spectroscopy,, A total of eight reaction 
products were separated and identified. However the 
techniques available did not permit separation and 
identification of products of molecular weight greater 
than 850 or an estimation of the extent of isomerism 
among the reaction products.

A kinetic analysis of the reaction was carried 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 the polymerisation 
to 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 were also prepared by reaction of DCMB with



thiophen, 2-methyl thiophen, 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 possible to 
correlate the observed degradative features with the 
differences in the thiophen monomers.

These studies have allowed the following conclusions 
to 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,

Cl-CH2-0-CH2— Cl + ^ 7 % ----— * Cl-CH2-0—CH2- ^ £ ^  + HC1

Cl-CH2-0-CH2-^C?^ + + 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
1. N. Grassie and I.G. Meldrum, Eur* Polym. J.

4, 571 (1968).
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CH.':.?TER X

1•1 Introdn * t i on
During the last decade much of the work in polymer 

chemistry has been directed towards the synthesis of 
polymeric materials which exhibit supei'ior thermal 
stability* This work has been prompted by the need 
for materials of good thermal stability particularly 
in the field of aero-space technology where they are 
required as adhesives, protective coatings, nose cones 
for missiles, ablative heat shields and electrical 
insulation* Although the ultimate goal of this work 
is the synthesis of polymers which are usable for 
long periods in ax X’ ay 500°C, there is a need for 
efficient bonding resins which will have a long life 
between 200°C and 80Q°C*

Laminating materials such as the epoxy, phenolic 
and polyester resins are known to have excellent 
bonding properties below 200°C but exhibit poor 
thermal stability above this temperature* Attention 
must therefore be focused on the synthesis of polymers 
with chemical structures T7hich are thermally stable 
and which may be readily fabricated to give useful 
materials* Consideration must be given, therefore,



to the chemical hi ch. are known to

impart thermal ’>2 also to the best synthetic

rout
1*2 Factors Affecting Thermal Stability

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

The physical requirement of a thermally stable 
polymer is that it have high melting or softening 
temperatures* These temperatures can be increased by 
increasing interchain forces and reducing chain 
flexibility. Interchain attraction can be increased 
by the introduction of polar substituents or by hydrogen 
bonding* Stereoregul&rity in vinyl-type polymers also 
increases interchain attraction by allowing the polymer 
chains to fit more readily into a crystalline lattice, 
thus making it more difficult to overcome intermolecular 
forces. The reduction of chain flexibility can be 
accomplished by the replacement of hydrogen atoms by 
fluorine, as the side groups of the polymer backbone, 
the close packing of the fluorine atoms giving greater



stiffness to the polymer chain* The presence of 
bulky substituents, such as methyl or other alkyl 
groups, cam reduce chain flexibility* However if 
the groups are too large they may lower the melting 
point by reducing crystallinity*

The chemical 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 1.1^* High dissociation 
energies, however, will not impart thermal stability 
to a polymer if the polymer has structural 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 1*1*)•

(a) Chain Scission
R, R, R, R, Rn R,
I I | I I I•/v'—  CH0—C—CH0—C—CH0—C—«* —  ̂v w CHo-C-CH9-C* + •CH„-C~w 2 | 2 | 2 | 2 | 2 | 2 ,
E2 R2 E2 R2 B2 E2

(b) Detiolymerisatioa
R, E, E. R,
II I1 I1 I1

CH0-C—CH0“C" — > «~CK„~C* -1- CII^C2 j 2 j 2 | 2 |
r 2 r 2 r 2 r 2

Figure 1*1



goad (.) Mssoeiaiioa energy OCf cal./nol*’!

D(HCsC“H) 114
D(H2C=CH~H) 105
B(C6H5--H) 102
D(C2H5“H) 97
D(ECsCH) 230
D{HgC£€Hg) 120
D(HC=CCH2ACHg) 67
D(H2C=CHCH2&CHg) 62
D(C6H5CH2^CHg) 63
D(CgHg“P) 115
DfCHg4*1) 118
BfSi^O) 193
DCp K̂J) 142
D(A1~0) 116
D(C~P) 139
B(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 tho monomer produced during the depolymerisation 
process* A second example is afforded by the degradation



dissociation energy is
of silicons rubber*

shown in figure 1*2. The anionic chain ends are thought 
to result from traces of impurities in the polymer*

Figure 1»2
■ f t  i -n*~~ iiiT-rrnT — ~ arsonminii aa«>

The formation of inter- or intramolecular bonds on 
heating is another chemical factor influencing heat 
resistance* The formation of these bonds can result 
in crosslinked structures* While these crosslinked 
structures, in many cases, prevent chain degr&daiive 
processes occurring, the onset of crosslinking often 
changes the physical properties of polymers, causing 
embrittlement in many cases.

The third chemical factor affecting thermal stability 
is chemical reactivity. The low reactivity to oxygen, 
moisture, acids, bases, or other substances, desirable 
in any polymer becomes particularly important at the 
elevated temperatures at which thermally stable polymers

Si 
/  \



are to bo usecU
thermal stability in

poly- can then be summarised a

(a) high melting or softening points;
(b)‘ high bond dissociation energies;
(c) structures •which are not conducive to low energy 
degradation processes;
(d) structures which are not susceptible to inter— 
or intramolecular bond formation;
(e) low chemical reactivity®

Vigorous research and development efforts, prompte 
by the increasing need for high temperature materials, 
have led to the synthesis of a large number of new 
polymers which possess some or all of these features® 
These polymers are often highly aromatic in structure, 
high melting, sometimes infusible and usually insoluble 
in all solvents, thus making their fabrication difficw! 
and limiting their usefulness® Nevertheless many of 
these polymers have reached the stage of commercial or 
development production in the last few years*
1*3 Fluorine Containing Polymers.

The replacement of hydrogen atoms by fluorine, in 
a polymer, is known to increase its thermal stability, 
by introducing bonds of higher dissociation energy and



reducing chain ilexibility * The nest successful poIyi-K-r 
of this type is polyC totraf j.iioroetbylone) « This polymer 

can be used at temperatures up tc 800°Cs in air and is 

stable to most chemicals© The need for thermally stable 
rubbers has been partly met by fluorinated polymers 
such as "Yiton" (figure 1*3) , which is a perfluoropropyl 
vinylidine fluoride copolymer* This polymer is stable 
below 260°C but rapidly decomposes at higher temperatures 
1 o 4 Inorganic Polymejrg.

As can be seen from table 1*1 the dissociation energ 
of bonds involving inorganic elements are generally higho 
than those of carbonicarbon bonds* Thus polymers contain 
inorganic elements would be expected to be stable in the 
higher tempera,ture ranges®
The silicone polymers or the siloxanes (figure 1*4 (a)) 
were the first representatives of systems containing 
inorganic elements* Althoxigh the intrinsic thermal 
stability of these polymers is good they tend to degrade 
by the low energy process described previously, and in



order to improve their resistance to heat other inorgan 

elements,? such as alumdnium or tin, are often included 
in the chain (figure jU4 {b)) e

Thermally stable boron and silicon containing
C*polymer's with carborane groups have also been prepared0 

These have the structure shown in figure 1*4 (c) and 
have been found to be fusible.and soluble in organic 
solvents®

R R R E
i. i .  1
i i i iR R R R

(a)
R R
I I0 3 i “”0 —A X *”0 *“ S i K"0 -»A1—
i i i iR R R R

<b)
R R
I I  Si-O-Si-O—
I IR (CH3)4

\ P / i

<c)

CH

B10H10

Fi.uure le.4



strength of the "weakest link in the chain. The breakin 
of this link can cause drastic reductions in the
molecular weight of the polymer, with corresponding 
deterioration of its physical properties. Polymers 
which consist of nonzero ssiinked structures in which 
two molecular strands are joined to each other, would 
require that at least two bonds must be broken before 
any reduction in molecular weight can occur, thus these 
polymers would be expected to show good thermal stability. 
Ladder and Spiro polymers are examples of such materials 
(figure 1.5).

Ladder polymers of many diverse types have been 
synthesised and although many' have only partia.1 ladder

Suiro Ladder

Figure 1.5



*{Black Orion” (figure 1*6 (a))^,°*^, ô This material
is prepared by the pyrolysis of acrylonitrile which lead-;
to a deeply coloured polymer with a high order of thermal
stability* Another early example of a ladder polymer is

8in the field of silicone chemistry * Polyphenylsilesquiox
of ladder structure (figure 1*6 (b)) which are stable at
temperatures up to 800°C5 have been prepared from phenyl-
trichlorosilane as a starting material.

Inorganic spiro compounds have been prepared by
9treating metal cations with phosphinic acids *. These 

polymers have the structure shown in figure 1.6 (c) and 
have been shown to exhibit good thermal stability when 
zinc is used as the metal cation.
1•6 Fully Aromatic Polymers

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



(a)

Ph Ph Ph
,o I / O  ! ^o. 

sir ^S i:0 >o
Si/ .Si Si'
| N K |  ^0'
Ph Ph Ph

(b)

Zn'
K P / R 
.0^ ''"0.
•C) .0-S p ^

''''R

:Zn

(c)

Figure 1«6



heterocyclic 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 two, which show 
promise of commercial viability.

The polybenzimidizoles^ have received limited 
commercial development as high temperature adhesive 
and laminating resins. These polymers are prepared as 
shown in figure 1,8 by reaction between an aromatic 
tetramine and the ester of an aromatic dicarboxylic acid.



The reaction take.'; place in tvo steps, the first giving 
a soluble prepolyrner which can be used to impregnate 
a reinforcement such as glass fibre, the polycondensation 
reaction being completed during the forming of the lamina' 
at high temperature and pressure. The polymers thus
formed exhibit excellent thermal and oxidative stabil ity.

12The polyoxadiazoles (figure 1.9) show considerable 
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*

N N

0
N— N 

'/  \
n

Figure 1*9
1*7 Polymers with Aromatic Units Linked to Non-Aroroatic U 

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 order to reduce chain rigidity, while 
still retaining good thermal properties, many high 
temperature polymers are based upon aromatic rings



3 3polyphenylene oxides' (figure 1®10(a)) and the
polysiilphones"^ (figure 1.10(b)), while not exhibiting
exceptional thermal stability, are distinguished by
their -wide range of working temperatures («'170°G to 190°C)
and ( —100°C to 150°C) respectively. Others, however,
have been shown to have good thermal stability. The

15polyimide polymers (figure l®10(c)) are possibly the
most successful of the neT7 high temperature materials.
These polymers have been used as films, engineering
plastics, fibres, binders for reinforced plastics
composites and adhesives, where high temperature stability
has been required. Other polymers which have received
limi'oed commercial success are the aromatic polyamides"
(figure 1.10(d)), which are being manufactured as fibrous

17yarns and papers, and poly-p-xylylene (figure 1.10(e)), 
which has been developed as a protective coating medium 
and as an unsupported film® The polyaryl ene sulphides^ f ̂ 
(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.



/(_ N
CO

CO

co>
CO

N-/

■NH

o
‘NHCOn



1«3 Frigdsl-; p ion
Many of the polymers mentioned. in the previous 

section, while exhibiting good thermal stability, have 
progressed very sloirly to the stage of practical utility 
because they form insoluble and infusible materials, 
which are extremely difficult to fabricate* There is, 
therefore, a need for a flexible method of formation of 
aromatic resins which would allow the manijmlation of 
reaction conditions to produce poljomers capable of 
fabrication*

An example of such a reaction is the polycondensation 
of benzyl compounds, in the presence of Friedel*~Crafts

t
catalysts, to yield maeromolecular hydrocarbon materials*
The benzyl compounds which have been used for the formation

20of polybenzyls are benzylhalides, alcohols, ethers and 
21aldehydes , but the most thoroughly investigated monomer 

has been benzyl chloride* Two kinds of polymer can be 
produced by the action of Lewis acids on benzyl compounds 
by varying the catalyst and reaction conditions* One 
is a low molecular weight material which softens about 80°C 
and is soluble in some solvents, while the other is a 
granular solid which is infusible and insoluble in any 
solvents*

The structure of polybenzyl has been the subject of



much discussion® Pour possible structures have been 

proposed6
9 p(a) Polystilbone Structures Flenns and. Leicester*"" 

proposed this structure (figure 1,11 (a)) but little 
evidence has been found to support their proposal paid 
it is generally considered to be the least likely one®
(b) Linear; This structure (figure 1*11 (b)) was first

23proposed by Jacobson who suggested that the benzene
rings were predominantly disubstituted in the p-position9
Such a polymer, however, would be expected to be crystal1
and high melting like the poly-p-xylylenes*

24(c) Random Branchings Plory has cited polybenzyl as
an example of this type of polymer (figure 1*11 (e)).
This type of structure would be formed if at any stage
in the reaction any hydrogen atom on any benzene nucleus
has the same chance of being substituted as any other,
subject to the directive influences of existing substitut
(a) "Sow and Piglet" branching: Based on infrared,

20oxidation and degradation studies, Haas et.al* J have
presented evidence for a structure consisting of a core
of almost completely substituted benzene rings surrounded
by a periphery of pendant benzyl groups (figure 1*11 (d))
This structure is supported by spectroscopic and kinetic

25studies carried out by Valentine and Winter



(a) (b)

(c)

(a)
Figure 1«11



While it seera3 to have boon established that

polybensyl predominantly contains phenyl groups linked
by methylene bridges there still remains some doubt

aboiit the detailed structure. Host of the experimental
evidence obtained seems to favour the structure put
forward by Haas, 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

26suggested by Haas. Parker has suggested that a 
reasonable value for the average degree of substitution 
is three and has suggested the structure shown in 
figure 1.12. He also found that the analytical results 
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 
physical 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 aromatic 
resins, which involves the use of a Priedel-Crafts reaction 
between an aromatic dichloromethyl compound and another



p naromatic compound, lias been described by Phillips “%
who suggested the use of p~(dichioromethyl) benzene (DCMB)
as a crosslinking agent in the development of polybenzyl
as a useful laminating resin*

23Overhults and Ketley 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



co-monomer both the melting point and crysiallinity 
of the resulting polymer could be controlled*

O Q gfi p.lGras si e and Mel drum 9 " have further demonstrated

the versatility 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 and 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 end including products with five

taromatic nuclei must be linear* Thereafter 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 into 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 1014.
The products of the reaction between DCMB and Benzyl 
Chloride were found to be very complex as would have been 
expected for this system. This made separation and



Cl-CH2-0-CH2-Cl + 0~CHg-0---- ?Cl-CH2-0-CH2-0~CH2-0
d0..CH.

0-CH2~0~CII2-0-CH2-0-CH2~-f/

f
CH. 
I. 2

Cl— CHg—0—CHg— Cl

0—CHg—0—CHg—jjl—CHg—0—CHg—0

0-CH g—0—CHg—0—CHg—0—CHg-0-CHg-0-CHg-C1
CH, I ‘ Cl

0—CHg—0

0—CHg—0—CHg—0—CHg—0—CHg—0

0—CHg—0

CH,

^H2
i
?H2
0

0—CHg—0—CHg-0-CH g—0—CHg-0-CH g-0-CH g-0-CH g-0

Complex Mixture of Products

Figure 1,13 Reaction Between DCMB and Diphenylmethane



Figure 1.14 Reaction Between DCMB and Benzene



Reaction of the chloromethyl compounds presented above, 
with the various benzene nuclei available, will result 
in the formation of a large number of complex products.

Figure 1,15 Reaction Between DCMB and Benzyl Chloride



As can be seen there should be a rapid build up of highly
branched structures in this system*

These investigations have shown that by careful
separation and analysis of products the mechanism and
kinetics of polymerisation of polybenzyl type structures
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 polymers*/

The preparation of polybenzyl-type polymers with
heterocyclic units in the main chain has also been achieved

32hy Grassie and Meldrum using the reaction between DC.MB
and various aromatic heterocyclic compounds * Polymers
were formed with benzene, thiophen, pyridine, indole,
quinoline end pyrrole units in the chain and a rough
estimate of their relative stabilities made by measuring
their rates of volatilisation under conditions of

33continuously increasing temperature • Their relative 
stabilities were found to be, in decreasing order, as 
follows;- thiophen, benzene, pyrrole and indole. Both 
pyridine and quinoline gave very much less stable products/.



omatie molecule or the extent of
branching or crosslinking in the polymer*
1„9 A im of the Present Work

In the light of the work carried out by Phillips, 
Overhults and Grassie it would appear that the reaction 
between DCMB and aromatic compounds, catalysed by 
Friedel-Crafts catalysts, could prove to be a valuable 
method for the synthesis of polymers with, superior ther 
stability* Grassie and Meldrum have shown that in orde 
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 polymerisat 
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-type

+

n



polymers9 thus synthesised* it is intended to study 
the mechanism of formation and structure of this pol 
with this ultimate end in view*



CiIA.P2EH_2
EXPERIMENTAL TSCyiNIQUSS AND APPARATUS 

2*1 Re actio ns tinder Vacuum
(a) Purification and Drying of p— (Dichloromethyl) Benzene*

• p~*(Dichloromeihyl) Benzene (DCMB) (Bush, Boake and
Allen Ltd.) was purified by recrystallisation from warm 
methanol until a constant melting point was obtained (99uC)o 
The product was dried in a vacuum oven at 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) was
stored over calcium hydride at atmospheric pressure.
"Serious*' drying was carried out under high vacuum using
the following procedures* Pre-dried thiophen was filtered
into a reservoir, degassed several times by the freezing
and thawing method and distilled onto finely ground calcium
hydride in a storage ampoule (figure 2*1 (a))* The
ampoule was then sealed off, at point A, at a pressure of 

—5less than 10 torr. The thiophen was then left for a 
period of at least one week during which time it was 
intermittently agitated by shaking. Drying was completed 
by redistillation, under high vacuum, onto fresh finely 
ground calcium hydride and storage for one more week.
After this time the thiophen was twice vacuum distilled



(a)

/ \

L 7

(b)

(c)

Figure 2.1 Typical All-Glass Ampoules.



and stored in a sealed ampoxue iintil use®
(c) Purification and Prying of Stannic Chloride*

Phosphorous pentoxide was sublimed, under high
vacuum, in the apparatus shown in figure 2ol (c) to
remove it from the "bottle material*1. After sublimation
the apparatus was sealed off at point B and thereafter
used as a storage ampoule.

Stannic Chloride, Anhydrous, (B.D.H. Ltd* Reagent
Grade) was transferred quickly from its sealed container
to a reservoir, degassed several times under vacuum and
distilled onto the freshly sublimed phosphorous pentoxide*

— 5The ampoule was sealed off at a pressure of less than 10
torr and the contents stored for at least one week in the 

34dark « After redistillation onto freshly sublimed 
phosphorous pentoxide, followed by storage for one more 
week in the dark, the stannic chloride was twice vacuum 
distilled, in all glass apparatus, and stored in & 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 
manipulation of reagents described in section (f)* This 
ensured the removal of all traces of dissolved phosphorous 
pentoxide.



(d) Purification and Drying of. 1,2-Bichioroethane (DCS) •
The purification and drying of DCS (B.D.II. Ltd*

Reagent Grade) was carried out as described in section (c) 
for stannic chloride. The DCS, hov/ever, was pre-dried 
over phosphorous pentoxide "bottle material" before 
degassing, distillation and drying over freshljr sublimed 
phosphorous 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 finally
analar grade acetone before being evacuated on the vacuum
line* The apparatus was flamed out at a pressure of less 

—5than 10 torr before use to remove all traces of moisture*
(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, as 
described above, using, wherever possible, all glass 
apparatus with break seals instead of stopcocks. As 
stannic chloride is known to catalyse the self-polymerisation 
of thiophen strict precautions were also taken to ensure



that at no time during the manipulation of the reagents 

did these tiro liquids come into contact® The following
j .  • * ~ o

method was devised to allow the reproducible introduction 
of very small amounts of stannic chloride to the reaction 
amp o u.l e»

Standard solutions of thiophen in BCE and stannic
chloride in BCE were made up under high vacuum in the
following way* Thiophen and BCE were distilled from
their storage ampoules into graduated ampoules (figure 2*1 (b))
which were then sealed off* Stannic chloride was transferred
to a 1 ml* graduated ampoule using the apparatus shown in
figure 2,2® The apparatus was evacuated to a pressure of 

—5less than 10 torr and sealed off at point A* After 
breaking the break seal, the required amount of stannic 
chloride was poured from storage ampoule B into the 1 ml* 
graduated ampoule C, which was then sealed off at point B*
The remaining stannic chloride was then distilled into 
storage ampoule E, which was then sealed off at point F 
and stored in the dark. The known amounts of reagents, 
in the graduated ampoules, were then distilled into two 
storage ampoules, using an all glass apparatus similar in 
design to that in figure 2.4 to make up the two standard 
solutioiis *

The standard solutions were then thoroughly shaken



Fip-ure 2«2 Greaseless Liquid Transfer Apparatus *

SI



storage ampoule D, containing the standard solution, -was
sealed onto the inlet tube and the apparatus evacuated*
at point So- The apparatus was then sealed off at point F 
and the standard solution Introduced into the central 
reservoir by breaking the break seal* The solution was 
then poured into each ampoule in turn and the ampoules 
sealed off at the fine constriction G*

Transfer of solutions to the reaction ampoule was 
then carried out using the all glass apparatus in figure 2*4 
The apparatus consisted of a reaction ampoule A, into which 
DCMB had been introduced in the form of a crystalline 
solid, attached to the two calibrated ampoules B, containing 
the standard solutions* After evacuation and sealing off 
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*



E

Figure 2*3 Greaseless Solution Transfer Apparatus.



Figure 2.4 Greaseless Solution Transfer Apparatus.



Thermostat Bathe Using this equipment temperatures in 
the-range 'flO°C to -20° C could be controlled to £ 0«5°C» 
Reactions Fere quenched by immersion of the reaction 
ampoule in liquid nitrogen,,
2*2 Polymerisation under Nitrogen
(a) Purification and Drying of Reagents*
(i) Thiophen (B.D*H* Ltd* Reagent Grade), 2-Methyl— ,
3—Methyl- and 2,5«Dimethylthiophen (Ralph N* Emanuel Ltd* 
Puriss Grade) and 2“»Chlorothiophen (Koch-Light Laboratorie 
Ltd* Puriss Grade) Fere distilled at atmospheric pressure 
and dried over finely powered calcium hydride for 48 
hours*. The reagents were then filtered, redistilled and 
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* Before 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*



(ill) DCMB (Bush5 Bonke and Allen Ltd.) ras purified as 
in section Sole
(b) Preparation of Glassware.

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

The apparatus was as shown, in figure 2.-5. Reactions
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 activated 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 out with nitrogen. 
BCE and the aromatic compound were added separately by 
syringe through a septum C and the apparatus again flushed 
out with nitrogen before addition of stannic chloride. In 
order to ensure the reproducible addition of small amounts 
of stannic chloride to the reaction flask this reagent was 
added in the form of a 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 reaction©
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Reactions trere carried out at 30°C - 0*1°G in 

a stirred, thermo statically controlled water bath and 
the effluent gases collected by bubbling into distilled 
water® 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 "blank” 
experiments to be consistent with negligable carrying-over 
of stannic chloride®
(d) 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 Polymerss After washing the solution with 
water to remove the dissolved stannic chloride the polymer 
was precipitated by addition of the solution to either
analar methanol or n-hexane. The solution was slowly run 
into 3 litres of the precipitant with constant stirring. 
The product was filtered, dried at room temperature in a 
vacuum oven, and dissolved in chloroform. This psrocedure 
was repeated twice. The final product was then dried in 
a vacuum oven at 100°C for 48 hours.
(ii) Insoluble Polymerss The insoluble polymers were



v  r.* *purified by -thorough washing with an alar solvcrr 

Washing ivas carried cut- by vigorously shaking the material 
with distilled water, acetone, chloroform and finally 
dxethyl ether for 24 hours* After each washing the product 
was'dried at room temperature, in a vacuum oven* After 

the final washing the polymer was finely ground and dried 
in a vacuum oven at X00°C*

Purification of the polymers, as described above gave 
materials of fairly high purity* It was not possible, 
however, to ensure complete removal of all low molecular 
weight species small amounts c-f which may still have 
been present*
2*3 Analysis of Products

The separation and analysis of products of the reaction 
described in this thesis were carried out using the techniqi 
described below*.
(a) Analysis of HC1 Produced in the Reaction under Vacuums

Analysis of HC1 was carried out in the apparatus
shown in figure 2*6* A glass bulb A was sealed onto 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 C* The distilled water was added to the 
reaction mixture by breaking the glass seal with the rod* 
The mixture was then shaken vigorously for 15 minutes to



Figure 2,6 Hydrolysis Apparatus.



added to the reaction mixture* The amount of HC1 was 
estimated by titration with standard alkali*

The organic layer was washed thoroughly with water, 
separated and dried over anhydrous sodium carbonate*
(b) Gas-Liquid Chromatography (G0L,C.)o
(i) Quantitative Analysis: Quantitative G,L,C* analyses 
were carried out using a Microtek 2000R gas chromatograph 
equipped with dual columns, flame ionisation defector 
and linear temperature programmer. In order to achieve 
good separation of products samples were injected onto
a lfo silicone gum (SE30) on 100/120 Embacel column 
i?hich was then linearly programmed from 50°C to 2oQ°C 
at 10°/min, After calibration of the flame ionisation 
detector, as described in chapter 5, quantitative 
analyses of DCMB and the first two products of reaction 
were carried out* The calibration of the detector was 
checked at regular intervals*
(ii) Preparative G*L,C»s 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 Chromatograph



was used with a 1*28fc silicon gum (SE80) on 30/80 

Gas Chrom colucm©
(c) Gel Permeation Chromatography (G.P.C®)*

The separation and estimation of the concentration 
of reaction products with molecular weights higher than 
300, for which G.L.C* was found to be inapplicable, was 
achieved by the use of preparative gel permeation 
chromatogi'aphy• The apjjaratus used is illustrated in 
figure 2*7*

Outgassing of solvent (analar chloroform) . was 
carried out by refluxing solvent from reservoir A above 
the inlet to the chromatographic columns in such a way 
that a constant amount of outgassed solvent was retained 
in reservoir B* This solvent then maintained a constant 
hydrostatic pressure on the liquid flowing through the 
columns*

The gel, a crosslinked dextran (Sephadex LH20,
Pharmacia Ltd*) was contained 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 order to
oppose the tendancy for the gel to float. The solvent 
resistant column ends (Pharmacia Ltd.) ensured thsvt 
except for the nylon sieves and a small metal ring, in 
the column ends* all surfaces in contact with the solvent



Figure 2.7 Gel Permeation Apparatus.



were of pvrex glass or pelyietrafluoroethylene»

Injection of sample was achieved simply by closing the 

teflon stopcock I), removing stopper E and allowing the 
solvent to run off* When the head of solvent had passed 
point F the sample was added through opening JB and allowed 
to flow into the first- column*. Stopcock D was then reopened, 
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 
automatic fraction collector H* The U~V detector could not 
bo used quantitatively so quantitative estimations of 
products were carried out by evaporation of solvent from

ithe fractions, at room temperature, and weighing the residues 
Samples were prepared for injection by drying of the 

organic solution, as described in section 2*3 (a), removal 
of solvent under vacuum and dissolution of the residue in 
10 ml. analar chloroform*
(a) Gas Chromatography-Mass Spectrometry (G.C.M.S.).

Reaction products which could be separated by G.L.C. 
were initially analysed by means of a L.K.B.900 (L.K.B.- 
Produkier) combined gas chromatograph - mass spectrometer, 
a schemetic diagram of which is sho?m in figure 2.8® The 
novel feature of this equipment is the molecule separator

OC(Becker-Ryhage) which pumps away most of the helium
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carrier while allowing 50-75 per cent* of the separated 

component under analysis to pass into the mass spectromete 

At all times, other than when a mass spectrum is 
being scanned, the instrument operates'with an electron 
beam energy of 20ev which is below the ionisation potentia 
of helium (24*8ev) but high enough to ionise any organic 
matter coming off the column* The total ion current is 
measured by an electrometer, in the ion source, and fed 
through an amplifier to the G.L.C. recorder*

The mass spectrometer is a single focusing instrument 
with a fast scanning speed* When a component is observed 
on the G.L.C* recorder pressing the scan button automatic
ally 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 
a Hewlett Packard 301A Vapour Pressure Osmometer. The 
measurements were made at 65°C in toluene solution*
(f) Miscellaneous Spectroscopic Analysis*
(i) Mass Spectrometry? 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 voltages within the range 20ev - 70ev.
(ii) Nuclear Magnetic Resonance Spectrometry (n.m.r.)?



Spectra were obtained using either a Perkin Elmar RIO 
60 i.-[c* p * s* spectrometer or a Vartan HA100 100 Me*p* s* 
spectrometer* In many cases, due to the small amounts 
of materials available, samples run on the Varian KA100 
spectrometer were run in 0*15 ml* micrc-cells with 
resulting loss of resolution*
(iii) Infrared Spectrometry (l*R*)s I.R* spectra were 
obtained using Perkin Elmer 225 and 25? spectrometers* 
Samples were prepared as potassium bromide discs or run 
as liquid films between sodium chloride discs*.
(iv) Ultra Violet Spectrometry (U—V)i U-V analyses 
were carried out on a Unicam SP800 spectrophotometer* 
Solutions of the reagent in analar diethyl ether (approx* 
1 mg/ml.), contained in 2mm quartz cells, were used*
2*4 Thermal Methods of Analysis

Two methods have been used to 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 temperature of the sample from 
room-temperature to 1000°Co
(i) Thermogravimetric Analysis (T.G.A.): Thermogravimet
analyses were carried out vising a Dupont 950 Thermo- 
gravimetric Analyser. This instrument operates on the



null balance system! tlio bean being maintained in the

reference position by an optically activated servo loop*
0 /Samples were beared at 10 C/nin* in an atmosphere of 

either oxygen free nitrogen or air* It was not possible 
to obtain a high vacuum with this apparatus*

Although many theoretical methods have been devised
O ̂for obtaining kinetic data from T.Cr*A«>0 , these are

generally only applicable to simple degradation processes
and so no kinetic analyses of the degradation processes
described in this thesis have been attempted®
(ii) Thermal Volatilisation Analysis (T.V.A.) s The
T.VeA. apparatus used in this work was similar in design
to the Differential Condensation T*V*A. which has been

33described by McNeill ® A schematic diagram of the 
apparatus is shown in figure 2*9® Two cold traps at -75°C 
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 trap was 
continuously monitered by a Pirani Gauge (Edwards High 
Vacuum Ltd*)*
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CHAPTER S 
PRELIMXNARI OgggjcyATIOgS

3.1 I n t r o dii c tion
Before carrying out a 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 to estimate the extent to 
which reactions other than that between DCMB end thiophen 
took place. It was also important to obtain an overall 
picture of the main features of the polymerisation and 
the resultant polymer. As a result of these preliminary 
experiments it was hoped that a convenient method and 
suitable conditions for following the course of the 
polymerisation could be chosen and the best experimental 
conditions established.
3.2 The Self-Polymerisation of Thiophen

39Since Victor Meyer first reported the polymerisail 
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 reporte 
by Bruce and his co—workers"^ who obtained amorphous 
solids from the reaction of thiophen with ferric and 
stannic chlorides. 1/hile in roost cases the product of



the poly m e n  satiori of thiophen lias been an insoluble 
and infusible solid, thus making a detailed analysis 
of the polymer difficult, several workers 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 bo built up.

Using the dielectric polarisation method Gold5stein 
41,42and co*»vorkers ' have established that polymerisation 

of thiophen in the presence of stannic chloride proceeds 
through the formation of TT-complexes between thiophen 
and stannic chloride. These complexes are formed by 
the interaction of stannic chloride with the Tf-electrons 
of the thiophen ring and lead to the gradual polymerisation 
of the thiophen. Infrared spectroscopy of the thiophen - 
stannic chloride complex showed absorption in the region 
of 1440 cm"^ due to C-H deformation vibrations. Absorption 
in this region is generally indicative of the presence of 
C-H bonds where the hydrogen is attached 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,

43Further studies carried out by Curtis and co-workers 
and Armour and co—workers^  have confirmed that while



the "trimer and "pentame produced by the reaction of
thiophen with lOG^orthophosphoric acid was carried out 
by Curtis and co-workers. U-Y analysis indicated that 
these products still contain unconjugated thiophen 
nuclei. X«R0 and n„m»r. analyses* while giving support 
to the U—V analysis, also showed the presence of aliphatic 
carbon atoms in these compoujids® Dehydrogenation of the 
"trimsr” and x-ray analysis of the "pentamer” confirmed 
these analyses and revealed that these compounds have 
the structure shoY/n in figure 3.1<>

It is clear, therefore, that the reactions occurring 
during the polymerisation of thiophen, catalysed by acidic 
reagents, are extremely complex and should lead to polymeric 
materials with complex structures. The production of such 
structures during the DCMB—thiophen reaction could greatly

Mpentamer"1?trimern
Figure 3.1



affect/ the resultant polymer end also render kinetic 

studies meaningl ess. It was therefore necessary to 

estimate the extent to which thiophen self-polymerised 

under reaction conditions similar to those to be used 
in the study of the DOME-thiophen reaction.

Attempts ire re made to polymerise thiophen at 30°C, 
both under vacuum and under nitrogen, using stannic 
chloride as the catalyst and 1,2—dichloroethane as 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. involatile residue obtained 
by evaporation of volatile materials from 10 ral. aliquots 
of the reaction solution. The results were calculated 
as the percentage of thiophen which had been converted 
to involatile material and are presented as percentage 
polymerisation. Details 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, at 30°C, 
the maximum amount of thiophen which has polymerised 
represents only 1.57/6 of the starting material. It would 
appear, therefore, that the self-polymerisation of thiophen



Series ^  Atmosphere
Numb e r v a euum

Reaction Time (Jlr) 24
V/t. of' Involatile 
Product/litre (g) 0.100
fige Polymerisation 0.047

Series Atmosphere
Number Vacuum
Reaction Time (ilr) 24
Wt, of Involatile 
Product/litre (g) 0.700
Jege Polymerisation 0.243

Series ggg Atmosphere
Number Nitrogen
Reaction Time (ilr) 20
Wt. of Involatile 
Product/litre (g) 0,715
$ge Polymerisation 0.155

Concentrations of Reactants (moles 1 )
SnCl^ 0.020 Thiophen 2.52

48 72 96 120 144 168

0.625 0.675 0.825 1.250 0„?00 1.650
0.295 0.318 0.390 0.590 0.332 0.780

Concentrations of Reactants (moles l”1) 
SnCl^ 0.018 Thiophen 3.43

48 72 96 120 144 168

1.200 1.750 2.650 3.100 4.000 4.550
0.412 0.608 0.920 1.080 1.390 1.580

Concentrations of Reactants (moles 1~̂ ) 
SnCl^ 0,024 Thiophen 5o50

50 77 103 125 155

I08OO 2.900 3o880 4,501 5.479
0,389 0.627 0.839 0.975 1.179
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Analyses of the products of the polymerisation of 
thiophen under nitrogen were undertaken to establish 
the nature of the involatile materials* Molecular 
weight measurements of the deep brown viscous oils, 
produced during polymerisation, gave a value of 343 i 28, 
The U-Y spectra of these oils all showed a single peak 
at 237 mj/ ® This is similar to results obtained by 
Curtis and co-workers from U-V analysis of the thiophen 
”pentamer” and is taken as evidence for the presence of 
unconjugated thiophen nuclei* These observations were 
confirmed by bands at 850, 825 and 695 cm in the I.R. 
spectra (figure 3*3) of these compounds and absorption 
at 2*7'£*~3.2X in their n.m.r. spectra (figure 3*4)* I.E. 
absorption at 1455 and n.m.r. absorption at 5*5T-9*
however, also confirmed the presence of aliphatic carbon 
atoms in the products. The ratio of aliphatic to aromatic 
protons, obtained from n*m8r. was found to be 2.1 : 1*
This was considerably greater than would have been 
expected from structures such as those shown m  figure 3.1*. 
It would appear therefore that as polymerisation proceeds 
there is a decrease in the number of aromatic nuclei



oo
rH

\£>•rH

o

o oCO(<p\ eoirê xuisutfjcj;
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accoitip cm i ocl by a cc rra sponcl5.n g :Ln cr eas e in th 0 nu;nb0r
of alipliavie and olsfinic. -units in the polymer* These

observations are in agreement with results obtained by 
. 4 A.Armour ana co-worxters %  however differences in spectral 
evidence indicate that as the molecular weight of the 
product increases the polymer becomes very complex and 
makes a detailed analysis very difficult*
3*3 The Self-Condensation of p-di(Chloromethvl) Benzenem  1 iia r ■ . . o a c v w ...    T-nrni-rf-tmr rrnt-irfrrt -n-rr r-i-rrwmipnii.iiri«*i»ci'-jnr nwra.ii? —n-r-*—  i-mi-mj. i,m  m. r ■ n7> ufij

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 DCMB, stannic chloride 
and DCE were allowed to react at 30°C and the amount of 
HC1 produced estimated by titration with standard alkali* 
The ra,te of evolution of HC1 from this reaction system 
was found to be too slow to be measured accurately as 
the amounts of standard alkali required to neutralise 
the evolved HC1 fell within the experimental error. Hence 
it can be assumed that the self-condensation of DCMB does 
not make an important contribution to the structure of 
the polymer. These results were found to be m  good

29agreement with those obtained by Grassie and Meldrum .
3*4 The Influence of Water o n ^ e j &^etioa

It has been shown34 that water acts as a co-catalyst



in many polymerisation reactions catalysed by stannic 

cmoride* Alrnougn rigorous drying of reagents before 
polymer!sation has frequently been shorn to reduce the 
’£d'i/Q ox polymerisation to zero, Gr&ssie and Meldrum^^

'K'

found that, while water acts as a co-catalyst in the 
reaction between DCMB and benzene catalysed by stannic 
chloride, the reaction does proceed at a reasonable rate 
in the complete absence of water* Their results 
demonstrated that a maximum reaction rate is observed 
when the SnCl^/HgO ratio is unity* At higher water 
concentrations, stannic chloride is precipitated from 
solution in the form of a hydrate with an accompanying 
decrease in reaction rate due to the decrease in the 
SnCl^—Ho0 complex concentration* The decrease in rate 
at lower concentrations of water can be accounted for 
by the reduction in concentration of the SnCl^—HgO 
complex in favour of the less active SnCl^ catalyst*

Clearly the presence of water greatly affects the 
rate of Friedel-Crafts reactions of this type and in 
order to obtain reproducible results the concentration 
of water in the reaction mixture must be accurately 
control!edo The most convenient way of doing this, and 
so to achieve easy reproducibility, is to exclude water 
completely by the rigorous drying procedures described



:ui cnapier 2 and "go carry out all rate determinations 

unc.er vacuum*- Tnese procedures minimise contamination 

and good reproducibility was thus obtained throughout 
this studyo

3*5 The Reaction between DCMB and Thiophen
Before embarking on a quantitative study of the 

reaction between DCMB and thiophen, it was necessary 
to carry out some preliminary observations in order to 
determine the best experimental conditions for polymerisation 
and to devise a convenient method for studying the reaction* 
Initially all experiments were carried out at 30°C, under 
high, vacuum, using the techniques described in chapter 2* 
During the course of these experiments the following 
observations were made*

Initially all reaction solutions were clear and 
colourless. After a short time, however, a yellow colour 
appears, which gradually deepens, through orange, to a 
deep red. As the solutions darken, they also become opaque 
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.
After washing with organic solvents and drying a deep 
yellow polymer is obtained*. I.R. analysis (figure 3.5) 
of this polymer indicated that the structure is very



oo

o

oo

T—iI

f>vocja>
§.o

(5̂) 00111234 Tmsinsjj

in
in

•HFm



similar to rhe DCaii—Tini oph on polymer prepared by Gras si e 
8 Pand MeXdrum The me chart ic&l properties of the polymer 

are rather poor, however; it is infusible and insoluble 

in all common solvents* Thermal volatilisation 
analysis, figure 3.6 while showing certain differences 
from the analysis carried out by Grassie and Meldrum, 
indicated that the polymer is stable below 300°C<>

The onset of colouration, during polymerisation 
probably indicates the formation of complexes involving 
stannic chloride and aromatic nuclei. It has already 
been shown in section 3.1 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 to happen 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 microgel0 Thus 
instead of a continuous gel being formed throughout the 
solution discrete particles of gel ax*e formed and are



oo•at*

OOtH

Fi
gu
re
 

3.
6 

T.
V.
A.
 
Th
er
mo
gr
am
 

of 
DC
MB
-T
hi
op
he
n 

Po
ly
me
r



suspended in the solution. This in turn would account 

for the poor me chanicai proportios of the precipitated 
polymer1*

It is possible that the formation of complexes between 
stannic chloride and the aromatic nuclei could lead to 
depletion of the amount of active catalyst in the reaction 
mixture*. It would be better therefore to carry out rate 
determinations during the initial stages of the reaction, 
before the onset of the deep red colouration* In this 
way all such determinations would also be carried out 
before the formation of microgel with the resulting loss 
of homogeneanity of the reaction mixture*

t
Separation of the reactants and the first two products 

of reaction was achieved by Cr*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 HC1 production 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 3Q°C, however, was found to be so fast that there were 
large proportional errors in the estimated reaction times* 
In order to reduce the rate of reaction, and hence those



errors, the experiments were repeated at Q°Co At 

this temperature the reaction could be conveniently 
controlled and the reaction curves shorn in figure 3,7 
were obtained. These curves were obtained before the 
identification of the reaction products had been established 
and so no calibration of the G,L*C® detector had been 
carried out* The reaction curves did, however, suggest 
that two consecutive first order processes were involved,
3,6 Summary

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. These properties, however, made 
a complete analysis of the polymer extremely difficult.

These experiments have confirmed, that in order to 
gain a greater insight into the structure of the ultimate 
polymer, a detailed investigation of the polymerisation 
should be carried out. Preliminary experiments have 
indicated that such an investigation could be carried out 
using both G.L.C. and G.P.C. as analytical tools. These
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techniques should allow both the separation of reaction 

products and the determination of reaction curves for 

these productso

The results of these investigations into the reaction 
between DCMB and thiophen are described in chapters 4 
and 5«
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Ths work described in chapter 3 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 mechanism 
and kinetics of the polymerisation process. As a first 
step in this investigation attempts we re made to separate 
and identify all the soluble products of reaction before 
carrying out a kinetic analysis of their formation. The 
identification 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*1. .Mass spectra of these 
components were obtained using the L.K.B.900 G.C.M.S. 
apparatus and small amounts of the pure materials were 
separated using preparative G.L.C* All other products 
of reaction proved to be too involatxle to be eluted from 
the G.L.C. column, however the development of the G.P.C. 
apparatus allowed the separation of these products up 
to species with molecular weights near the limit determined
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products were separated using this technique and 
whenever possible 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 
resultant spectra and the increased detection of 
impurities present in the samples. These impurities 
give rise to the background between 6.40X and 6.80 T? 
and the peaks around 8.80Y.
4.3 Identification of Products

The high volatility 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 
peak number in the G.P.C. (F^, e^c*) while 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 P^, Pg and 
separated by G.P.C. For convenience the symbols 3 and 0 
will be used throughout this text to represent thiophen



and benzene nuclei respectively*
(a) Peak Number 1 (P^)

The mass, I*R» and n,m*r. spectra for are 
illustrated in figures 4® 2 and 4.3* These spectra? 
are identical to spectra obtained for pure DCMB, It 
can therefore be assumed tha,t P^ is due to unreacted 
DCMB* Peaks at 139, 125 and 104 in the mass spectrum 
are due to loss of Cl- and Cl-CHg- while, the presence 
of chloromethyl groups is confirmed by absorption at 
675 cm*”'*' in the I.E. spectrum* The peaks at 2*65Tand 
5*49Tin the n*m«r* spectrum are due to. absorption by 
the aromatic and chloromethyl protons respectively.
(b) Peak Number 2 (Pg)

The mass, I#K* and n*m*r* spectra for Pg are 
illustrated in figures 4*4 and 4*5* The parent ion 
mass number in the mass spectrum occurs at 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-CHg- and Cl-CHg-0- from the material with 
the peak at 97 being due to the -(SP-CHg-) *" ion.- This 
would be consistent with the structure shown for Pg*

$-ch2-0-ch2-ci
P2 (TCMB)
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This identification is confirmed by the I Al» and 
n® m «r a specr-ra* Tn e conipi ex array o £ pe aks bet ween 
2®60Trand 3.30 Tin the n.nwr. spectrum are due to 
resonance by the aromatic protons present in the molecule 
while resonances between 5.40 T.and 6.20T can be attributed 
to protons attached to aliphatic carbon atoms. The peak 
at 5.46 't'is taken to be due to absorption by the chloromethyl 
group, as found for DCMB, and the peaks at 5.88Tand 6.GST 
attributed to absorption 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 5.88T is attributed to 
the methylene groups substituted in the 2-position of 
thiophen and the peak at 6.06 Iris assigned to substitution 
in the 8-position., These assignments were confirmed by 
comparison of the n 0m.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 concentrations of 2— and 3— substituted 
thiophen nuclei were calculated from the relative 
intensities of the two absorptions and found to be in.
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Figure 4-6 n.m.r. Spectra of (a) 2~Methyl Thiophen.
(b) 3-Methyl Thiophen*



the ratio of 3 s ia
The presence ox both v.~ and substituted thiophen 

nuclei in is confirmed by absorptions at 695 cm*”1 
and 760 cm”1 in the I.E. spectrum which 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.rn.r. Although there is no clear 
absorption at 675 cm””1-, which would have been expected 
from the chloromethyl group, there is a small shoulder 
at 678 cm”1 on the broad peak at 695 cm*”1".
(c) Peak Number 3 (Pg)

The mass spectrum of Fr>, illustrated in figure 4.7,G
has a parent ion mass number of 270, while the cracking 
pattern indicates the loss of T-CHg- and units
to give peaks at 173 and 97 respectively. This is 
consistent"with the identification of Pg as dithenyl 
benzene which has the structure shown*

s -c h2-0-c h2-$
P3 (DTB)

The I.R. spectrum (figure 4.3) is very similar to 
that of V and indicates the presence of both 2- and 3-

C*
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shoulder at 675 cm «
' The absence of chloromethyl groups in Pg is confirme 

by the absence of resonances at 5.4STin the n.m.r. 
spectrum (figure 4*8). Absorptions in the region 2.60't 
to 3.4Q7T are again taken to be due to the aromatic proton 
of the benzene and thiophen rings,, The superimposition 
of the benzene and thiophen proton resonances again 
prevent any detailed analysis of these absorptions. 
However it would appear that the large absorption at 
2 * 9 4 can be attributed to the hydrogens on the benzene 
nucleus. The absorptions due to the hydrogens of the 
methylene bridges occur at 5.94Tand 6.1lTfor the 2- 
and 3- substitutions respectively. The movement of both 
the aromatic and methylenic absorptions to higher field 
can be accounted for by the complete removal of the 
strong inductive deshielding effect of the chlorine atoms 
The relative concentrations of the 2- and 3~ substituted 
thiophen nuclei were found to be in the ratio of 2 : 1.
(d) Peak Number 4 (P^)

is eluted from the column immediately after Pg 
and as the elution ratio should be expected to decrease



with increasing molecular weight it is reasonable to 
consider structures of progressIt e1y increasing 
complexify as possible structures for P, and all/I '
succeeding products* As P^ occurs as an imperfectly 
resolved, small shoulder on Pg 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-c h 2-0~c h2~ci
c h9
j, 2If A
f 2
Cl

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 than that of A (313)* This 
also rules out the possibility that P^ might have been 
the product B of the reaction between TCMB (Pg) and DCMB (F^) 

Cl-CH2~0-CH2-?-CH2-0-CH2-Cl 
B

This compound has a molecular weight of 355 which 
again is lovrer than that given by the mass spectrum of 
Furthermore there are no peaks in the mass spectrum of
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with four aromatic nuclei»
. C and B represent possible isomeric materials which 

could give rise to

®-CH2-0-CH2—3-CH2-0-CH2-Cl S-CHg-^-CHg-S
CHI 2

C 0 D

'Cl

Although both of these materials have a molecular weight
of 408, loss of Cl- would give rise to a peak at 373 in
their mass spectra, and the complete absence of a parent
ion, although unusual, could occur* These compounds
would also be expected to give rise to absorption at
675 cm"^ in their I.R. spectra and 5.48T in their n.irur.

—1spectra. Although there is no absorption at 675 cm in 
the I.R. spectrum of there is a peak at 5.48Tin its 
n.m.r. spectrum (figure 4.10) 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 shows that this absorption 
is so small that it can only be accounted for as a minor
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impurity* Evidence Till also be presented, in the 

sol].owing section, mien proves that compounds C and I) 

do give rise to a; parent peak in their mass spectra, 
which is of considerably greater intensity than any 
peaks in the region of 373, Furthermore the large 
increase in molar volume in going from to either 
C or D would be expected to cause a much greater decrease 
in elution ratio than that found for

The molecular weight of 372 found for 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®

/Ch 2-0-c h2n

\ h 2-0-Ch /

E
Studies with molecular models have revealed that this 
product could be formed with the thiophen rings being 
disubstituted in any two positions* It would not be 
possible to form a- similar type of molecule from D*

This compound ho,s a raolecxilar weight ox 372 which 
is in agreement with the mass spectral data* Peaks at 
185, 171 and 110 in the mass spectrum suggest the presence



values can be accounted for by hydrogen transfer which 
is knoTO to occur in aromatic systems*

Before accounting for the major fea-tures of the 
n.m*r* and I«R. spectra of P^ it is necessary to consid 
the conformational features of Ec Products of this typ 
can exist in either of the tiro extreme conformational 
forms shown below*

Chair Form

Boat Form

The equatorial and axial hydrogens of the methylen 
bridges would be inequivalent in both these forms** The 
structural features could have a considerable effect on



the spectroscopic properiiei_• of such molecules making 
interpretation of their spectra difficult*

Consideration of the fro conformations of 3 suggests 
that the free rotation of the benzene nuclei in these 
compounds Trill bo severely restricted® The effect of 
this is that the planes of the benzene nuclei are 
possibly held parallel and at right angles to the planes 
of the thiophen nuclei<> The overall effect of this would 
be that in the n«m«r* spectrum of E the deshielding effect 
which would normally be present in a linear 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 induced 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.nur* spectrum of E would be expected to be reasonably 
complex* A further complicating feature would also be 
the possibility of thiophen being substituted in different 
positions*.

The n •m•r• spectrum obtained for P4 does not, however, 
appear to be extremely complex* Although the aromatic 
resonances occur in the same region as found for



x«Oc 2 © SO o \iO 3«*i0 l 4, *oli s rei e/oiife intensity of the 
absorptions at higher field is considerably greater 
than that found for other products* This is as would 
have been expected from the discussion above. There 
are however absorptions due to methylenic protons at 
5*94TTand 6.07T  which are similar to those obtained 
for Pg« Absorptions at 6®28Tand 6»39"b are however 
at considerably higher field than would have been 
expected for a linear or branched molecule* A possible 
explanation for this is that four of the protons are 
held near to the plane of the resultant field thus 
experiencing a shielding effect while the other four 
are held at approximately right angles to the field 
and so experience a deshielding effect. The presence 
of 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 n.rrur® spectrum and is not considered to be a 
complete explanation® There is evidence of other absorptions 
in this region of the spectrum and account must be taken 
of the possibility of different positions of substitution 
in the thiophen ring®,

The I.R. spectrum of ?4 is extremely complex and 
gives no clear indication of the structure of this compound.



this structure to P^ and it is clear that a more 
sophisticated spectral investigation would be required 
before a definite assignment can be made.
(g) Peak Number 5 (Pg)

Pg, like P̂ ., is a relatively minor product of the 
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 Pg (figure 4.12) indicates 
that substitution in the aromatic rings is rather complex 
The bands in the region 900 cm"^ to 625 cm  ̂ are not 
all 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 at 695 cm  ̂ and 760 cm 

The n.ra.r. spectrum of (figure 4.12), however 
gives strong evidence for the presence of chloromethyl 
groups with resonance at 5 »50T• Absorption in this 
region has already been shoTra to be due to this type
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Figure 4>12 I.R» and n.m«r. Spectra of



01 groupo

again confirm the to e o zone and thiophen
mi c i e i i n i h e
5*90 Tto 6* 20 "Tea,n be assigned to the protons of 
methylene bridges between aromatic nuclei* The peak 
at 5*92T is due to methylene groups substituted in 
the 2“position of thiophen with the peak at 6.09"£ 
being assigned to substitution in the 3-position*
The large peak at 5*99T may be attributed to methylene 
groups linking tvro disubstituted aromatic nuclei where 
the thiophen ring is 2,5-disubstitutedo Similarly 
the peak at 6»16T could be assigned to 2,4- or 
3,4~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 Pg (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 inadequate separation of from 
P6. Peaks at 373, 359, 311, 239, 221, 185 and 173

units from the molecule* This evidence would suggest

suggest the loss of C1-, Cl~CHg*~, •T-CHg-, Cl-CHg-^-CHg-,

the structures C and P for Pr* On the basis of molaro



volume and. adsorp I'i'tioii ratio of
the linear isom to be smaller than
that of the branched isom Thus it Trould appoa

bha o ohrougnou t oho r sac oxon tne liiisrir iso in e r 

predominates Yfith the branched isomer only making a 
brief appearance during the earlier stages of the 
reaction. This would be in agreement with data presented

are much more reactive than the benzene nuclei. These 
conclusions would also be in agreement with the 
data presented above where only four peaks are observed 
for the methylene bridges between aromatic nuclei. The 
concentration of methylene bridges linking di~ and 
tri-substituted benzene rings would be so small that 
no absorption, due to them, would be expected to be 
clearly resolved in the spectrum,

Pj. could be formed by reaction of P̂, with an
aromatic nucleus in by reaction of thiophen with
B or by reaction of pairs of Pg molecules. The first 
seems to be the most likely major path in view of the 
complete absence of B among the reaction products and 
the relatively low concentration of Pg during the

in chapter 5 which indicates that the thiophen nuclei

reaction (see chapter 5),
U )  Peak Number 6 (P6)



lae largest pe:-.a m  tho high molecular weight 

end of the mass spocmim of T1̂. (figure 4«18) occurs1 

at mass number 45G while the cracking pattern suggests 
the progressive loss of T-CHg- and ^-CHg-Jif-CHg-
imits from the parent. Comparison of the mass spectra 
of Pg and Pg with that of Pg indicates that as the 
molecular weight of the product increases the higher 
mass ionic spocies become increasingly unstable.

The I,R, spectrum of Pg (figure 4,14) shows the 
complete absence of absorption at 875 cm~^, 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.ia.r, spectrum (figure 4*14) o 

This evidence suggests that Pg is a five nuclei 
product formed by reaction of P^ with thiophen or by 
reaction of Pg with an aromatic nucleus in Pg, It would 
appear therefore that Pg is a .mixture of F and G which 
both have a molecular weight of 456,

«-CHo-0-CHo-S-.CHo-{UCHo-5 S-CHg-^-CHg-S
CH„
I, 2F <P6) 0 Or (Pg)
CH2
«5?

The n.m.r. spectrum of Pg shows a complex array of 
peaks in the region 5* 90 T  to 6„20T , Ab.r5orptions at'
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Figure 4.14 I.E. and n.m.r. Spectra of Pg



5o90'£’ ? 600'!'£ and b* v'd't can again be assigned to protons'
of the methylene bridges attached to 2~ and 3-mono and
2, ti'iiQsgx guGeo. GlirOjOXiOD. nudex respe c ti%r©ly # Peuk8
at 6«14^ and 8*1IX could be assigned to methylene groups
attached to 2,4— and 3,4—disubstituted thiophen nuclei#
However, it must also be considered possible that either
of these peaks is due to the methylene bridge between
di- and tri-substituted rings# The small absorption
at 5# 95^ could also be taken to account for these

30absorptions but work by Grassie and Meldrum has 
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.nur# absorptions and found to be 2#02 
which is in very good agreement with the value 2*00 
calculated for the molecular structure of Pg#

The I#R. spectrum of Pg again indicates the presence 
of more complex substitution in the product# While 
the peaks at 700 cm and 765 cm confirm the presence 
of both 2- and 3-monosubstituted thiophen nuclei the 
peak at 755 cm**1 and the shoulders at 690 c-m"1 and 
670 era”1 indicate the presence of other types of 
substitution#

It would appear therefore that while both linear



and branched forms of p ., era present,, the mia.r, spectrum

indicates that the linear form P predominates. This

is in agreement with the data obtained for Pc»
(g) Peak Numbers 7 and 8 (P„ and P0)i o

• The mass (figure 4.15), I.E. and n.m.r. (figure 4.16)
spectra for P̂ . and Pg were found to be very nearly
identical and it may therefore be concluded that both
Pj and Pg are isomers©

Neither the I.R. nor n.m.r. spectra show any
evidence for the presence of chloromethyl groups and
it therefore seems 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
comx^rising Pg. The absence of the intermediate product
formed by reaction of P^ with Pg is perhaps surprising
in view of the presence of Pg among the products. This
however can be accounted for in terras of the very much
higher reactivity of the second chloromethyl group
in compared with the first and is similar to evidence

29presented by Grassie and Meldrum in a study of the 
benzene-DCMB system.

The largest peak in the mass spectrum of both 
and P0 occurs at mass number 642 and corresponds witho
the molecular weight expected for seven nuclei products.
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A large number of 7-nuclei products are possible-. 
However, in view of the much greater reactivity 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 P^ and Pg are poorly 
resolved. However, peaks at 5.90T , 5.98T , 6C07'Y and 
6*17T can be identified and accounted for as in section 
(f) for Pg* There are in addition two small peaks at 
6*251? and 6.347? which 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  ̂

and 5.501? respectively. The value for the ratio of 
aromatic to aliphatic protons (1*78). is in good agreemen* 
with the value (1.-83) calculated for the molecular 
formula. The principal features of mass spectrum of



P? and Pg can be accounted for as for ?e*

fhe spectra.!, -evidence presented is in good agreement 
v ith the structures R and I shoTrrun«i

S-CH2-0-CH2-S-CH2-0-CH2-^-CH2-!/-CH2-S 

H (Pg)

S-CK2-^-CH2-S-CH2~?!-CH2-5k
CH„I 2 
9

I (P7)

As discussed for Pg the elution ratio of branched 
isomer should be expected to be larger than that of the 
linear isomer. Thus H and £ 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 Pg there is a small group 
of peaks at mass number 328 which would suggest that 
this product contains eleven aromatic nuclei, The 
cracking pattern for Pg can also be interpreted in the
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same way as for previous products*

Bo vh oho i»K» and n.fD.r* spectra of Pg ay© again 

very poorly resolved. They are however very similar 

i>o those shown for Pg» The relative intensities of 
the peaks at 5©Q0T and 5©99't’ indicate, however, that 
the proportion of mono- to di- or tri-substituted 
thiophen nuclei is slightly lower than for Pg. Although 
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 
branched structures do occur in Pg©
(i) Peak Numbers 10 and 11 (P^q and P-q )

It was not possible to obtain any peaks in the mass 
spectra of P^g or P-q  above mass number 600* It may 
therefore be concluded that the parent ion and subsequent 
high mass number scission products were too unstable to 
be recorded* I*R* and n«m.r* spectra of these products 
were again very similar to those shown for Pg but wTere 
so poorly resolved that it was not possible to make even 
qualitative conclusions about the preferred arrangements 
of nuclei* It may be concluded however that P-̂ q and 
P^l are products with more than eleven aromatic nuclei 
and that they consist of complex mixtures of linear



and branched species,
4o4 Summary

The evidence presented in this chapter allows 
certain generalisations to be made about the course 
of the reaction between thiophen and BCMB. The overall 
reaction is represented by a series of reaction steps 
increasing in complexity as the size of the product 
molecules increases*

During the initial stages of reaction the principal 
events are the formation of Pg and by replacement 
of the chlorine atoms of DCMB by thiophen. The second 
chloromethyl group in P^ is very much more reactive 
than the first (chapter 5) and this leads to the very 
low concentrations of compounds containing chloromethyl 
groups during the reaction*.

As the concentrations of Pg and Pg increase more 
complex products are formed. While the concentrations 
of P^ and thiophen are high these products will be formed 
by reaction of P^ with an earlier product follovred 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 chloromethyl groups will 
tend to react increasingly with the aromatic nuclei in



the products* It is clear that the chloromethyl groups 

will react preferably with the thiophen nuclei and 
that intramolecular reactions can occur* In this 

way the reaction rapidly becomes highly complex with 
branching increasing as thiophen nuclei are increasingly 
absorbed into the products.
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laN E T IC  STUPIDS OF THE JD qM B^ IIIXCPHS!^ REXCTIOR 
5 o 1 I n t r o d'i i c t i on

It has already been shown that the products of 
the‘DCMB“Thiophen reaction can be separated using 
both G*L*C* and G*P*C* Using these techniques a 
study of the mechanism and kinetics of the reaction 
has been carried out in t?/o stages• A study of the 
initial stages of the reaction was carried out using 
G»L*C* as an analytical tool which allowed DCMB, TCMB 
and BTB to be separated and their concentrations 
estimated* The later products of reaction were separated 
using the preparative Of.P.C* technique6 All studies 
were carried out under high vacuum 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 BCMB and thiophen and 
the resultant chromatograms have already been described 
in chapters 3 and 4* Three main components are resolved 
and have been identified as DCMB, TCMB and BTB* Preliminary 
experiments indicated that GoL«C* could be used to follow 
the course of the formation of these products and so 
build up a detailed picture ox the reaction scheme* Such



a study has been undertaken and is described below.
As the reaction between .OCMB and thiophen proceeds 

higher molecular 17eight products, which cannot be 
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 between thiophen and DCMB 
or TCMB is promoted at the expense of the reaction 
between DTB and DCMB or TCMB. In addition the investigations 
Tfere confined to the initial stages of the reaction such 
that the HC1 liberated did not exceed 15$ of the theoretical 
maximum amount. Despite these precautions very small 
amounts of higher molecular weight products did appear 
at later stages of reaction when the HC1 liberated 
approached this value. The appearance of these pi*oducts 
was indicated by a discrepancy between the theoretical 
and acttial amounts of HC1 found. The absolute concentrations 
of products were calculated, however, using the simple 
expression whose derivation is described below. The use 
of this expression has previously been described by G-rassie 
and Meldrum29 in the study of a similar system..
Quantitative Estimation of Products?

The flame ionisation detector of the gas chromatograph 
gives a response which depends on the nature of the



compononu being mcnx-nii'oda i t is n. o c e s so.rv« therefore’<;

"to c8.11 bro/ue tne clo'i'ector for each component in order 
to estimate its absolute concentration0 Those 

calibrations were carried out using mixtures of BCMB,
TCMB and DTB in Ioiotoi proportions* By plotting the 
peak areas obtained for TCMB 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 s 0*98 s 1*44* The 
relative molar ratio a : b j c of the three compounds 
in a mixture is given by,
a s b s c — area of • area of P^/O* 98 % area of Pg/l*44

The absolute concentrations of the three components 
were then determined in the following way.

If N » N, and N are the concentrations of DCMB, TCMB a* b c
f t, then,

Na : Nb : Kc
N N. N„a b c
a ~ b - c“  (i)

If N = the initial concentration of DCMB, then, o
No Na + Nb + Nc * ^  xi“3i ^

where N. is the yeild of all other products of higherl 17
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of chloromethyl groups in later products is very low, 
therefore if NR ~ the concentration of HC1 at time t,

NH « Nb + 2NC + 2?x.Ni (3)
Solution of equations (l), (2) and (3) leads to the 
following equations*

Ha = a(2N0-NH)/(2a+l>)
Nb - b(2xM0-KH)/(2a+b)
N0 = c(2N0-HH)/(2a+c)

Since all the parameters on the right hand sides of
these equations are known or can be measured Na, and
N can be found* c

The errors involved in the calculation of 
concentrations from gas chromatographic data have been 
estimated from a large volume of data and found to be 
in the order of + 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 Reactions

The methods described above have allowed the changes



shown in figures 5*2 - 5.21, As suggested in chapter 3 
these curves are of the form to be expected as the result 
of ty/o consecutive reactions,

c,~c h 2- © > - c h 2< >  _  c h 2̂ k h  a - O  + HCI

Throughout the initial stages of the reaction the 
decree,se in the concentration of BCMB is linear with 
time* A decrease in the rate of reaction of DCMB 
would have been expected at later stages of reaction 
causing the conversion curve for DCMB to become concave 
upwards* The fact that the rate of reaction of DCMB is 
maintained at a constant level, throughout the reaction 
is an indication that the aromatic nuclei in later 
products of reaction are as reactive if not more reactive 
than thiophen* The reaction curve for TCMB shows an

ci- c h 2 Ĥ -CI * CI-CH ♦ HCI
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Table 5o2 Experimental Data for S10

lie act ion 
Time 

(inins.)

20
40
60
80
100
120
140
160
180

v/Onceircrati ons cf Product; 
(moles 1 1)

DCMB

0.2221
0.2191
0.2157
0.2121
0.2094
0.2051
0.2037
0.1998
0.1965

TOMB

0.0024
0.0041
0.0058
0.0070

0.0078
0.0091
0.0090

0.0093
0.0097

DIB

0.0005
0.0018
0.0035
0.0059
0.0078
0.0108
0.0123
0.0159
0.0188

1TC1

0.0034
0.0079
0.0133
0.0187
0.0229
0.0235

0.0428
0.0318

Bata from Reaction Curve 
d(DTB) (TCMB)

(mo 1»l“'1 s e c"1xl0°) (mol.1~1)
at

0.42
1.00
1.33
1,58
1.92
2.08
2.25
2.50
2.50

0.0013
0,0034
0.0051
0.0065
0.0076
0.0084
0.0089
0.0093
0.0096

Table 5*3 Experimental Data for Sll

Reaction Concentrations o| Products 
Time (moles 1 )

(mins.) DCMB TCMB DTB HCI

Data from Reaction Curves

(TCMB)
(mol.l ^sec ^xlO^) (mol.l

20 0.0760 0.0009 0.0001 0.0011 0.08 0.0004
40 0.0752 0.0014 0.0004 - 0.25 0,0011
60 0.0741 0.0019 0.0010 0.0045 0.37 0.0014
80 0.0729 0.0024 0.0017 - 0.50 0.0017
100 0.0719 0.0027 0.0024 0.0077 0.58 0.0021
120 0.0707 0,0029 0.0034 0.0045 0.67 0.0026

140 0.0693 0.0032 0.0045 0.0117 0.75 0.0028
160 0.0684 0.0033 0.0053 0.0144 0.83 0.0030
180 0o0674 0,0033 O.OO63 0.0150 0.83 0.0032
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Table :j n 4 Exneriinoiyhrtl t;Oita for S. 12

Reaction 
Time 

(mins.)

Con co 

DCMB

itration 
(moles 

TCI'IB

s of Pro
r j-)
DTB ILC1

Data from Reaction 
d(j)TB)
-1^-1 6 (mol.l sec xlO )

Curves

(TCMB
(mol.l

20 0.1510 0.0018 0,0002 0.0024 0.17 0.0009
40 0.1489 0.0033 0.0008 0.0040 0.58 0.0024
60 0,1467 0.0043 0.0020 0.0085 0.92 0.0037
80 0.1450 0.0049 0.0031 0.0124 1.08 0.0045
100 0.1432 0.0051 0.004? 0.0144 1.33 0.0051
120 0.1406 0.0058 0.0066 0.0189 1.50 0,0056
140 0.1384 0.0059 0.0087 0.0229 1.66 . 0,0059
160 0.1360 0.0063 0.0107 0.0279 1.75 0.0062
180 0.1339 0.0064 0.0127 0.0318 1.66 0.0063

Table 5<>5 Experimental Data for S. 13

Reaction Concentrations of Products
Time

of
(moles 1 )

(mins.) DCMB TCMB DTB HCI

Data from Reaction Curves

S i m  (tckb)
- 1 1  6 1(mol.l sec xlO ) (mol.l )

20 0.2235 0.0014 0.0001 0.0012 0.08 0.0007
40 0.2218 0.0028 0.0004 0.0042 0.25 0,0021
60 0.2204 0.0038 0,0008 0.0054 0.50 0.0033
80 0.2183 0.0050 0.0017 0.0064 0.58 0,0044
100 0.2167 0.0058 0.0025 0.0104 O.67 0.0054
120 0.2150 O.OO65 0.0035 0.0143 0.83 0.0061

140 0.2136 0,0069 0.0045 0.0153 0.92 1 0,0068

160 0.2118 0.0074 0.0058 0,0183 1.00 0.0072

180 0.2102 0.0077 0.0071 0,0212 1,08 0.0076
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Table 5.J5 Experiimental Bevco. i or 8,14

Reaction 
Time 

(mins.)
Conce]

DCMB

.it rat ions o| Pro 
(moles 1 ' ) 

TCMB DTB

ducts

HCI

Data from Reaction 
d(DTB)
-1dt -1 6 (mol.l” sec” xlO )

Curves

(TCMB) 
(mol.l ~)

30 0.2203 0.0032 0,0005 0.0051 0.28 0 ,0 01?
60 0.2169 0.0052 0,0019 0o0117 0.78 0.0043
90 0.2133 0.0068 0.0039 0.0123 1.17 0.0061

120 0.2097 0.0077 0.0066 0.0190 1.44 0.0073
150 0.2059 0.0088 0.0093 0.0262 1.55 0.0083
180 0 .20 2 0 0.0094 0,0126 0.0336 1.78 0.0090
210 0.1985 0,0096 0.0159 0.0420 1.94 0.0095
240 0.1948 0.0098 0.0194 0.0464 2.00 0.0099
270 0 .1906 0.0102 0.0232 0.0554 2.06 0.0101

Table 5*7 Experimental Data for S. 15

Reaction Concentrations o| Products 
Time (moles 1 )

(mins.) DCMB TCMB DTB HCI
Data from Reaction Curves 

' d(DTB)
(mol.l ^sec ^xlO^) (mol.l

30 0o2218 0.0020 0,0002 0.0022 0.06 0.0010

60 0.2193 0.0039 O0OOO8 0,0060 0.39 0,0029
90 0.2167 0.0055 O0OOI8 0.0085 0.61 0o0047
120 0.2135 0.0069 0.0036 0.0133 0.84 0o0063
150 0.2107 0.0081 0.0052 0.0162 1.00 0.0074
180 0.208? 0.0084 0.0069 0.0224 1.11 0.00S2
210 0.2056 0.C090 0.0094 0,0277 1,22 0,0087
240 0,2030 0.0092 0.0118 0.0315 1.27 0.0091
270 0,2005 0.0095 0.0140 0.0368 1.30 0,0093
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Table J5.8 Experiv.lent a 1 Data for S d 6

Reaction 
Time 

(mins.)

Concei

DCMB

itraiion
(moles

TCMB

s of Products
r 1)
DTB HCI

Data from Reaction 
d(DTB)
- 1dt 1 i (mol.l J'sec xlO )

Curves

(tci-ib)
(mold

20 0,2206 0.0027 0.0007 0.0120 0.70 0.0017
40 0 ,2l6l 0.0053 0.0026 0C0180 1.16 0.0029
60 0,2113 0.0070 0.0057 0.0210 1.66 On 0041
80 0,2051 0.0086 0.0103 0.0290 2.08 0.0052
100 0 . 2 0 1 7 0.0092 0.0131 0.0360 2.50 0.0062
120 0.1975 0.0098 0.0167 0.0450 2.91 0.00/0
140 0.1938 0.0098 0.0198 0.0510 3.08 0.0077
160 0.1885 0.0090 0.0231 0.0620 3.08 0.0087
180 0.1858 0.0095 0.0265 0.0670 2.92 0.0093

Table 5*9 Experimental Data for S18 

Reaction Concentrations of Products Data from Reaction Curves
Time 

(mins) DCMB
(moles

TCMB
r 1)
DTB HCI M M )dt (TCMB)

(mol.l~ sec bio6) (mold

40 0.0740 0,0019 0.0011 0.0074 0.46 0.0010
80 0.0699 0.0031 0.0040 0.0113 0.83 0,0019
120 0.0659 0.0036 0.0075 0,0169 1.17 0.0026

160 0.0620 0.0036 0.0114 0.0179 1.46 0.0050

200 0.0585 0.0035 0.0150 0,0255 1,54 0.0034
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Table 5*10 Experimental Data for S.,]/-)

Reaction C' one entrat ions of Products Data from Reaction C
(moles 1 ±)

(mins *) DCMB TCMB DTB HCI (TCMB)du v ' 1
i(dib)
1 dt A r  1

(mol«l sec xlO ) (mol.l )

180 0*0742 0.0018 0.0010 0.0075 0.5 0.0006
300 0.0717 0.0025 0.0028 0.0104 0.8 0.0010
420 0.0696 0.0029 0.0045 0.0120 1.2 0.0014
600 0.0662 0.0032 0.0076 0.0164 1.5 0.0175
760 0.0636 0.0033 0.0101 0.0230 1.8 0.0200

Table 5oll Experimental Data for So20

Reaction Concentrations of Products Data from Fraction Curves
Time 

(mins•) DCMB
(moles

TCMB
1 )
DTB HCI d(DTB)

-ldt -1 6 (mol.l” sec xlO )
(TCMB) 
(mol. 1

120
240
360
480
600

0.0738
0.0695
0.0653
0.0611

0.0578

0.0019
0.0030
0.0034
0.0033
0.0032

0.0013
0.0045
0.0083
0.0126
0.0160

0.0077
0.0102
0.0187
0.0266
0.0308

0.21
0.32
0.42
0.49
0.51

0.0012
0.0019
0.0024
0.0028
0.0031
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xnitj.ai. rapid xncruaao in conc?,-it rax-ion which levels 

off as the rate of formation of BIB increases continuously 
to high conversions,. The reaction curves for HC1 are 

not all well defined as the errors involved in measuring 
small amounts of HC1 were large* They do suggest however 
that the rate of production of HC1 is initially slow, 
increasing rapidly as the concentration of BTB increases 
and finally levelling off at later stages .of the reaction^ 
Kinetics of Reactions

The kind of experiments described above have allowed 
information about the kinetics of these reactions to be 
obtained* This information is presented in table 5*1 
and details of the experiments are presented in tables 
5*2 — 5*11 and 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 DCMB, 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 has been shown that this reaction is 
first order with respect to DCMB, thiophen and stannic



chloride® Th

experiments was high compared with the DCMB concentration 
it may be assumed that this concentration does not change

stannic chloride is not consumed in the reaction its 
concentration will also remain constants fThus plots of 
the changing slopes of the DTB curves against the 
corresponding values of the TCMB concentration illustrate 
directly the dependence of the rate of the second reaction 
on the concentration of TCMB* These plots are presented 
in figures 5.3 - 5*21 and it can be seen that there is 
a linear relationship indicating first order dependence* 
The slopes of these graphs plotted against varying initial 
concentrations of thiophen and stannic chloride again 
show first order dependence on both these reagents® The 
appropriate data is presented in figures 5.23 and 5.24*

The overall reaction may then be represented by,

significantly during the initial stages of reaction® As

DCMB + $ + SnCl4 * TCMB + HC1 + SnCl4

-> DTB + liCl + Sri Cl ̂

~ k, (DCMB) (§) (SnCl dt 1

M  . k1(DCMB)(-2)(SnCl4).+ k2(TC!,!B) (5) (SsCl^
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.'TV \ > / -A /1
djj}TB)

dt
Average values of and have been calculated, 

using the above equations, from a large amount of data, 
and were found to be,

between stannic chloride and a chlorometkyl 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
reactivity demonstrating that replacement of a chloromethyl
group of DCMB by a thenyl group increases the reactivity
of the other chloromethyl group by a factor of about

29forty* Grassie and Meldrum 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

= 2*79 x 10~4 12ho1” 2s8o"1 
kg = 6.37 x 10"S l2raol“2seo"-

Reactions of this type are generally accepted as
46occurring m  two steps , namely, complex formation



■benzene* by the thiophen nuclei's leads to greater 

reactivity in both stages of the reaction*

Energies of Activation IL and Er> for these reactionsX Ci

were calculated from Arrhenius plots of data, obtained 
over the temperature range ~20°C to -i-10°C* These 
plots are presented in figure 5,25 and the values 
obtained were,

E^ ss 7*98 kccal/mole 
Eg = 7*67 kocal/mole 

The similarity of these values suggests that the structure 
of the polymer should not change significantly with the 
temperature of polymerisation*
5* 3 Later Stages of the Reaction

Gel Permeation Chromatography 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 elution behaviour
of samples are often described in terms of the ratio

45of elution volume to interstitial volume , however
this method is sensitive to changes in external conditions,
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such sis room x<onipeye/ours ̂ which could. no t ho rowdily 
coiii>rol 1 ed during this siuciy* it *,ms found convenient 
to use the maximum of the DCMB peak as the reference 
elution volume# This peak vras common to all 
chromatograms and the elution ratio, thus defined, 
is less sensitive to changes in experimental 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 clear 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 products, TCMB and DTB.
As the reaction proceeds new peaks appear and increase 
in intensity until after long reaction times species 
with molecular weights near or above the limit determined 
by the pore size of the gel are present in high
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Table 5.13
Peak No. Mean Elution Ratio Maximum Beveation f

Mean Elution Ratio
1 1 o 000 0
2 0.891 + 0.005 ~ 0.003
3 0.817 + 0.002 - 0.002
4 0.773 + 0.005 - 0.003
5 0.711 •f 0.004 - 0.006
6 0.681 4- 0.004 - 0.003
7 0.638 + 0.007 - 0.003
8 0.611 + 0.003 - 0.003
9 0.552 + 0.002 ~ 0.002

10 0.520 + 0.003 - 0.007
11 0.452 + 0.005 - 0.007

concentration# These species account for peaks P^q and
in the chromatograms and indicate that in this system 

the molecular -weight limit determined by the gel is of 
the order of 1300o
Quantitative Estimation of Products?

Although good separation of DCMB, TCMB and DTB 
was achieved all other peaks in the chromatograms, except 
P^ and Pg, overlapped considerably# Thus the total amount 
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



possible 1/0 es'Ginaie these errors preci sely. However 
they ire re not so large as to prevent useful delineation 

of the changes in concentration of the products during 
reaction*

The overlapping of peaks P^ and Pg and peaks P^q 
and P ^  was so great in some chromatograms that 
separation by extrapolation into their resolved parts 
was not feasible* It has already been shown* however, 
that Tj and Pg are isomers and no identification of 
P^q and P ^  has been achieved* It seemed reasonable 
therefore to calculate the total amounts of and Pg 
and P^g and P ^  together and to treat them as one product 
in the construction of reaction curves.
Analysis of Reaction Curvess

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 DCMB into 
the aromatic nuclei of the products occurs at a rate 
which is comparable, if not higher, than the rate of
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substitution into thiophen*
The reaction curves for TCMB end DTB are also 

similar to those obtained from G«L*C* data* It can 
be seen, however, that the rate of increase of DTB 
concentration falls off in a similar manner to that 
of TCMB, thus shoving 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 
was successful in hindering further reaction of DTB*
Only a very slight falling off in the rate of increase 
in DTB concentration, at later stages of reaction, was 
noted during the G«L9C* study while the curves obtained 
from G.P.Co show reaction of DTB at very early stages 
of the reaction*

One surprising feature of the reaction curves 
obtained for P^ and Pg is the relatively large amounts 
of P^ produced early in the reaction* If it is assumed 
that P^ is produced exclusively by self-condensation of 
Pg, then the relative proportions of P^ and Pg early in 
the reaction would suggest that this self— condensation 
is a very facile reaction* This would seem to suggest 
that account must be taken of the self-condensation of



very gradual increase in concentration as the reaction 
proceeds® This would seem to indicate that both are 
very reactive® The curve obtained for Pr does confirm 
that the second chloromethyl group of the DCMB molecule, 
incorporated into 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 
Pg 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 present 
some evidence would have been expected of their presence 
as impurities in the spectroscopic studies of the other 
materials.

The reaction curves for all other products are 
similar in form to that obtained for DTB. These curves, 
however, were not well enough delineated or carried to 
high enough conversion to determine relationships between 
the various components. Thus it was not possible to 
determine whether the maximum rates of formation of 
fully aromatic products coincide with the concentration



rnaxxmum ox -&no p tie compound*

TIi e r o a c t i o n c n r Ter indicate

that the products are produced by a es of consecutive
reactions which are similar to those described for the 
formation of the first two products*.

Although rate constants for some of the reaction 
steps involving molecules of molecular 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,
5.4 Summary

The work described in this chapter represents a 
further step towards the precise characterisation of 
the polymer produced by the DCMB-thiophen reaction.

The overall reaction may be summarised as a series



condensation of chloromethyl compounds of higher molecular
weight than TCMB*

Products containing only one chloromethyl group
have been shown to be much more reactive than DCMB*
Thus these products are present in small amounts
throughout the reaction* The thiophen nucleus has been
shown to be much more reactive than the benzene nucleus

29in similar reactions » This should lead to higher 
molecular weight p m  ducts which are preferentially 
substituted in the thiophen rings* 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 increase*

Thus it can be seen that the overall reaction is 
extremely complex* The complexity of the reaction defies 
the complete kinetic analysis of the reaction by convention 
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*



CILVPTBB O
THERMAIi ANALYTICAL STUDIES 0? RELATED POLYMERS 

6*1 In t r o du c 11 o n
As a further step in the study of Priedel-Crafts 

polymers containing heterocycles, attempts were made 
to synthesise polymers by reaction of DCMB with 
various substituted thiophens and to make a simple . 
thermal analytical study of the resultant products*.
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 a comparison of the thermal stabilities of the 
resultant polymers with that of the thiophen polymer 
would give some insight into the reasons for the known 
stability of polymers of this type*
6*2 Preparation of PolymersI m — n—  rum • ■ ms l»i*wlunt*' »fS ,

Polymers were prepured 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 atmosphere of dry nitrogen using the techniques 
described in chapter 2* The course of the reaction was 
followed by estimating the HC1 formed which was



continuously swept from the reaction vessel by the 

nitrogen stream* Typical reaction curves are illustrated 
in figure 8*1, the yields of EC1 being presented as a 
percentage of the theoretical possible yield*. These 
curves were obtained from a ls,rge volume of experimental 
data and so no experimental points are shown. The 
reaction curves obtained for the DCMB-thiophen (T^),
DCMB-3-methyl thiophen (T^DC?vIB-3-methyl. thiophen (Tg) 
and DCMB-2®5-dimethyl thiophen (Tg) polymers (figure 6®2) 
were all very similar and are represented by curve A.
The curve obtained for the DCMB-2—chloro thiophen (T^) 
polymer, curve B, does not have the same characteristics, 
however, showing a much slower initial rate of reaction 
but proceeding to higher conversions.

The reaction characteristics for polymers T^, T^
Tg and Tg were also very similar. Reaction solutions 
became pale yellow on the addition of stannic chloride.
As the reactions proceeded the yellow colouration darkened 
through orange, to give deep red solutions at high 
conversions, except in the case of T^ where the solution 
remained orange coloured throughout the reaction. As 
the solutions darkened they became opaque and polymer 
was precipitated. The insoluble material was washed 
with water and organic solvents and dried under vacuum
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either methanol or n-iiexane and dried at 100°Co After 

drying the solvable products shored a marked decrease 
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 ("soluble” product).

The eharacteristies of the TA reaction were in 
many ways different from those described above. The 
initially colourless solution rapidly darkened to give 
an extremely dark reaction mixture. No insoluble products 
were obtained btit a 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 determination to be carried out which 
gave a value of 4*600 ± 400,
6,3 Snectroscoplc Analysis

Because of the insolubility of all polymers except 
T^ spectroscopic analyses were -limited to the I,R, spectra 
presented in figure 6,3, The spectra obtained for both 
the."insoluble” and "soluble” products were found to be 
very similar in every case and only cne spectrum is 
presented for both types of product. The spectrum shown 
for T^ is very similar to that presented for the thiephen
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polymer in chapter resolved, however
and shows more cloar.lv the nee of peaks at 800

very poorly resolved due to the great difficulty 
encountered in obtaining either a good salt disc or 
thin film of this product©

The spectra shoTf that the general structure of all 
the polymers is very similar, with the only major 
differences occurring in the region 900 cm”'*' — 625 
These differences are imdoubtably due to the different 
substitution patterns in the products, but the spectra, 
are not resolved well enough to allow an analysis of 
these patterns to be carried out©
6©.4 Thermal Analysis

Thermal analyses were carried out using both the 
T.G.A. and T,V©A© techniques descrile d in chapter 2© 
Degradations were carried out under nitrogen and air in 
the T.Cf.A, apparatus 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 10°/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



represented in figures 8,4 to 8 0 8 • The "insoluble" 
products are designated by the symbol (l) and the 

"soluble" products with the symbol (S)* Attempts 

to obtain reproducible thermograms by degrading the 
"insoluble” polymers in air were unsuccessful, due 
to the onset of combustion during degradation, and 
only the thermograms obtained for the "soluble” polymers 
are shown. The T,V,A. Thermograms obtained for both 
the "soluble” and "insoluble” products , Tg and T^ 
were very similar and only one trace is presented,
Tg(l) and Tg(S) gave very similar T,G.A, traces and 
again only one is shown.

The T*G,A, thermograms obtained for , under' 
nitrogen (figure 6,4), show that after an initial 
small weight loss at 200°C true degradation begins 
above 300°Ce Weight loss above this temperature is 
a gradual process with the "insoluble” polymer exhibiting 
greater stability than the "soluble” material. The T.V,A* 
thermogram is similar to that presented in chapter 2 
and supports the conclusion that true degradation begins 
above 300°C, The T„V,A, thermogram suggests that four 
separate reactions are occurring during degradation 
with materials which are not condensable at «~196°C being 
given off throughout the decomposition. Degradations
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in air indicated that it3 polymer exhibits improved

stability* under these condi ii-ons, up to 450°C*

Thereafter rapid weight loss occurs until all the

material has been consumed by 600°C*
• When degraded under nitrogen the thermogram

for (figure 6*5) shows weight loss beginning
oat 100 Car This is probably due however to the presence 

of low molecular weight species in the polymer* This 
conclusion is supported by the T*V*A0 analysis which 
indicates that degradation begins about 300°C* . The 
thermograms, under nitrogen, for an<̂  ^2^ ^  are
similar in shape but again weight loss is more rapid 
and occurs at lower temperatures with the '’soluble" 
polymer. Analysis of these thermograms is complicated 
however by the initial weight loss at lower temperatures. 
The thermogram for degradation in air again 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 weight loss in the T.G*A, thermograms. Thereafter 
two more reactions take place which do not appear to 
involve much weight loss*

The thermograms obtained for TQ(l) and T^(s)O u

(figure 6.6) are different from those obtained from
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the "soluble” product and at 450°C for the "insoluble” 
product* Both polymers show very little weight loss 
above 540°C* These observations were confirmed by 
the T.V.A. thermograms* The initial weight loss at 
250°C for Tg(s) is probably again due to low molecular 
weight material being given off* Both T.V.A, thermograms 
show only one peek which coincides with the weight loss 
maxima in the T.G.A. thermograms. Degradation of Tq (S) 
in air indicated that the stability of this polymer 
under these conditions is comparable to that under 
nitrogen, below 40Q°C* Above this temperature rapid 
weight loss occurs until no material remains at 600°C© 

again shows completely different degradation 
characteristics (figure 6*7) from those of the other 
polymers* The most surprising feature of the thermograms 
is the weight loss at 100°C, accompanied by evolution 
of materials which are only partially condensable at «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



100

50
•H T„ Air

•H

200 600400 800
Temperature (°C)

Figure 6«,7 T.G-cA, and. T«V«A® Thermograms for T^»



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 v/eight 
loss occurs*

The degradative behaviour of Tg (figure 6*8) is 
very similar to that of Tg» Both Tg(l) and Tg(S) do 
however exhibit slightly superior stability with rapid 
weight loss beginning at slightly higher temperatures. 
Again degradations in air show comparable stability 
with catastrophic breakdown occurring above 400°C. The 
T.V.A. thermogram is also very similar to that of T^, 
however 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

All the products examined gave appreciable amounts 
of residue when degraded 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 factors which will affect such assessment 
The most simple criterion of thermal stability is the 
temperature at which true degradation occurs, however
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account mast also be token of the rate of degradation 

if a true comparison is to bo made„ Toms a polymer 

which suffers catastrophic breakdown cannot necessarily 

be considered more stable than one which degrades by 
a gradual process, even though the latter polymer begins 
to degrade at a- lower temperature® The need to take 
account of both these factors makes a comparison of 
the thermal stabilities of the polymers considered in 
this chapter difficult® However some general conclusions 
can be drawn*

It may be concluded that the thicphen polymer T^ 
shows greater stability than both and Tg in an inert 
atmosphere* While in all three of these polymers true 
degradation appears to begin within the temperature range 
350°C — 400°C, the ra,te 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 and T^* Although the temperature 
at which true degradation begins for is above 400°C, 
this polymer suffers catastrophic breakdown in the 
region of 500°C* Thus it can be seen that a,lthough this
polymer undoubtably shows greater thermal stability than 

within the range 50°C - 450°C above this temperature 
the thiophen polymer is undoubtably the more stable of



the two. It is very dif'fievili "to rake any assessment 

of the stability of T,. due to iho J arge weight loss 
at low temperatures• If hor/ever the involatile material 
remaining after this weight loss is considered to be 
the true polymer it can be concluded that the stability 
shown is of a similar order to that of

Comparisons of the relative stabilities of the 
polymers in air can be made much more readily as they 
all exhibit catastrophic decomposition soon after 
degradation begins. Thus it would appear that the 
relative stabilities are in decreasing order T^, T^,
Tr and T0<> Again there is very little difference between

O  C j

the stabilities of and T^. The degradation character
istics of T^, discussed above, again make any comparisons 
with the other products difficult.

The T.G.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 
branching 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.



or T1 is a typical example of the 

latter type of curve anile that of f<:, is move typical 
of the former* Thus it may be concluded that has 

a highly branched or crosslinked structure while the 
structure of is basically linear® Both Tg and 
would then be seen to have structures intermediate 
between these two extremes as their thermograms show 
features of both types of degradation® Such conclusions 
would also suggest that the reaction occurring at low 
temperatures in the degradation of involves cross- 
linking as the resultant product shows the typical 
degradative features of a crosslinked polymer®

The high order of stability shown by the 2.5-dimethyl 
thiophen polymer would seem to suggest that the basic 
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 function of the thiophen ring,
Tg would not have been expected to exhibit greater 
stability than in the temperature range 300°C — 450°C* 
The thiophen nuclei in Tg, 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 little doubt however that a 
much more extensive Investigation would be required



the extent of branching or crosslinking in Friedel—Craft 
polymers containing thiophen nuclei can be altered by 
the presence of substituents on the thiophen monomers© 
The temperature at -which true' degradation begins has 
been shown to be independent of the degree Of cross- 
linking in the polymers* Howevei' there is little doubt 
that the presence of crosslinked structures does give 
a degree of stability 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 increasing the degree of 
substitution on the thiophen nuclei in the polymer*



foregoing sections are discussed with a view to
establishing the mechanism of the DCMB—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
catalyst. This first order dependence 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

46the electronegative halogen atoms » Such a complex 
may be represented by,

Reaction of the aromatic compound with this complex 
will then give

Grassie ana Mejlarum nave snovn -xnax, in reactions

6+Cl-CHg-^-CHg. SnClg

Cl-CH2-0-CH2-¥ + H * +  SnClp

HCl + SaCl



The absence of an induction i>eriod in the reaction curve 
for TCMB confirm that this is true in the case of the 
DCMB~»thiophen reaction. The reaction may then be 
represented by,

k.
DCMB + SnCl . v 1 complex 

4 k .-i
k . .11complex + thiophen ------ > products

In the stationary state,
d(complex)/dt = 0 = k,(DCMB)(SnCl.)~k .(complex)X mi “  1

-kii(complex)(thiophen)

k.(DCMB)(SnCl^)
(complex) = k -Tk/rithi^hen)

- 1  1 1  ' ' '

Rate of Reaction = k ^ (  complex) (thiophen)

^i^ii(DCMB)(thiophen)(SnCl^)
“ k__̂  + kTTfthidphe nj” ”~

Now, if it can be assumed that k^^(thiophen)
k.k. .

Rate of Reaction — — (DCMB)(thiophen)(SnCl^)
-i *

Thi s accounts for the dependence of the rate of
reaction on the first power of the concentration of each



of the reactants,, which vas reported in chapter 5* The 

rate of the second reaction vao also found to be dependent 
on the first power of the concentrations of each of the 
reactants involved and this suggests that the poly
merisation proceeds through reaction steps which are 
all of the type described above®

The much greater reactivity of the chloromethyl 
group in TCMB, observed in chapter 5, can be accounted 
for by the absence of a second strongly electronegative 
centre in this compound® Thus the formation 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 HC1 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 Meldrum, 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 accounted for by the greater 
reactivity of DCMB and TCMB with thiophen compared with 
the corresponding reactions in the DCMB-benzene system,

A feature of the reaction which is perhaps surprising



is xhs constancy of the rats of disappearance of DCMB 

over the full range of reaction stmiiecu It would have 

been expected that as the concentrations of DCMB and 
thiophen decreased the rate of consumption of DCMB 
would also have decreased*. It must therefore be 
concluded that the aromatic nuclei of the reaction 
products exhibit high reactivity and that this high 
reactivity offsets the decrease in concentration of 
the starting materials and so maintains the rate of 
reaction of DCMB at a nearly constant level„ Olah and 
his co—workers have shown that the reactivity of benzene 
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 
that such an effect is also to be found with thiophen 
nuclei*

The overall resection may then be represented as a 
series of competing, consecutive reactions leading to 
.products of increasing complexity as the reaction proceeds 
The competitive nature of these reactions makes it 
extremely difficult to carry out a kinetic analysis of 
the later stages of reaction since it is very difficult 
to account quantitatively, from the data, available, for 
the various paths by which a product may be formed.



Such a kinetic analysis haa been shown to be possible
Aiiby tbs application of computer based methods" « Ho wevex

in the case of the l)ChB-t’.iiophen reaction , self-condensation 

of the higher molecular weight chloromethyl compounds, 
which has been shown to be an important aspect of this 
reaction, has so far prevented such a study being carried 
out* Nevertheless it is possible to make certain general
isations about the reaction and hence the ultimate product. 

The studies described 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* It has also been established that 
the reactivity of the thiophen nucleus, in this type of

2Qreaction is much higher than that of the benzene nucleus %  

Thus the polymer would be expected to propogate preferential! 
through the thiophen nuclei, leading to a product in which 
the frequency of branching is less than that found for 
the BCMB-benzene polymers prepared by Grassie and Meldrum 
Although the DCMB-thiophen polymer would not be expected 
to exhibit an extremely high degree of branching, the 
high reactivity of the pendant chloromethyl groups coupled 
with that of the substituted thiophen nuclei should lead 
to a polymer which is highly crosslinked and which has 
an extremely low concentration of chloromethyl groups.



1.

reac tion pro era or :j x c 'CO B. 11 01.7 til
formation of cyclic y irrvT^mol ocular reactions

It must be concluded therefore that intermolecular
reactions will also occur to a great extent leading 
to highly erosslinked and ultimately insoluble products*
The presence of cyclic structures, such as P^, will also 
lead to a rapid build up of compact crosslinked structures, 
thus hastening the onset of insolubility* Account must 
also be taken of substitution into the benzene nuclei 
although this would be expected to be a relatively minor 
source of branching in the polymer.

The overall highly crosslinked nature of the thiophen 
polymer has also been demonstrated by the thermal analytical 
studies described in chapter 6* The extent to which 
branching or crosslinking could occur through the thiophen 
nuclei was controlled by altering the number of substituents 
on the thiophen monomer* The decrease in the density of 
crosslinking, indicated by T.G-.A. analysis, on going from 
thiophen to 2~* and 3«meihyl thiophen and finally to 
2*5-dimethyl thiophen gives support to the suggestion 
that crosslinking takes place mainly through thiophen 
nuclei*

These degradative studies also indicated that the



onset of true cl e gr a cl a t i o n o c our 3 at higher t enro e r atur o s 
when the thiophen nnclei, in the polymer, are, as far 

as possible, completely substituted• Thus it would 

appear that while Friedel-Crafts polymers containing 
thiophen exhibit good thermal' stability, this stability 
is more a function of the highly erosslinked nature of 
the polymer than some inherent property associated with 
the thiophen nuclei®

It was stated in chapter 1 of this thesis that the 
purpose of this work was to gain information about the 
DCMB-thiophen polymerisation process with a vie?/ to 
gaining a greater insight into the stability of the

t

ultimate polymer® The foregoing discussion has demonstrated 
that, although it was not possible to carry out a complete 
analysis of the polymerisation reaction, the work which 
has been carried out has permitted clarification of certain 
features of the retaction and a reasonable assessment of 
the reasons for the stability of the polymer to be made®
Thus itr would appear 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 substituted, in 
the polymer, would in fact seem to be a source of thermal 
weakness. Increasing the stability of polymers of this



type vould appear? therefore* to rely on the inelnsio 

of fully substituted ihiophen nuclei vhile retaining 

some degree of crosslinking in the polymery
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THE PIIO T03)EGRAD ATI ON OF COPOLYMERS OF METIIYL METHACRYLATE 

‘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/l, 1•!/l and 2/l have been

o
photodegraded at 170°C by 25 37 A radiation. The changes 
which occur in the molecular weight of the copolymers are 
typical of a random scission process and from these and 
volatilisation data the extent of chain scission during the 
course of the reaction has been calculated. The pattern of 
volatile products is the same as that previously obtained in 
the thermal reaction 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 CO^/ chain 
scissions is considerably greater than the strict l/l ratio 
observed in the thermal reaction. Zip lengths are also very 
much greater in the photo reaction. These minor differences 
between the two reactions have been accounted 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, Y/.2,

Scotland.

1-3Recent publications have demonstrated how the presence 
of the comonomers, acrylonitrile and methyl acrylate influence 
the thermal degradation of poly(methyl methacrylate). In both 
systems the depolymerisation reaction 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

0 4of 2537 A radiation. In the acrylonitrile polymer , 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 initiation 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 comprising 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
Copolymer s

The four copolymers studied were those whose preparations
2 . .have previously been described • Their molar compositions

are (MMA/MA) 112/X, 26/1, 7*7/1, 2/1.
Molecular Weights

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
4of CO2 produced, were carried out as previously described ,

the polymer (20-40 mg.), in the form of a thin transparent film,
being irradiated in vacuum, through silica, by a source of 

o
2537 A radiation.

Because of the very small amounts of CO2 involved it was
found more convenient to make the CO2 evolution measurements

2in the apparatus used for thermal studies 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



_ 3 -

reaction vessel by a silica window through which the polymer
was irradiated.

All product analyses were carried out exactly as de-
2scribed for the thermal reaction .

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-I 3 5^vvCII^-C* , ultimately appearing in the system . The
c o o c h3

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,

CH0 CII0 CH-, CH-I 3 | 3 | 3 I 3
 CH.. - C - CH„ - C- , — CH_ - O  + CH„ = C2 ] 2 | 2 | 2 |

COOCH3 COOCH COOCH3 COOCH3

can easily escape so that the reaction tends to the right and 
quantitative conversion to monomer occurs. On the other hand, 
at 1 ow 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 photolysis 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 
this reaction can be studied is restricted, the lower limit 
(=^150°C) being governed by the softening point of the 
polymer and the upper limit (— 200°C) by the onset of thermal 
degradation. Clearly in this temperature range the viscosity 
of the x>olymer is changing rapidly with temperature and since 
the viscosity could have a profound influence on the above 
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 associated 
with an activation energy close to zero the constant rate is 
accounted for and in turn implies 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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Figure 1 Extent of volati list ion in 30 mins. at various temperatures 
of poly (methyl methacrylate) (•) and methyl methacrylate/ 
methyl acrylate copolymers ( o } 26/1; a , 7»7/l)*
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TABLE 1

112/1

26/1

7.7/1

2/1

Photodegradation Datat obtained at 170°C
Chain Length Scissions

?ime Volatilis M.W. of of Co- per mol- per chair
!rain) ation (%) Residue polymer(CL ) ecule(N) (n=N/CLc

0 0 600 , 0 0 0 6000 0 0
10 5.4 250,000 1027 2.11
30 20,7 - - -

60 41.4 237,000 0.47 0.78
90 55.6 - - -
120 60.8 — — —

0 0 60 0 , 0 0 0 6 0 3 0 0 0
5 1.7 376,000 0.12 0.19
15 4.0 248,000 1.32 2.19
25 13.4 229,000 1.27 2.11
50 30.4 172,000 1.50 2.49
45 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

0 0 425,000 4370 0 0
5 1.5 411,000 0.02 0.05
15 2.9 3 2 1 , 0 0 0 0.27 0 . 6 2
23 4.4 181,000 1.25 ~ 2.86
50 5.2 26 3 , 0 0 0 0.53 1.21
**5 16.2 168,000 1.12 2.56
65 20.3 144,000 1.35 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
30 0 40.0 81,000 1.96 4.47

0 0 370,000 38 8 0 0 0
50 1.75 149,000 1.46 3.76
60 5.3 78,000 3.08 7.95

150 13.9 49,000 5.52 14.22
3 0 0 28.2 45,000 4.91 12.65
6 00 39.6 47,000 3.75 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

3per molecule of polymer were calculated using the formula ,
CL (1—x)

j j  _  — 2------- i" CL
in which CLq 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, 
given by

 N_ 1-x 1
n “ CL ~ CL " C L  o o

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

2 3figure 2. Like the results of thermal degradation ’ they
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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 completely soluble 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
1X2/1 >1000/1
26/1 320/1

7*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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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 CO^ production.

TABLE 3
Chain Scission and the Production of Carbon Dioxide

Temp. Volatilis- M.W. of Scissions/ CO2/ CO2/
Copolymer (°C) ation(^) Residue Molecule Molecule Scission

26/1 160 11*6 244,000 1-062 4-84 4-5
170 11*5 292,000 0-82 4-46 5-4

7*7/l 170 24*8 118,000 1-71 5-15 3-0
170 46-2 70,000 2-26 10-6 4*7

2/1 170 7*4 75,000 3-57 7-47 2*1

In the thermal reaction a strict l/l ratio was found 
throughout the polymer composition range which made it pos
sible to use CO2 production as a direct measure of chain 
scission. A mechanism for chain scission was proposed which 
accounted for these experimental observations. From the data 
in table 3 it is clear that the CC^/ 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 interpreted 
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 increasing MA content.

TABLE 4
Zip.Lengths for Depolymerisation

Slope (fig.4)A M.V.lost/ Average wt. Zip length
Co— (<fo volat./scis- scission of monomer

polymer sion/molecule) M.V. (M¥ 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 97-2 741 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 scission 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 reasonably represented by a single straight line. Thus 
the rate of chain scission is independent of the HA content 
of the polymer.

DISCUSSION
Figure 2 demonstrates that 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. This 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 3reaction is identical with the thermal reaction 1 .
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 , H2/1; •, 26/1; o, 7-7/lj 2/l).
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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 l/l ratio between CO^ molecules produced 
and chain scissions in the thermal reaction does not apply to 
the photo reaction. In this case a very much higher pro
portion of CO^ appears. Thirdly, a very much smaller pro
portion of the MA is liberated as monomer in the photo reaction 
— 1 in 10 units compared with 1 in 4 in the thermal reaction.

The following reaction mechanism was presented previous—
3ly to account for the principal features of the thermal re

action. The minor differences mentioned ahove between the 
thermal and photo reactions can be accounted for in terms of 
this mechanism bearing in mind the differences in the 
temperatures at which the 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 temx^erature 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.
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Copolymer Molecule 
1. Chain Scission 

(random).

Terminal Chain Radicals
2. Depropagation to 1st 

MA unit

Monomeric MM +
MA Terminated Radical

3* ̂ ^Depropagation Intramoleculi 
Transfer

MA Monomer Chain Fragments

5. Intermolecular 
Transfer 
(predominantly 
random)

Chain Radical

Chain Scission CH., IM, Un-
and C0o. — r-- t ~*---______ 2 saturation

and
Colorati on.

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 other hand, the 
greater CO^/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,

CH

CH
COOCH

s;? = o

JH- CH- CH- 3 i 3
C - CH - C + CO.

CH-
i 3 
c*
ICOOCH.

COOCH

CHCH
+ CH C

CHCH3
- C = C " ^  + H-

ICOOCH.3  3
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 relative 
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,

COOCH, COOCH,
l 3 I 3 CH, - C* - ..* + CH0 = C

2 i 2 I
H H

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