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Chapter 1-

General Introduction

Almost since the commercial introduction of
synthetic high polymers there has naturally been
considerable interest in their stability and in their
general degradation properties. Now that the
polymerization process is well understood and the
gtructure of the resulting »olymers appreciated in a
fairly detailed way it has become profitable to proceed
to a fundamental investigation of scvme of their
degradation reactions. From a pureliy academic point
of view these investigations hzve teen of intecrest
because of the chemistry of the srocesses involved and
also because degradation results have been used to give
information gbout the structure of the polymer molecules,
from which conclusions can in turn be drawn about the
polymerigation process itself.

Two general types of thermal degradation reaction have
been reported. Firstly, there is the type in which the
volatile material evelved is more or less monomer,
together with diver, {trimer and other low polymeric

naterial. ‘olythene, for examnple, gives a small



percentage of ethylene (I). Polystyrene gives
approximately 50y styrene (II III,IV,V) and polymethyl-
methacrylate gives m nomer in gquantiative yield (VI).
vecondly. there is the type of reaction which occurs in
the case of polyvinyl acetate and polyvinyl chloride
where acetic acid and hydrogen chloride respectively
are produced (VII, VIII, IX, X) leaving a conjugated

poly-acetylenice chain.

X H X H X
1 ] 1 ) \
CH2 «C«C=-C=C=«C> -~ H+ «CH=CH-CH=C =~
é | N A B | v
H X H H

The kinetics of the above types of reaction have been
worked out and the mechanism defined.

The depolymerization reaction of polymethyl-
methacrylate consists of radical formation at the chain
ends,followed by the unravelling of the chain by a
reverse polymerizstion mechanism. In this work, (VI)
it was clearly shown that there existed in a benszoyl
peroxide catalyzed polymer two distinct types of molecule
having different rates of degrudation. These two types

of molecule were shown to be present in equal amounts



and, since the unruzvelling process must be the same for

all molecules,it was postulated that these two species

were the types containing respectively the saturated

and unsaturated ends which are yroduced when the growth

of two polymer radicals is terminated by disproportionation.
For example such a reaction in methyl methacrylate is

represented as follows -

COOMe COO0ile COO0Me ?OOMe
| _ | ]

R ™ GH2 - C - 0H2 - ?. + R - CH2 - ? - GH2 - ?.
CH3 Me Me iie
?OQM@ ?OOMe ?GOMQ COO0lle

, |

wwep R« 0« CH, -« CH + R=-CH, ~C=CHm=C
| 2 2 31
CH3 Me CH2 Me

The implications of this suggestion were not fully
discussed in the original papers because the experimental
data could provide no further information and the first
part of the present work,which is contained in chapter
three of this thesis, aimed at proving or disproving this
theory and also at deciding which {ype of molecule was

breaking down at the faster rate. This could be done



by using polymers transferred with benzene so that the
nroportion of each type of end is changed from the
original 50%. Such data would also be a final check
on the postulated termination and transfer reactions
which have been in dispute among polymer chemists.

In addition to the polymers mentioned above,which
give high yields of monomer,it has been reported (XI)
that polymethacrylo-nitrile gave 80% monomer when heated
at 250°C, Prom this fact,and also because the structure
of this polymer,(which contains a CN group instead of a
CoOlle} is similar to polymethyl methacrylategit might be
- expected that the degradation pharacteristics of these
two polymers are closely related and in an investigaticn
the seme standard techniques and methods might apoly.
It was however noted that no d-tails of the polymerization
process were available in the literature. The work which
is feyorted in chapter 5 of this thesis aimed at the
measurenent of the kinetic constants of the various steps
of th&s@olymerization process, Such data would provide
information about the structure of the polymer and
partidularly the nature and properties of the chain ends
formed by termination and #ransfer which has béen shown

to be of supreme importance when the degradation reaction



of methyl methacrylate was considered.

In the measurement of the rate constants mentioned
above it is necessary to be able to obtain reliable
measurements of number average molecular weights. These
can be most readily obtained from osmatic pressure
measurements. From the literature and by trial it was
discovered that the number of solvents, especially
solvents which could be successfully used in osmometry,
wad extremely limited, hence it was desirable that some
experimente should be carried out in order to discover
which solvent would be moast suitable for such determinations.
The work which is contained in chapter four aimed at
showing under which conditione reliable osmotic measurements
eould be made. The results made available by this work
were used in the investigation of both the polymerization
and the degradation reaction.

During the course of this vhase of the work,some
interesting anomalies were found in the oamotie-behaviour
of the polymer and these are discussed in a qualitative
way in the above chapter.

When the above information was successfully obtained
the work proceeded to an investiration of the thermal
degradation reaction itself and preliminary results are

discussed in the last chapter of the thesis.



Chapter II

General Experimental Technigues and Hethods .

In this work it was necessary to construct and
aéapt apparatus for the narticular problem in hand and
it is convenient that the general techniques and
experimental method used should be reported at this
stage.

Molecular Still.

The apparatus used for degradation experiments was
the dynamic molecular still first described by Grassie
and Melville (VI), and later modified by Cowley and
Melville (XII)e It consists essentially of a glass
envelope whlich can be evacuated, using a mercury vapour
and an oil pump, to a pressure of 1()'6 mms Hg. Under
these low pressure conditions the possibility of
oxidation reactions taking place is eliminated,while the
products of the reaction are removed rapidly and effectively-
80 that no complicated side reactions may take place.

At the same time very small rates of reaction can be
measured through the minute pressure changes which occur

in the still.



lew )X<== AN\ <MD +(BOPOK NH (GJIBGOxKINMe
4 JJ<B<KP=

K %&s$ $C" #)&
(+&%1 , 1&(&



The degradations were carried out in a copper
tray, fitted with thermo-couple leads,which could be
screwed to an electrically heated copper block.

The temperature was controlled by means of a 'sunvic!
temperature resistance controller, type RT.l.,using a
platinum resistance thermometei of 10 ohms. Diagramse
of the general structure of the still and of the heating
block are shown in Fig. I. The wires conﬁecting the
controller, heater,'and thermo-couple to the appropriate
instruments were sealed through the glass of the
apparatus by means of borated copper wire.

In previous work it has been shown that the even
heating required for sccurate kinetic measurements is
difficult to obtain. This difficulty is obviated
by the use of a covering of metallic powder, in this
case copper. The copper powder was prepared by the
reduction of copper oxide in a current of cocal gus.

In some experiments,which will be dkscussed later,the
use of coppexr is impracticable but in these cases, at
the temperature used, the polymer was in the form of a
mobile liquid and hence reasonable uniformity in heating
might be’expected. During most of the runs, however

copper was used if possible.



As the monomer or volatile material diffused to

the liquid air trap (I in Pig. I) a small pressure is
set up inside the still which,in the case of the
production of a single producteas for poly methyl
methacrylate and poly vinyl acetuteghas been shown, at
low pressures such that there is free diffusion from the
hot surface to the liquid air trap, to be proportional
to the rate of production of volatiles. This pressure
is measured using a pirani gauge and the rate is given
by the‘expreasion-

v - Vaz

V02

Where V is the voltage across the pirani bridge at
the rate being consideredyand Vo is the voltage at
gero rate.

The volume of the products was determined by the
distillation of these into a calibrated capillary tube
(2, in Fig. I) from the large liquid air trap(13where
they had collected during the course of the reaetion.
The vapour pressure of the producte,which was sometimes
of use in identification,was found by distilling them
into another tube fitted with & manometer.(3)
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Preparation of Polymers.

The Polymers used were prepasred in vacuo using,
in general,benzoyl peroxide as catalyst. The catalyst
was purified by dissolving the crude naterial in
chloroform, removing the water layer.and precipitating
by pouring into a large excess oi methyl alcohol, It
wags then filtered and dried at the pump and stored in a
dessiccator. When a benzoyl peroxide catalyzed polymer
was being prepared it was convenient to introduce the
catalyst into the reaction tube as a standard solution
in benzene. The benzene was then removed at the water
pump leaving behind the s0lid catalyst.

The monomeric material used for polymerizgtion,rate
measurements,or for the preparation of experimental
polymeric samples was degassed three times on a vacuum
line using liquid air &distilled twice in vacuo before
being sealed off in the reaction tube under vacuum.

. When rate measurenents were required the polymerizations
were carried out dilatometrically in an electronically
contrsllzd thermostat, The type of reaction tube used
in these experiments is shown in PFig. 3. Typical
dimensions are given., The thermostat tank had a

capacity of twenty litres and the temperature was
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controlled to % 0,10°.

When bulk polymers were prepared polymerization
was carried out to 15% conversion since at higher
conversions cross linking, chain branching and other
slde effects may become important, in all cases
where the polymer wue isolated the monomer~bolymer
mixture was dissolved in acetone and poured into a
large exceess of methyl alcohol. The polymers were
dried in air for twenty four hours and then in an oven
at 80°C.

Measurement of liolecular Weights .

The molecular weights were measured on the modified
Puoss llead Csmometer described by Masson and lelville
(XIII)s. A Bacterial Cellulose membrance was used. The
solvents were dried using calcium chloride and purified
by distillation through a spiral column. The osmometer
was fitted with a water jacket through which water from
an accurately conitrolled thermostat was circulated
(2 ,16°). The temperature was recorded on s thermometer
placed in a socket in the body of the csmometer. o
temperature drift was observed. The osmometer and the
thermostat were housed in a thermostatically controlled

room set a few degrees below the normal working
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temperature of the osmometer (Room temperature = 19°C.
Osmometer temperatures 20°C - 30°C).

The concentrations were found for the volatile
solvents'by eveporation of‘a weighed quantity of solution,
from the cell face of the osmometer, to dryness and
weighing the resulting polymer, “hen less volatile
solvents were used, solutions were prepared directly by
weight.

In the operation of the osmometer the general
techniques of Masson and ¥elville were found to be
satisfactory. The two sides of the osmometer were
washed six times with solvent and solution respectively.
The osmometer was then filled with the sample of
solution and fresh solvent. The valve on the solvent
slde vas then closed and the equilibrium pressure
allowed to develop, When the final reading had been
taken the osmometer was again vwashed on either side six
times with fresh solvent, filled with solvent,and
allowed to settle over-night. Constant check was kept
on the value of the cell constant which was usually in
the region of 0.01 cms solvemt. A photograph of the
ingtrument is shown in Fig. 3.
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Photochemical Technigues .

For photochemical experiments the source of light
was an Osram Mercury Vapour lamp (125W), from which the
Jjacket had been removed. The thermostat in these
instances nas Titted with a silica winlow. Since it
was desirable in many éases to investigate the effect
of light intensily on various reactions,several
standard screens were used,which were calibrated on a
uranyl oxelate actinometer (XIV, XV, XVI)., This
procedure can be used reproducibly when the wave
length of light used is not less than 2,500A. The
tranamission of the Osram Lamp is given below in

Table I.



Table 1.

Transmission ¢¢ Osram Lamp (125W.).

Hg line. Approximate % Zransmission

A° Relative energy. of Gloss jacket.
5790/5770 75 greater than 95
5461 65 " "95
4358 50 , " " 95
4078/47 30 | m. w95
3663/50 100 " " 90
3342 8 | 60
3132/26 70 | 5
3022 30 1
2967 20 - 0.2
2897 8 , | -
2804 13 o -
2760 4 -
2699 5 -
2652 20 -

2650 50 -

The principle of the Uranyl oxalate actinometer
depends upon the fact that the UO:(_,‘“p ion photosensitizes



TITRATION.

O"S

INTENSITY.




the decomposition of oxalate ion into CO, GOé and
HCGCOH. The change in oxalate poncentratton can be
conveniently and accurately dctermined by titration
against potassium permengenate,and this type of
actinometer is especially useful as the qusntum yield
does not vary wmuch with changing wave length.

Uranyl oxalate wss preparved by mixing hot solutions
of oxalic acid (recrystallized) and uranyl nitrate.
The uranyl nitrate wus purified by igniting on a platinum
erucible, 30% sulphuric acid was then added and the
whole eveporated until fumes of 303 appeara This was
repeated three times and then an aqueous extraction
performed. This extract was evaporated and the crystals
washed, These were again recrystallized.

The oxalate was filtered off, washed, and dried in
a vacuum dessleccator.

9.84cacs 0of 0,01136 N. Uranyl oxalate were exposed
for 1 hour in a glass cell to light from the Hg lamp.

The experiment was repeated with various screens interposed

between the light and the cell. After exposure the
oxalate was titrated against standard potassium
permanganate at 80°C.from a micro burette, These

results are summariged in table 2, By taking the



intensity when no screen was used to represent an

arbritary value of unity and the blank to represent

a value of gero intensity,snd constructing a graph ;

(Pig. 4) the intensities produced when various screens

were used could be interpolated from the appropriate

titration.
Table 2,

Calibration of Screens.
Condition. Titration.
No Screen - 0735

0.740
Sereen Nos, 1 - 1.305
1.290
Screen No, 2 - 1.560
1,580
Screen No. 3 -~ 14745
1750
ﬁe‘light,Blank 1,965

14965

Intensity.
1l

0.541

04320

04180

16



2§ X Y16 &NK<KOMF **GOKNB/



Rotating Sector,

Life times of the growing polymer radicals were
measured by means of the rotating sector, the theory
of which is described by Burnett and Melville (XVII).
This consisted of a 'Fracmo' motor which was used to
drive a 30:1 rewucition gearing through a pulley system.
The sector was drivem from this gearing system directly
by another pulley. A photograph of the apparatus
is skown in PFig., 5. The speed of the motor was
contrclled by a variable resistance and it was found
that constant slow speeds could be obiained over long
periods by allowing the motor to run fast and using
it to drive the gearing arrangement, Rates of polymer-
ization could be quite conveniently chosen where the
life time of the radical was in a region suitable to
the speeds of rotation.
Abgorption Spectra,

Abgorption spectra where required were measured
on & 'Unicam' spectrophotometer. When the colour
reaction which takes place when polymethacrylo-nitrile
is heated at low temperatures (150-200°C) the depth of
colour and the corresponding extinction coefficient

were dctermined ugsing the 'Spekker' absorptiometer.

17
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The blue green filters No. 603 were used to isolate
the required wave lengtbh range,

Ammonia estimations.

rmonie estimations were carried out by collecting
the degradation product in a standard smount of water
bontained in a liquid air trap atteched to the vacuum
syetem. 0a3 cece Nesslera.solution prepared in the
manner dcscribed below were added to 7 ce.cs of this
solution and the colour produced coupared visually, or
using the 'Spekker'y with the colour produced in a
standard solution of ammonium chloride,

Preparation of Nesaler's Solution.

50 gms. of potassium iodide were dissolved in the
smallest possible amount of cold water. To this a
saturated solution of mercurie chloride was added until
a faint excess was indicated, 400 ce.ce of a 50% solution
of potassium hydroxide were then added and after this
solution had clarified by sedimentation it was made
up to 1 litre and decanted.

The methods mentioned sbove are the types of
experimental technique employed and particular reference
will be made individually to eachoperation as required

in the succeeding chapters.



Chapter .

Degradation of transferred polymethyl-methacrylates .

This work on the degradation of transferred
pelyrethyl-methacrylates was undertaken primarily as
an attempt at the elucidation of the termination and
transfer processes which occur in the polymerization
of methyl methacrylate,and as a further investigation
of the depolymerization reaction,

Although there has been agreement in recent yecars
about the general mechanism of the polymerization
reaction and the published values of the kinetiec
coefficients are fairly consistenty,there exist diffecrences
of opinion on the exact natlure of thevchain termination
reaction. It is widely accepted that combination od
disproportionation of pailrs of growing radicules occurs
‘although these possibilities cannot be distinguished
kinetically. It has also been suggested by Haward
(XVIII) that,at least in the diradical polymerization
of styrene,self termination by interaction of tw6 ends
of the same chain can be a highly probable processe.

Baxendale, Bywater and Fvans present strong

evidence for combination in their work on methyl
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methacrylate polymerization by hydroxyl ions (XIX, XX)
and Matheson, Auer, Bevilaqua and Hart (XXXII) support
this contention by comparison with redicals like

CH3 - G - GGH4 - ?H - CH2 - CH3 which exclusively

ocombine.Gomparable amcunts of both types of termination

reaction is sugrested by Bickel and Waters (XXI) from

| studieg on methyl isobutyl and benszyl radicals which

resemble the active ends of the methazcrylate radicals.
It has been shown by Marvel (XXII, XXIII) that

polyvinyl-acetate is predominantly composed of head

to tail linkages. This might be expected from steric

considerations but mainly from the fact that the

radical GH2 - ?H. will be resonance stabilized to a
X

greater extent by the substituent X than the radiecal

CH - CH,e eo that in the termination process, the
| 2
X

configuration of two radiecals coming together in an
act of termination would nearly alwayé bo -

X X
! )
Y Y
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and it wight be expected that such a linkage might
net be very stable and termination by combination
therefore an unlikely process. ,

Termination by disproportionation is also strongly
supported by many workers in this fieid. Bamford and
Dev.ar (XXIV, XXV) and Valentine and lelville.in
reviewing the evidence (XXVI), have deccided that the
balance lies in favour of disproportionation. in a
reeent paper further evidenae is provided by Valentine
Bonsall# Melville (XXVII) for disproportionation in the
case 0of the polymerization of methyl-methacrylate a2t
30°C, and Bonsall, Valentine and ielville (XXIX)
support this contention for styrene st 60°C. However
in Qf?écent paper by Bradbury and Helville (XXVIII) it
is quoted that combination occurs as the termination
reaction in the polymerization of styrene at €0°C.

In aHSeriea of degradation papers by Grassie and
Melville (VI) evidence is presented which strongly
supports dlisproportionation although the implications
éf this aspect of their work was npt fully discussed agnd
it is this preliminary evidence which forma the basis for
the present investigation, Grassie and Melville have

Shown that in a benzoyl peroxide catalyzed polymer two
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distinet especies of molecule exists. If such &
polymer is degraded in vacuo at 220°C and the rate

of degradation plotted against the % degradation

to monomer, & curve ¢f the type shown in Fig, 9 is
obtained,chowing thet the rate decrcases to zero at
509 degradalion. If the temperature is now increased
to 280°C, 100% éegradation can be achieved., These
two phases of the reaction have encrgies of activation
of 32 & 42 kecals. respectively.

If the structure of a benzoyl peroxide catalyzed
polymer is considered it is clear that the chains are
started by either phenyl or benzoyl groups from the
catalyst:

PhCOO 00CPh ———— 2Ph, + 2C0, or 2 PhC0O.

This reaction, according to Barnett and Vevughan (XXX),
glves predominantly phenyl rasdicals at higher temperatureé.
MacKay and Melville (XXXI) have shown that no transfer

to monomer occurs in the polymerigation resction sc that
the struecture of a berzoyl percxide catalyzed polymer

will be -



Ph ~ = =« @« « « « Ph by combination,
or
Ph oo wootooe oo o
and by disproportionation.
e v o> eemeee =
.

In the first instance the polymer samile would be
homecgseneouns being comppsed of molecules heving phenyl
group 2t both ends while in the second case the polymer
would be ccmposed of two types of molecule present in
equal amounts, ane species having a single bond and the
other a double bond end structure.

Grassie and Melville (VI) have shown that depolymer-
ization is initiated exclusively at the chain ends.
followed by depropogationesso that any difference in
degradation characteristics must be due either to
differences in the chiain ends or depropogation. There
is very little likelihood that a structure would exist
in the body of the molecule which would allow exactly
and only hsalf of the monomer to be evolved and it has
been suggested that this behaviour is due to the presence
of the egual »nroportions of saturated and unsaturated

ends due to disproportionation.

23
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If the termination reaction had been combination
then stable molecules having phenyl groupe at both ends
would have been produced. A1l the molecules would have
this structure and no degradation should occur at
220°c, If, as has been sugrested, the combination link
is weak degradation might occur but would proceed to
100% possibly at a lower temperature,

In degradaticn experiments where phcoto polymers
were used these assumptions have also been supported,

It is found in this case that 75% of the polymer is
degradable at 220°C and the initial rate is high.

Now if photo-polymerization is a di-radical
process half the ends will be satureted by disproporation
and if it is a monoradical process half the molecules
will possess double bond ends from the initiation step
and the same from the disproporiionation termination
reaction. In each of the above cases 75% of the
molecules, on the averageywill contain at lesst one
type of each end structure so that the above results
can readiiy be deduced.

If self terminaticn,és suggested by Haward‘(XVIII),
had occurrsd there would certainly bLe no possibility
of the existence of two types of wolecule and the above

regults would not fit,
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It is also worthy of note in this connection
that the existence of two and only two types of

molecule »resent in equal amounts is a good check

no transfer to monomer is occurring. In this case
thewe would be additional single and double bond ends
‘which would alter the original 50-50 proportion.

From the above therefore it would appear that
termination,in the case of methyl-methacrylate,occurs
exclusively by disproportionaticn producing equal
amounts of molecules of the type dcscribed above. if
the proportions of single and double end structures
could be altered and the internal structure of the
polymer molecules kept exactly the same 1t would then
be possible, by measuring the initial rates of
degradation and the amount of degradable material at
220°C4to decide which type of end group is least stable,
(i.e. degradable at 220°C with an energy of activation
of %2 k.cals/mol) and aleo to provide a final check on
the postulated termination reaction.

This is theoretically possible using benzene as a
transfer agent. When transfer occurs the growing

polymer radical, instead of interacting witk another



similsr radical, attains stability by the abstraction
of a hydrogen atom from a molesule of the transfer
agent, Thus if bengene could be nsed as & trénafer
agent Por methyl methacrylete the rezction would e

represented as follows,

CO0Me CO0Me

| |
Beow wowwoewe 0+ PhHf w~=w Ph, + R c—e CH

| l
Me Me

In this case 2 stable molecule with a saturated end
group 18 produced leaving a phenyl radical which will
initiate &8 new chain, The kinetic chain is shown

below -

o RO ——— - Ph PN - Ph -
From catalys?t From benzene

- - Ph or |,

Thus if benzene could be vsed &8s a transfer agent
for methyl-methacrylate in a benzoyl peroxide catalyszed
polymerization,a polymer would be produced which would

have the same structure as a normal bengoyl peroxide

26



eatalyzed polymer except that the number of single bond
ends would be iuncreased.

i1t has however been suggested that the mechanism
of trausfer to benzene,ianstead of being ss cdescribed
above,1ls by the abstraction of & pheayl group leaving

& hydrogen atom to initiate a rew chein,

Me ?OOMQ
\
R Ce + IMMH wwe R = ? - Ph + H.
|
CO0ke Me

The kinetie¢ chain would be represented -

Ph Ph H Ph B : Ph -
From From From

Catalyst Benzene Benzene

H or

This would produce a high proportion of stable molecules
terminated by phenyl groups. The implications of this

suggestion will be discussed later,

27



28

Ihe Problem .

Since the above gives a theoretical method of
verying the proportion of single and double bond ends
the problem reduces to:-
(1) Showing that benzene acts as a transfer agent in
‘the ;olymerization of methyl methacrylate.
(2) Using polymers prepared in benzene to investigate
the initial rates of degradation and deciding which
type of end is unstable at 220°C.
(3) Calculating the relative proportions of the unsteble
type of end group from wmeasurements on the initial rates
of degradation and from kinetic measurements and
comparing the resulis obtained.
(4) Repeating the type of experiment performed by
Grassie and ilelville,as summarized in figure 9,using
a transferred polymer and finding out 1f the proportion
of degradable material at 220°C corresponds to the
proportion of the unstable ends.
Kinetics .
| If the general scheme of free radical polymerization
is considered the polymerization reaction may be

represgented as follows~
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(1) ¥+0C -—> P,  Initiation, Vi = ki (c)(m).
Where M represents a monomer unit

c "o catalyst
Pi‘ " ‘radical containing one monomer unit
Vi = Velocity of initiation = Ki (C)(M) if
catalyst concentration is constant.

(2) Py + M - P,

Pp+ M == Pg

non "

-~~~ Propogation, Vp = Kp(P)(M).

Pn + M «=3 Pn+l
Where Vp = Rate of Propogation
(x) = Concentration of X.
(3) Pn + 8 ~—s Hn + S. Transfer to solvent Vz = Kg (P)(S)
Vhere S represents a solvent molecule |
Mn " dead polymer molecule
Se " solvent radical
Vz = Rate of tfansfer to §§2§2§r
(4) Pr+Ps ==3 Mr + s Tcrmination, Vt = Kt [P}
or lir + Ms -
Vt = Rate of termination either by diaproportionation
(kir + Ms)
or combination (Mr + s8.).
Transfer to Monomer is omitied as& MacKay and Melville

(XXXI) have shown that it does not occur,
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If there is no transfer to solvent -

Rate of dis earance of monomer
chain length P = =3 ?ermgnafion.of chains

) K, (2 )(M,) ) Ky (4,)
Ki(Poi§ Kt(P,) |

Assuming the stationary state -
Vi = V¢
Ki(M) = Kt(P)°
oo (2. EROD

~

e (P) = [Ké M |

Kp(M,) Ki (M )\ -

RN adt N e o
= Constant x (Mo)'

Hence the molecular weight is proportional to the square
root of the monomer concentration. The effect on the
" molecular weight of the change in concentration due to
carrying out the polymerization in solution is therefore

given by:

bt
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b i

(m)
/(Mo) .

-1 ]
]
©

80 that in A grams of polymer prepared in solution there

will be~
A '('m) ¥
/$; /(Mo) ende.
@f these there will be -
[ %
A/éﬁb [(M)/(Mo) ends each of single

and double bond ends due to disproportionation,

When transfer to solvent occurs -

Rate of disappearance of monomer
chain length = p=3u of’termf%afion of chains

| Kp(P) ém)
chain length = .52 , K,(P)(8) -

If the molecular weight is represented by P, the total

number of ends in A gms. of polymer is A/F and the
proportion of double bond ends in a transferred polymer is -
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A, | ) |
/2Fq o/ (w) XAF/A

3
= P (m.)
/ 2P, o’/ (i)

(where (M) = concentration of Monomer in Solution ,
(Mb) = concentration of monomer in pure monomer,
?. = molecular weight in pure monomer),

4]
and the proportion of single bond ends is -

- E
T By | Moy

From this it is evident that, if monomer concentrations
are known, the relative proportions of single and double

bond ends can be calculated from molecular weight dgta in

any transferred polymer,

Experimental.

The polymers were prepared and isolated by the
general method described in chapter 2. The monomer used

in this case was provided by I.C.I. Ltd. The quinone
inhibitor was removed by four washings with N. caustio
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sode, The monomer was then washéd four times with
water » dried with calcium chloride,and finally
degassed and distilled as described in chapter 2,

The catalyst used was benzoyl peroxide which was
purified by the method described above. *Analar'
benzene was purified by distillation through a column
and finally degassed and distilled in vacuo.

50 c.ces monomer, 50 c.c. monomer + 50 c.c. benzene,
40 c.c. monomer + 360 c.c. benzene were distilled into
 three reaction tubes,into which the required amount of
benzoyl peroxide had previously been introduced so that
the overall concentration in each case was 0.025%. These
tubes were sealed off under vacuum in the ususl manner
and the polymerization carried out in a thermostat at
60°C., the polymerization being carried out %o 10%
eonversion,

The polymers were isolated and treated as described
in chapter 2 and are denoted I, II and III respectively.
Molecular VWeight Measurements. |

The molecular weights were measured as described in

chapter 2 using benzene as solvent. The values of Il
were obtained by measuring several values of osmotic
pressure at various concentrations and extrapolating

t0 zero concentration.



Fige T+ = Degradation Curve for Polymebhyl-methacrylate.
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Depgradation experiments.

The degradation experiments were carried out on
the the dynamic molecular still (VI) described in the
gecond chapter. Initial rates of degradation were
measured at 213°C.

When polymethyl methacrylate is heated in vacuo and
the pressure measured on the pirani gauge plotted
against time,a curve of the type shown in Fig. 7 is
obtained, The initial peak denoted 'A' is due to the
production of volatile material which is absorbed on
the polymer. When this volatile material 1s removed
a straight line is obtained which represents degradation
to monomer. The initial rate is obtained by produclng
this line backwards into peak A to the time at which

the temperature of degradation (in this case 213°C) was

reached. 0¢3 gm. of polymer was used in each experiment.
RESULZS .,
(a) Molecular Weights.

The molecular weights of polymers I, II and III are
.uhawn in Table 3.



Table J.

Polymer. Mol Wt Measured .
T. 2,000,000 £ 300,000.
II. 720,000 £ 50,000.

1II. 231,000 = 10,000.

35

ol Wt caloulated

from change in conc.

1+

1,420,000 100,000.
635,000 =  30,000.

By comparison of the values contained in columns 2 and

% of the sbove table,it is clear that the fall in molecular

weight is greater than wovld be expected from the change

in monomer concentration,and hence benzene is acting ase

a transfer agent for methyl methacrylate.

(b) Degradation Results.

Grassie and lelville have shown that the rate of

degradation is constant in molecular weights up to

25,000, Above this value the rate falls. This decrecase

in rate is explained on the grounds of premature termination

of the depolymerizing chain. The fall in rate with

increasing molecular weight is summarized in figure 8.

This shows that only polymer III has a molecular weight

which lies in the region where the rate is constant so

that direct comparison of the initial rates of degradation




e
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of the above polymers would be of little value. The

appropriate correction could be made using the data

ghown in Figure 8 but it is more convenient and
satisfactory to ume a ;olymer whose molecular weight
lies in the region where the rate is constunt for
comparison with polymer III,and to choose a polymex
of similar molecular vweight to polymer II for comparison
with it. In fact non transferred polymers of molecular
weights 94,000 and 725,000 were used in the respective
cases.

The results obtained in the measurement of initial

-rates of degradation are shown in table 4,

Table 4.
Folymer. Initial . Rate Ratio, ‘R'.
Rate of Degradation. Rtf/Rmtf.
Transferred Nontransferred
. 0.234 . 0.404, 0.58 .
I11. 0.347, 0,608 . 0.43 .

The first thing which should be noted from the above
table is that the initial rate of degradation has fallen

in the case of the transferred polymer. This shows
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that the species of molecule having the double bond

end stfuoture, of which there are fewer in a transferred
polymer, is least stable and that it is this type of
molecule which degrades at 213°C with an Energy of
Activation of 32 ke.cals./Mol.

It has been shown above that the relative amounts
of single and double bond ends can be calculated from
molecular weight data by the formula
1 %

Ndb, = P/2?o y (Mo)}

This proportion can also be calculated from the
values of the rate ratio given in table 4, since the

rate ratio is given by:

No of double bond ends, transfer occurrin = R
Wo of double bond endas without iransrer *

A further method of determining the proportion of
double bond ends is to repeat the type of experiment of




. Fig, 9A.- Rate: ¢ Degradation for Transferred Polymer,
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Graseie and i'elville which is summarized in Figure 9
using a transferred polymer and find the % degradation
material at 220°C, ©Energies of activation could be
meésured and compared with values obtained in non
transferred polymers,

An experiment, where the rate of degradation was
plotted against the % degradation to monomer, was
carried out using polymer TIL = The temperature used
wag 213°C, The results are shown in figure 94 which
shows that the rate of degradatioh decreases to zero
at just over 20% degradation. (Curve 1).

The various values of the proportion of double
bond ends in the transferred polymer (Ndb) are summarized

in Table 5.

Table 5.,
Polymer. Ndb from Mol. Wt. data. Ndb.from rate Ndb from
Ratio . Fig. 9a .
n - 0.26 0.29 -
15 0.18 0.215 04,20+

The values shown in the second third and fourth

columns are in good agreement the differences probably

38



being due to the wide margin of error which must
invariably be encountered in meagsuring a molecular
weight of the order of that of polymer I (2,000,000,
¥ 300,000).

Figure 9Aalso shows the effecct of raising the '
temperature to 260°C after the 204 double bond end
portion has degraded. At this temperature the
degradation proceeds,without any marked discontinuity,
to 100%,showing that the remalning polymer is
Bomogeneous. (Curve 2 Fig. 9A). The initial steep
slope of curve 2 is due to the small amounts ol double
bond end still remaining,and also, to a much greater
extent,to the marked degassing effect which a rise of
50C° will have on the inside of the still., |

Apyproximate measurements of energies of activation
give values of 35 kecal./mol. at 20% degradation
increasing to 42 k.cal./mol. from 20% onwards. The
congistency of this energy of activation shows that there
can be no doubt that the material remaining after 20%
degradation is completely homogeneous.

Ag mentioned it has been suggest«d that the
mechanism of transfer to benzene is by abstraction of
& phenyl group leaving a hydrogen atom to initiate a

new chain, The kinetic chain 1is represented as follows

39
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Ph Ph----H Ph-H Ph H or
' ”

From From benzene .

peroxide.

If this were the case there would be a large proportion
of stable molecules terminated at both ends by phenyl
groups. The presence of such molecules would be clearly
shown as a discontinuity of curve 2 (Figure 9A). The
fact that curve 2 proceeds linearly to 100% shows that
the above suggested mechanism cannot apply end it must
therefore be assumed that transfer to benzene occurs
by abstraction of a hydrogen atom leaving a phenyl
radical to initiate a new chain,

REVIEV,

Work which has been carried out on the problem of
the exact nature of the chain termination reaction has
produced many different opinions. The present work
supports disproportionation in the case of methyl
methacrylate at 60°C., This is in agreement with the
majority of results already discussed (XXIV, XXVII)
and also with some recent results of Bevington, Melville
and Taylor (XLII) which support disproportionation in
methyl methacrylate at 25°C, The opposite view is
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supported by Matheson et al., Baxendale et gl and
Arnett (XX, XXXII, LXXI) but the work of Matheson

et al was carried out on model substances and their
results might not apply. In the polymerization of
methyl methacrylate by bydroxyl ions discussed by
Baxendale, Bywater, and Evans, termination by hydroxyl
or by transfer to water which was used as & solvent
might have occurred. In each case molecules containing
two hydroxyl group would be produced and the original
assumption that such molecules were produced by
cogbination of two radicals might not apply. The

work of Arnett (LXXI) is also doubtful since the values
of catalyst efficiency used is in marked disagreement*k
with that of Baysal and Tobolsky (FL.). Therefore
it appears that termination by disproportionation occurs
exclusively for methyl methacrylate between the
temperatures of 25°C and 60°C.

- The differences of opinion are more marked in the
case of styrene. Earlier work (XXVI, XXIV, XXVII)
quotes disproportionation as the mechanism but more rccent
work by Bevington, Melville and Taylor (XLII) using
radio active tracer methode strongly supports combination
at 25°C. Combination at 60°C is also supported by
some unpublished data quoted in XXVIII,

£ LXx))



From the wariety of results it appears that
no unigque mechanisem for the termination step in
polymerigation reactions exists but that each system
should be considered separately with the temperature

and condition of reaction borne in mind,

42
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Chapter 1IV.

The Preparation and Properties of Methaorylo-nitrile.

Investigation of the polymerization of methacryloe-
nitrile and the degradation of its jolymer involves the
consumption of large quantities of monomer, Commercial
monomer is not conveniently obtainable and so it
beceme necessary to invesgtigate the possible methods
of kilo-grem. scale preparation.

The methods used required acetone cyanhydrin as
starting material.

The first supplies of acetone cyanhydrin were
prepared by the method of Welsh and Clemo (XXXIII)
from acetone and potassium cyanide. In this preparation
290 gms, of acetone were added to a solution of KCHN
(310 gms. in 1 litre of water); sulphuric acid
(1,670 gms., 30% Hy50,) was added slowly with constant
stirring. The temperature was kept below 0°C by
addition of ice. The acetone cyanhydrin formed was
extracted from the large bulk of solution by means
of a continuous ether extraction apparatus. The
ether extract was dried with sodium sulphate, the
ether removed on a water bath and the acetone cyanhydrin

finally purified by distillation under reduced pressure.
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(B.F. 81°C at 15mm. pressure). Later,acetone

cyanhydrin became aveilable through I.C.I. Billinghem.
In the first method used, (XI) acetone cyanhydrin

was converted into @eth-aerylo;nitrile by dehydration

using thionyl chloride~

OH GH3
| . "H2° H \

CHy - ? - CHy ==fe——=d  CH, = ? '
CN CN

1l mol of acetone cyanhydrin was placed with 1.l
mols dry thionyl chloride in a flask under reflux
with moisture excluded. The flask was heated at
90°C - 100°C until the escape of HCl and SO, was
complete, The product was removed by distillation
(63%) and purified by further disfillatian through a
spiral column. The overall yield was 55%  Boiling
point of methacrylo-nitrile is 92-93°C,

Although thid method yields a satisfactory
product it is laberious and time consuming and was
replaced by 2 more convenient method involving the

pyralysies of acetone cyanhydrin acetate.



OAc ?H3
|
CH3 - ? - GHB RO—— CH, = C + AcOH

Heat at %50°C 2
N | N

Acetone cyanhydrin scetate was prepared o
quantitatively by aligwiﬁg scetone cyanhydrin (1 £01:3
and acetic anhydride:(i.5 mols.) to stand at room
temperature for twenty foui hours. The excese acetic
anhydride was removed by distillation and the aceéata
fraction B.P. 180-185°C collected.

The pyrolysis was carried out in an electirically
hegted silica tube. This was six feet long, set |
vertically and packed with silieca chips. The tube
was heated over four feet of its length and an
exploring thermocouple fitted so fhat the temperature
in all parts of the interior could be measured. The
eurrent supply was controlled by means of a *Variac!
transformer and the required Woltage chosen so that
a temperature of 550°C could be maintained. The
acetone cyanhydrin acetate was run in dropwise at the
top from a dropping funnel and the methacrylo-nitrile
and acetic acid collected In the three necked flask
at the bottom,. A diagram cf the appsratus is shown
in Fig. 104 |
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The monomer was separated from scetic acid by
pouring the mixture into water snd extracting with
ether,}the ether extract being washed with water and
subsequently dried with sodium sulphate. The ether
wes removed on a water bath and the monomer purified
by distillation through a spiral column (BP 92~93°C).

The preparation was carried out using 2 kgnm.
batches of acetone cyanhydrin and the overall yield
after cxtensive purification was 55-60%

Samples of monomer prepared by the above methods
were found, on comparison with commercial monomer
supplied by Light's Ltd., to have the same rgte of
polymerization in vacuo.

The bulk of the monomer used in succeeding

_experiments was prepared by the pyrolysis method.

Prelinminary experiments.
Before the main investigation certain preliminary
experinents were carried out,

(1) "ltra Violet Absorption Spectrum,

The ultra violet absorption spectrum was measured
on the 'Unicam' ultraviolet specirophotomer as
described in chapter 2. This curve is shown in Figure 11l.
This curve was used as a check on the absorption for

the photochemical reaction,



- Fig, 1.~ Ultra Violet Absorption Speétrum for Meth-acrylo-
niteile.
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Fig, 124.- Dilatometric Relationship et 60°C:
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(2) Coefficient of Expansion of lMonomer

Por general use in reactions involving change in
volume and in order to calculate changes in density
and concentystion of pure monomer the ccefficient of
expansion of monomer wega determined, This was done
by observing the fall in level of the surface cf a
known volume {at 23°C) of monomer with change in
temperature contazined in a calibrated dilatuﬁeter
tube immersed in a thermostat. The change in level
was measured by means of a cathetometer. From these
measurements the average coefficient of apparent
expansion of methacrylo-nitrile in pyrex was found to
be 0.001435 between 90°C and 20°C,

(3) Dilatometrio Relationship.

The most convenient way of estimating rates of
polymerization is by observing the change in volume
which occurs when the monomer is converted to the
mofo dense polymer, An empirical relatienship can
be drawn up between this contraction and the extent
of polymerization and this value can be used in
evaluating absolute rates of nolymerization,

In this experiment a series of benzoyl peroxide
catalyzed polymerigzations were carried out in wvacuo

at 60°C, 70°C, and 80°C. the volume contraction noted

47
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and the extent of polymerization determined by
precipitating theipolymer using‘methyl alcohél—water
(75~25}, filtering thirough a sintered glass crucible
' and drying to constant weight at 100°C. The %
contraction was plotted against the ¢ polymerization at
the three temperatures and,by cdnstructing a straight
line graph of conversion factor: temperature,the
conversion factor at any temperature could be.ealculatcd.
The curves are shown ia Fig. 12 (4-60°C 12 B-T0°C 12 C-80°C
12 D - conversion factor temperature).

The conversion factors at different temperatures are
shown below and compared with values obtained for

methyl methacrylate obiained by MacKey and Melville,

Table 6.
Tenmp. Conversion Pactor Conversion Factor
‘e MehoNe MM,
20 ‘ 3472 346
30 3412 3.48
40 304 538
50 2.98 3425
60 2.88 Sel
70 2,78 2.98

80 2.68 2.8
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From these results the values of the absolute-

\

rates of;polymerization.can‘he celculated.

(4) General Folymerization Chcrecterictics.

Polymerization occurs where bepzoyl peroxide
or azo bis-iso-buiyro-nitrile is decomposed either
thermally or photo chemically. Direct photo-poly-
merizetion using the radiation produced by the osram
lemp given in table I occurs conly very slowly when
the monomer is contained in silieca tubes. Catalytie
polymerization is linear ~ith time in the initial
stages and no marked gel effect (ZXXIV) is evident.
A typical polymerization curve is shown in Fig., 13.
The Polymer.

| When polymethacrylo nitrile is precipitated and

treated as described in chapter 2,1t can be very easily
ground into & fine powder. The solvents are limited
being acetaﬁe, cyclohexanone, methylene chloride,
nit&obenzane and methyl cthyl ketone. The polymer
swells in chloroform (XXXVI).

When the polymer is heated in vacuo,in the
molecular, still a curve of the type shown in Fig. 14
is obtained, The smsll initial peak produced
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when the polymer melts shows that in the finely
powdered form,in which this polymer ie readily
avallable,there is not much volatile material present.

If ﬁig. 14 is compared with the similar curve
obtained with polymethyl methacrylate shown in Pig. 7
and the relative sizes of the initial peaks obtained
this fact can readily be appreciated. This means that
in cases where concentrations must be found by direct
welghing the error invclved due to the presence of
these volatile materials will be guite amall (XXXV).

The polymer is only moderately soluble in
monomer and in some cases precipitation occurs during
the polymerization process, This depends on the
temperature of the reaction and on the molecular weight
produced. For example a polymer prepared at 60°C.,
0.025% catalyst concentration, molecular weight 122,000,
is insoluble while a polymér prepared at 80°C,0.8% catalyst
concentration, molecular weight 36,500 is completely

.soluble.
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Chapter V.

Osmotic Phenomensa and Molecular Weight Measurements

in Polymethecrylo-nitrile.

The most reliable methods for the measurement of
rate constants in polymerization nrocesses involve,
in addition to route measurements, the determination of
. number average molecular weights, These can be most
readily deduced from osmotic pressure data. If ideal
osmotic behaviour is encountered ] , the osmotic pressure,
is proportional to the concentration so that if %I is
plotted against C (the concentration) a straight line,
parallel to the concentration axis,would be obtained.
With high polymers non ideal behaviour is invariably

enoountered although in most polymer solvent systems tho

curve obtained can be described by the expression =

R e ¢

or

‘I,G_l_' =P+ Q +ReS, mwmmme=  (2)

For examplé the equation (1) describes the curve

obtained with polystyrene in benzene and (2) holds
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for polymethyl-methacrylate in benzene.

These expeessions have been given ample theoroticali
‘eonsideration by Huggine (XXXVII) who gives as & value
&f Q - |

d '
Q= 4 (3=
o] d2
where m, = molecular weight of solvent
dl = density of solvent

da = density of polymer

u is a constant for the system and in the ideal case
when ¢Q = 0 u = 0,5, |

If the %z s C curve is':epp!uontcd by either of
the above equations it ié eitﬁer linear or gently ourved
8o that extrapolation to zero concentration is ealy:
Qhenoc the molecular weight can be calculated by the

classical formula -
RT T
T /a0

Where M is the molecular weight of the polymer.



53

Experimental ,
The solvente avai lable for polymethacrylo-nitrile

are limited since the interaction between chains4which
causes the complete insolubility of polyacrylo-nitrile, 4
is only slightly eased by the introduction of the
methyl groupjand of those mentioned earlier in chapter 4 !

the only ones of possible use in osmometry are methyl

ethyl ketone, acetone, methylene chloride and cyclo-hexanone.
~ Acetone and methylene chloride are rather too volatile |
for successful use in osmometry while methylene chloride, |
in addition to its volatility is a poor solvent. It
was evident therefore that the most suitable solvent
for routine measurements was methyl ethyl ketoneybecause

of its low boiling point and the convenience of measuring

concentrations by evaporation,but scme early experiments
indicated anomalous behsviour and so an extensive
investigation of the osmotic properties of the polymer
in this solvent and in cyclo hexanone was undertaken in ;
order to determine conditions under which reliable %
molecular weight measurements could be obtained.

The osmotic experiments were carried out on the

modified Puoss Mead osmometer of Masson and Melville



using the general method of operation, treatment of

solvents and methods of determination of concentrations

described in chapter 2.
The polymers were benzoyl peroxide catalyzed

prepared in vacuo at 70%, 80°C and 85°C and are

denoted I, II and III respectively.,  The polymerigations

were carried to approximately 15/ conversion and the
polymers isolated and dried by the process already
described in the second chapnter,

Reeults.

In methyl ethyl ketone at 23°C the %Z s C
cufve assumes a completely novel shape. This is
shown in figure 15 curve I, This curve can be drawn
satisfactorily on a much wider vertical scale so that
there can be no doubt about the principal details
of its shape. TPigure 15 also shows the effect of
temperature on the curves. Osmotic measurements in
cyclohexanone give curves which are normal in shape

and examples are shown in figure 15.

1
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Table 7, =~ Fig, 15 =~ Osmotic curves for qujme;r I.

Curve No. _ Solvent. Temp. /U,
1. Methyl ethyl ketone 23°0 -
2, " " " 4°C -
5 " " " 30°0 -

4. Cyclohexanone 30°C 0.435

54 " 35°C 0,376

In methyl ethyl ketone it is clear that at the
convenient temperatures for osmotic measuremente namely
f20-30°c an accurate extrapolation to zero concentration
would be impossible,while even at lower temperatures the
fact that the gradient is increasing with decreasing
concentration would make such an extrapolation doubtful.

The curves obtained in cyclohexanone have intercepts
within experimental error and this intercept is also a
reasonable one for the methyl ethyl ketone curves at
4°C and 23°C. It must be assumed that the curve at
30°C will bend upwards at some lower value of concentration.
The intercept represents a molecular .eight of 63,000 2
2,000, The values of the Hugg%ﬁzgzi%ﬁi}culated at the
different temperatures in the eythyl-ethyl ketone curves

shows that 2t higher temperatures there is increasing



Fig, 16.- Osmotle Curves for Polymer 2.
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interaction between polymer_and solvent.

Similarly shaped curves were obtained for polymers
2 and 3 and these are shown in Figs. 16 and 17. These
polymers have molecular weights of 137,000 X 5,000 and
34,800 < 1,000,

Table 8, =~ Fig. 16 - Osmotie curves for Polymer II,

Curve, Solvent . Temp.
1. Methyl ethyl ketone 24.5°C
2. " " " 4°C
3 Cyclohexanone _251
4 " 50

Zable 9. <« Pig. 17 = Osmotic curves for Polymer III.

Curve. Solvent. Temp.
1 Methyl ethyl ketone 27°
2. Cyelohexanone - 27%

The data used in constructing the above curves is

given in full below in Table 10.




Fig, 17, - Osmotic Curves for Polymer 3.
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Table 10.~ Osmotic Data for Figs. 15, 16 and 17.
Fig. Solvent. - Temp. 1. c. %;. Curve.

°c  cms sol” gns/1009
15 Methyl ethyl ketone 23°C  4.93 1l.425 3,51 1

" n n n " 4,00 1.085 3.69 "
" " " " " 3,165 0,814 3,89 "
T " " " " 2,180 0,590 3,70 "
" " " " " 2,120 0.570 3.,71 "
" " " " " 1.325 04372 3.56 "
" " " " " 1,195 04326 3,67 "
" " no " 0,985 0.275 3.58 "
o " " " " 0,685 0,180 3,71 "
" " " " " 0,874 0.241 3,66 "
" " " " " 0,740 0,179 4.13 *®
" " " " " 1.270  0.372 3.43 "
. - “ " 4°C 5425  1.295 4.05 2
. " " " " 3.74 0,980 3.82 "
" n n " " 2.60 0,710 3,88 "
" " " " n 1.90 0,510 3,73 ™
" " " " " 1,090 0,285 3,8 "
" " " " 30°C 1,725 0.752 2.29 3

n ™ " ] " 1,240 0.471 2463 3



Table 10 contd.

Fig.

Solvent

15 Methyl ethyl ketone

" ] "
" ” o
n L ]
" Cyclohexanone

L

L

16 Methyl ethyl ketone

" -
" "
" ”
" L
" L]
" "

1]

]

Temp.

°C cme so0l

.30°C

LA
"

35°C

24.5°C

4°c

N
n
0.980
0,675
0.525
0.360
2.57

4.42

1.32
04845
2,79
1.710
1.18
0.705
1,235
0.990
0,607
04446
06251
2.58
0.966

¢
gms/100§,

04368
04255
0.196
0,142
0.473
0,715
0.276
0.193
04563
0.378
04270

171
0.774
0617
04384
0.291
0.163
0.750
04580
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%E;.Gurvo

2.66
2.64
2,58
2,54
5444
6.18
4.74
4.37
4.96
4452
4.21
41

1.59
1.62
1.58
1.53
1.55
1.93

1.65 )

=~ o, =




Table 10 contd.

Figo

16

17

Solvent.

Methyl ethyl ketone

Cyolohexanone

Methyl ethyl ketone

Another interesting property of the polymethacrylo-

L L
L L
" "
" )

Temp,
° n
C oms sol gms/loog

4°c

30°¢C

25°c

27°

LU

.

0.597

0.352 °

34875
0.900
0.485
3.83
0.400
6,93
3465
24435
1.37
0.816

cC.

0.370
0.230
0.861
0.358
0.227
0.840
0.20

1.375

0.752
0.492
0.254
0,143
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8 curve

1.60
1.53
4450
2450
2413
3.21
2.0

5406
485
4495
5440
5471

nitrile-methyl ethyl ketone system,and one which is

obviously connected with its osmotic behaviouryis that

the solubility decreases with increasing temperature.

2

For example a 1% solution is cloudy at room temperatures

but completely clear even at -78°C.

ghown in figure 18 and table 11 for polymer I.

This effect is



TEMP®C
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~ Precipitation in these systems takes place by

gradual aggiomeration of particles so that when
precipitation becomes apparent by cloudiness the actual
" aggregates are quite large. Figure 18 was constructed
-by noting the temperatures at which visual cloudiness
appeared and disappeared were-nobed (nevg; differing
by more than 1C°) end the mean of thes;fglotted s
against the concentrations. |

The experiment was carried out in a narrow necked
pyrex tube (5 c.c. capacity) immersed in a large flask
(500 c.c.) containing methyl ethyl ketone. A wire
stirrer was arranged inside the flask and a glass |
plunger placed inside the 5 c.c. tube. The flask was
slowly heated with & micro-burner and the temperatures,
described above,noted. The heating flask contained
methyl ethyl ketone rather than water to avoid any
contamination of the :olymer solution with water vapour,

It should be noted in this connection that methyl
ethyl ketone gives a mutually closed solubility curve
with water (XXXVIII). In this instance however it
was impossible to extend the polymethacrylo-nitrile-
methyl ethyl ketone curve above 80°C because of the

boiling point of the solvent.



lable 11,

Data for Soiubility Ourve of Polymer I.
Gonéentratian. Temperature where eloudiness appoaré
g/100g sol®, | °a. |
515 ' below 20°C ;
1.54 24.5 | ﬁ
04946 | 26,5 1
0.826 28
0.623 - 29.5
0.528 - 29.8
0.428 R 30
0.363 33
0+196 39
0.268 | | 36,5
The fact that visual precipitation is occurring
with ceconcentrations of 1% in the temperature region
in which osmotic data is obtained gives immediately

a rzason for the negative slope at high concentrations
shown in Figs, 16 and 17. When the agglomerates
become large before precipitation the molecular weight
tends to infinity and the osmotic pressure falls to

gero. By comparison of the curves shown in Figs. 18
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and 15 it is clear that there is good agreement
between the precipitation point at the temperature
congsidered and the beginning of the negative slope.
At low temperatures as in the curves obtained at 4°C
‘the polymer remains in solution anéd hence this
negative portion is eliminated. Vhen a polymer of
low molecular weight is used,as in Fige. 17¢n0
precipitation is occurring at 27°C because of the
higher solubility of the polymer and hence this final
negative portion again disappears. When however a
polymer of high molecular weightysuch as polymer 2,
is used precipitation occurs at a lower concentration
value with the corresponding effect on the osmotic
curve as shown in Fig, 16. For a fuller appreciation
of this phenomenon some further theoretical points
should be considered.

Theoretical Considerations,

Considering a state where molecular aggregation is
oecourring; it is obvious that the amount of aggregation
will depend on cpncentration.

Hence if a = No. of aggregative interaction/mol.

of polymer we may write -
a = F(o)



If CLo. is the average No. of monomer units in
unassociated molecules and CL. average No. of monomer

unite in associated aggregates then=

| CL CL ' |
QII o= I:% = I::%(C) (3)

Now if the normal osmotic curve is governed by the
conventional expression of equation (2):-

%{_sP-&-Qe*Reg.

and the effect of changing concentration is considered
on equations (2) and (3) the following effects become
clear.

As C increcases from zero CL becomes greater than
CLo and Y decrcases causing a negative slope. As £
inercases at low concentrations this negutive slope
eontinues but is soon cancelled by the Qe and R02
terms of equation 2 and the curve tends to normality.
Finally as f(¢) -—- 1 , CLo/y_, =~-- infinity and
CL tends to infinity. Thus %; tends to zero aend
the curve again assﬁmea a negative slope.

The effect of temperature on the curves is

explained in the same way as the increasing solubility
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with decreasing temperature, Polymers are soluble or
insoluble depending on whether polymer-solvent or
polymer—polymér attraction predominates, In this
system both the polymer and the sclvent are @oiar and
both types of atiraction are strong and apparently
finely balanced. At lower temperatures polymer-solvent
attraction predominates, agglomeration is prevented and
the curves approach normality. Wheﬁ’the temperature is
raised polymer-solvent atitraction is suppressed, the
increased temperature allowing the slower polymer
molecules to interzect and also driving out the solvent
molecules from the polymer environs causing agglomeration
to occur.

Previous Work.

Although S shaped curves have not previously been
reported anomalous behaviour in the cases of certain

other systems have been noted.

Firstly Steurer (XL) observed that ethyi ceilulose
in benzene and toluene solution had normal positive
curves down to a value of 0,1-0.2% concentration. where
they curved‘upwards to a much higher value of %1 . It

o
is assumed, but not proved, that this value is the same

as the value Of'gé obtained in other solvents. A

dynamic equilibrium where the associated molecules break



down at low concentrations is postulated.

Secondly Doty noted (XXXIX) that solutions of
poly vinyl 3223353 in dioxan had negative osmotic slopes
and thirdly such slopes are reported in a recent paper
by Moranwitz and Gobran (XLI) in work on solutions
of acidic and basic polymers. These curves are linear
and in the second case have different intercepts at

different temperatures. This phenomenon is explained

by the postulation of a statie association of molecules
which even at iow concentrations shows no signs of
breakdown.

The present work shows a dynamic equilibrium
depending on temperature and concentration resembling
that quoted by Steurer (XL).

Viscosities,

Viecosity measurements which might be used as a
check on the molecular weight measurements are uns&tis-v
factory because the wiscosity of the polymer in methyl
ethyl ketone is very low. This indicates that the
molecules are coiled up as one would expect in a bad
solvent,

The viscosities obtained at 24,5°C are shown below
in Table 12,
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Table 12 - Viscosity of Polymer II in methyl ethyl ketone

at 24.5°C.
Concn. Specific Viscosity, q[SP/G = fﬂ]
C. /1009, Soln, - se.
0.814 0.214 0.255
0.688 04160 0.233
0.584 00148 0.254
04397 04122 0,282
04303 0.0800 0.274
04250 00641 0.251

In conclusion therefore, for the purpose of
measuring molecular weights as required in the evaluation
of rgte constants or in the investigation of degradation
reactions ecyclohexanone,is a completely satisfactory
solvent, Methyl ethyl ketone could be used in a
limited temperature range if the peculiar shape is
borne in mind and extrapolation made using only points
which lie on the low concentration negative slope.
Reasonable accuracy should be obtained if the molecular
weight is low and a suitably low temperature is chosen.

In the work which follows cyclohexanone has been used

almost exclusively.
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Chapter Y}|.

Rate Constants in the Polymerigation of Methacrylo-nitrile.

In work which has previously been reported on the

degradation of high polymers it has been shown that en

accurate description of the structure of the polymer

molecules is of supreme importance. Abnormalities in

structure in small concentration such as end groups

and branches have been shown to have a large effect on

the degradation characteristics. This fact has been

clearly demonstrated in the consideration of the

degradation of methyl methacrylate reported in chapter 3.

A certain amount of such structure information can readily

be obtained from a critical examination of the

polymerization reaction and the determination of the

kinetic cocfficients of the variovus steps of the process.

The general mechanism of free radjcal polymerigzation

is shown in the scheme below:=-

Initiation, M + C ==
Propogation, Py + ¥ ==>
Py + M -3
Pn+ ¥ --»

Transfer to M + Pn -~
Monomer,

Termination. Pr + P8 ==2

Py wee Vi = Ki(C)(M).

Py -~~~ VvPi XP(P)(M).
Pn+l
Mn + Py Vir = Ky(P)(u),

Mr + Ms or Mr + 8 Vt = Kt(B)2,

combination or disproportionation.
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Where the conventional notation for free radical,
catalyst, monomer, and rate coefficients is as already
assigned in chapter 3, -

Agsuming a statiohary state -
4e) - K1(C) (1) - Kt(2)? = 0 .

o.o (P)z = Kiéil‘ﬁﬂ!

%
e (P) = [Kiéczfm)] .

The measured Rate R,the rate of disappearance of monomer,

“r.. is given by the expression KP(P) (M),
o’ KP(P)(M) = R ’

L (P) ﬂ"—'—g—- ’

KP(H)

e mexe)x rto)d/xed

= coﬁstant x(e)'&.

+*. log R= % log C + constant, (1)
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Thusgif termination is by the mutual interaction
of two radicals resulting either in combination or |
disproportionation,the measured Rate R will be proportional
to the square root of the catalyst woncentration,
Plotting this date as logarithms as shown by equation 1;
a straight line slope 0.5.is obtained if termination
occurs as described above.

In photo chemical polymerizations the general scheme

becomesgi~-
M + hvy =g Pl Vi = £(I).
Pn + M -~ Pn+ 1" Vp = Kp(P) (M) .

Pr + Ps -y Mr + 8 or Mr + ls Vt“;' Kt(P)z.

where I is the light intensity’
and from the stationary state equation =

1 %
i) = Kt(P)2 (P) = {%ﬁ}

: o (2)
and Rate = W = oonstant x £(I)

Thus the Rate is proportional to the square root of
light Intensity.



Also if the average chain length of thgiﬁolymeric
material formed is given by the following expressionj-

chain length = T - Jate of disappearance of monomer
ate o ermingtion of chains

Kp{P) (M

= 7Y

Kt(P)<c + Kf V]

1 Kt{P%

o.o — = 1 + Kf
¥ Kplli Kp °

e = = —-})— + Kf (3)
i3 kp-()°  Xp

Thus if the measured rate is plotted against the
reciprocal of the chain length the slope will give the
value of Kt/KpE; and the intercept Kf/Kp.

In order to assign absolute values to the kinetic
coefficients it is necessary to obtain another
relationship between Kp and Kt. This is found be

measuring the life time of the growing radical.

’P . concentration of active centres

rate of Hisappearance of active centres
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Fig. 19.~ Effect of Light Intensity on Bzo, Polymerigation.
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R A ¢ ) I

T ke(2)2 | Kt(P)
B -5 , (4)

Hence by obtaining the data required for equations

(3) and (4) values can be assigned to Kp, Kf and Kt.

Results

The generel experimental technique for the catalytic
preparation of .olymers, described in chapter 2, was
employed. The chain lengths were calculated from
osmotic measurements on the modified Fuoss Mead osmometer
in c¢yclohexanone and methyl ethyl ketone solution as
deseribed in chapters 2 and 5. In this connectioﬁ,aince
it was suspected that the molecular weight increase&
at higher conversionsg,polymerizations were never carried
beyond 2-3%, The absolute rates of polymerization were
calculated by the dilatometrie felationehip already

given taking the concentration of monomer as 1l.91 gn.

mol./litre at 30°C.



got °.1"_ ‘,3-‘ X1 Intfenaity v’énﬂ_Ago Polymerisation *

LOG.R




(A) ‘'Square Root Relationship - dgta required for the
apolication of equation (1).

A series of experiments wgs carried out using
- different measured catalyst concentrations at 59.1°C.,
70°C and 80°C., The rates of polymerization were
plotted against the value of the catalysézzélculated in -
gms./100 c.c. at the temperature of the experiment
and the resultis obtained are shown in Table 14.

The effect of iight intensity on the rate of
polymerization was also investigated. As has already
been mentioned in chapter 4 photo-chemical experiments
in silica tubes with radiation from the osram lamp,
given in Table I, showed that the photochemical rate
was too slow for convenient photochemical investigations.
However, as photoseunsitized experiments were necessary
in later work,the effect of light intensity on benzoyl
peroxide and azo-bis-iso-butyro-nitrile photo-sensitized
rolymerizations were investigated. The temperature
chosen (%0°C) was such that no thermal catalytiec
polymerization océurred.

The light intensity was varied using the screens
calibrated on the uranyl oxalaie actinometer described

in chapter 2. The rates of polymerization were :lotted
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Fig, 21 - Log Rates Log Catelyst Conc. For Hethacrylo Nitrile.
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" against the light intenéipy and the results are shown
for the catalysts dibenzoleperoxida‘and,ago—bis-iso~
butyro-nitrile in Pigs. 19 and 20. | )

Square root relationshipé:are observe& and the )
exponents are quoted in table 15. This shbws that the

termination step consists of mutual interactign‘of -

polymer radicals. - R

Table 14, I |

Temperature , Rate.R. log Rx100 Catalys%:doncn.C:'Log;cx;OO-;
°c. ¥ contraqt/hr; : o A - |

59.1 0.0200  0.3010 0.025 043979

59.1 0.0407 - 0.6090 0.09ﬁl, 0;9827

59.1 0.074 0.869 0,563 1.7505

59.1 0.013 1.033 1,051 2.021

70 04105 1.021 0.025 043979

70 0.149. 1.173 0.0956 0.980

70 0.319 1.504 0.374 1.573

70 0.412 1.614 0,606 - 1.783

80 1.060 2,025 0.468 1.670

80 1.361 2,154 | 0.874‘ 1,928

80 04395 1.597 0.088 0,945

80 0.119 1.086 ‘ 0.117 : 0.682




These results are summarized in Figure 21 and
the exponent calculated from the slope as shown in
equation (1), The values of the exponente and the
corresponding temperatures are shown in Table 16.

Iable 15 - Intensity Exponents in photosensitized

Polymerizations ’
Catalyst. Temp. Exponent,
Dibenzoyl Peroxide 30°C 0453
Azo-bis-iso-butyro- 30°C 0.54
nitrile » : :
Table 16'

Exponents in benzoyl peroxide catalyzed reactions

Temps ‘ Exponent,
59.,1°C 0.49
70°C 0.52
80°C - 0.52

The overall energy of activation can be caloulated

from the above data by taking the relative rates at
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the three temperatures at some arbritary value of catalyst

concentration. These rates are shown in Table k7.

and the energy of activation deduced from Fig. 22.



Fig, 22 =~ Qverall Energy of Activation,
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Table 17 - Energy of Activation of Thermal Catalytie

= Beaction »
Catalyst Conen. ~ Temp. | log R x 100
0.01% . 59.1% 0.12
" 70°¢C 0.62
" _ 80°C 1,11

Energy of activation calculated from Fig. 22
= 24,6 k.cal/mol.

~ etermination o K an « = evaluation
(3) Determination of Kt/Kp° and K£/K aluation of

the data required in (2).

To provide the data for application of equation (2)
a series of experimentsd were carried out at 59.1°C.,
70°C. and 80°C. where the rates of the reaction were
determined, the volymer isolated and the chain length
determined osmotically. The reciprocal of the chain
length was plotted against the absclute rate of the
reaction (mols./litre/sec.) and the values of Kt/Kp-2
and Ki’/Kt calculated from the slope and intercept
‘respectively . The results are shown in Table 18 and
summarized in Figs. 24, 25, 26. The osmotic curves

obtained in the molecular weight measurements are shown
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in Fig. 23. Polymers 1, 2, 3 and 6 being measured in
methyl ethyl ketone at 23°C,and the rest in oyclohexanone
at 30°C.

Table 18, - Data'for Syuation (2),

Polymer, Temp. Rate, %% Mol.Wt. 1/chain length .

[+]
No. C. mols/litre/sec. x 10%,

1, 59.1 0,196 x 1072 2,0 122,000  5.48
2, 5941 0.386 x 107°  2.45 100,600  6.40
3. 59,1 0.675 x 10™° 3,06 81,600  8.20

4., 59.1 1.081 x 1070  3.55 70,500  9.50
5., 70  1.04 x 1072  3.48 73,400  9.15
6. 70 1.42 x10~2 3,70 69,100  9.68
7. 70  0.39 x 104 4.8 53,300 12.6
8. 80 .990 x 10~% 6,20 41,100 16.3
9, 80 1.271 zx 10°% 7.00 36,600 17.8

10, 80  0.337 x 107%  4.65 54,700 12,3

11, 80  0.110 x 20°%  4.15 61,300 10.98

The value of the concentration of monomer was
calculated from the value of the density at 30 (0.800)
and the coefficient of expansion quoted in chapter 4.

The densities and concentrations used at each temperature

are shown in table 19,
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Iable 19, ,
Density and Concentration of Monomer at Various Teméeraturgg,
Temp °C. Density g/c.c. (¥) gemol/litre

30 i 0.799 e 11.91

60 . 0.770 - 11.50

70 0,760 11.35

80 0.747 11.21

The values of the slopes and intercepts obtained
from the diagrams shown in Fig. 24, 25, 26 are shown

‘below in Table 20.

Table 20.- Values of *¥/kp® ana **/xt at 60°C., 70°0.,& 80°C.

LA }
i

Temp. Slope.Intercept.Kt/ sz = Iﬁzx slope Kt/ Kp« |
°c mols/litre/sec units mols/litre/sec units

5941 41.0 4.85x10~% 5.45 x 107 4.85 x 104

70 12,2 7.9 x10~% 1,58 x 107 7.9 x 1074

80 5.6 10.3x 1074 7,05 x 10° 10,3 x 1074

From the data given in Table 20,the energies of
activation of the Kt/sz and Kf/kp terms can be calculated.

These are shown in Figures 27 and 28 and the corresponding

dgta in Table 21.
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Table gl.

Temp,® A L, log K52 10 Kf/gp X 104
332,1 3.02 x 1070 3.736 0.686

343 2.925 x10™° = 3,198  0.898

353 2,825 x10™°  2.848 1,013

The energies of activation of the terms are found

to have the following values:=-

Et/Ep2 = - 18.5 k'caI.S/mOlt
12

Ef/ﬁp = 9.1 k.cals/mol.

The overall energy of activation quoted in section A
of this chapter (24.6 k.cals/mol.) is mainly the energy of
activation of the break down of Bengoyl peroxide catalyst.
From the standard kinetic scheme and the assumption of
the stationary state,Vi = Vi,the measured rate can

be shown to be given by the expression =

r = Engife)¥on
Kt

Thus the Energy of activation of the measured rate

is that of the term -

Klij Kp
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The energy of activation of Xi is that of the break-

. down of Benzoyl peroxide and a great many workers have
given values for this under various conditions which
show great consistency. Table 22 shows these values,
the appropriate reference and the conditions under which
the measurements were cbtained; +the values are quoted
directly or calculated from data given in the original

papers.

Table 22.- Energies of Activation of Decomposition of

Benzoyl Peroxide,

Solvent. ’ E k.cal/mol. Ref.
Benzene . 32

. Ethyl Benzene. 31 XLIIX.
Coumene . 31 &
Benzaldehyde . ' 31 XLIV »
Benzene + 20% Styrene. 3045

Ethyl Benzene + 20% Styrene. 31

Benzene . . 29.6

Toluene 29.6

Carbon ietrachloride. 29.6 p—
Nitrobenzene . | 29.6

Methyl acetate . 29.6

Ethyl acetate o 29.6




Table 22.- contd.

Solvent - E k.cal/mol.
tert-Butyl Benzene. 30»4‘
Cyclohexane . ' 28,2
Methyl cyclohexane. 3047

N. Octane. 29,0
Butyl acrylate. 27

Allyl acetate . 2945
Maleic anhydride. 29.8
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Ref,

XLVI,

XLVIII.
XLIII,
XLII .

Bawn and Mellish (XLV),in reviewing the situation ,

state that the energy of activation required to break

benzoyl peroxide into radicals is independent of the

medium and is of the order of the constant value guoted

(30 k. cal'. ) -
From this value the energy of activation of the

Kt/kp2 term can also be calculatkd thuss—
Ep = %El + Ep - #Et
2406 = 15,0 + Ep - ‘%‘Et

0'0 Ep/Et-% = 9'6 ke 0313/]!01.

Et/Epz = = 19,2 k.cals/mol.
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Alternatively, the activation energy of the break
down of benzoyl peroxide in methacrylo-nitrile can be
calculated from the value of E sz/Kt quoted from
equation (2). Thus the energy of activation of the
decomposition of benzoyl peroxide = 32 k.cals/mol.
which can be compared with the values in other solvents
given in Table 22,

The energy of activation of Kp/Kt% can be found
directly from photo chemical data. If, as can
reasonably be assumed,the photo chemical initiation

reaction is temperature independent and since the

rete measured (R) is given by the expression R = Kp(P) (M)}

khen if the steady stote =

ap/3¢ = £(I) - Kt(P)© = 0 is assumed

R= Kp(M) [f(I)]%/Kfé, and hence the energy
of acfivation of the photochemical reaction will be the
energy of activation of Kp/p-

With methacrylo-nitrile the photo-chemical reaction
is very slow and there is great difficulty in keeping
the silica window of the thermostat reproducibly clean
over the long periods which would be reguired to

consiruct a full energy of activation curve. However,




if small catalyst concentratio

ns are used at a

temperature where no thermal catalytic polymerization

occurs, the increased rate pro

duced will make the

problem easher. The resulte shown below in Table 23

show vzlues calculated from direct photo chemical

and benzoyl peroxide photosensitized polymerization

Energies of Activation in Photochemical Polymerizations,

data.
Iabie 23.
Condition. Temp.
cms co
PhCOOOOCPh 50545
catalyzed 313
direct 303

photochemical 313

Rate . . E -Log R2'Rlx2.3g3{
ntn./100 mins. Ve = Vo
0.162

8.0
0.23%6
0.058

5.0
0.076

The values of the cnergy of activation calculated
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by the various methods described above are summariged in

Table 24.

Tgble 24 ~ Energies of Activation of the Kp/gt%_term,

Method of calculation.

Mol. Wt. & Rate Data .

Overall E. and Table 22 .
Direct photochemical reaction.

Photo-gensitized Bzo2 " .

Energy of Activation.

9,0 X1 k.cals/mol.
9.2 "
5.0 "
840 "

No.




From the values of the energy of activation given in
Table 24. The average value of Ep/Et%’ calculated
from the data given by methods 1 =nd 4,can be quoted
as 8.5=1 k/cals/mol. The value found by method 4

is unreliable because of the error already mentioned,
end method 2 depends on the assumption that the energy
of activation of the break dcwn of benzoyl peroxide is
the same as in other solvents, It is obviously of the
same order but should not be used to calculate an
accurate value of Ep/Et% since the actual value of the
energy of activation of the break down of Bzo2 in this
solvegt hae not been specifically measured.

In a series of vapers (XLVIII- L) on monoradical

and diradical polymerizations the possibility of transfer

to catalyst is considered. Assuming monoradical
polymerigation when monoradical producing catalysts
are used,the following expression can be derived by

introducing transfer to catalyst into ?Pij’

I _ k£ Kc/kp [Cat.] ., %%;

¥ Kp

“: Regetion scheme.,

where Ke is the conatant for transfer to catalyst

Ve = Ke(P)(Cat.).

83
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it is evident that if transfer to catalyst ise
occurring the plot of 14? egainst R would not be
a straight line as shown in Figs. 24, 25 and 26,
and it must therefore be assumed that no transfer to
catalyst is occurring under these conditions. Under
similar conditionsg with styrene, transfer to cataiyat
tekes place.éccording to Johnstone and Tobolsky (LVIi).
(C) Determination of Kp/p, .

To provide the data required for application of
equation (4) a series of ex:eriments were carried out
using azo-bis-iso-butyro-nitrile in a photo sensitized
reaction, The life times were measured using the
rotating sector described in chapter 2.

Briefly the principle of the method is gs follows.
If (P) is the concentration of radicals under intermittent
illumination and (P)s the concentration of radicals under
steady illumination, then for a slow rotation (P)(P)s
will build up to a value of unity during the on' period
and decrease to a value of almost zero during the bff*
period so that for slow rotations, when the flash time
is longer than the life time of the radical,the Rate

measured is helf the rate at steady illumination .

**e Ralow = g,.



Fig, 30 - Rate: Time of Flash,

30.
2
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If the rate of rotation is such that the flagh
time is less than the life time of the rgdical then at
this fast rotation (P)(P)s rises rapidly during the
‘on' period and decrecases less rapidly during the ‘off!
period. This results in the establéshment of a steady
state in which the effective concentration of radical
does not change, When the 'off' and ‘on' periods are
equal (i.e, when the :=ector is cut at 90°) the
effective light intensity is halved when fast rotation
18 usedsyand the rate observed will be:given by the
expression -

RPobg = ﬁ/JE.

The change in (P)/(Ps)B during intermittent
illumination is shown in Fig. 29. Curve 1 shows the
behaviour at slow rotation and curve 11 shows the
attainment of the steady state at fast rotation. The
value of (P)(Ps) when the section is cut at 90° = 0,706
( (p)(ps) x /[2).

When the rate of the reaction is plotted against
sector speed a curve of the type shown in Fig. 30 is
obtained. At the period when the flash time approximates
t0 the life time of the radical a change of rate will occur.
From this change the approximate value of the life time

can be found,






Burnett and lMelville (XVII) have shown in an
extensive theoretical consideration of this method
that the value of the life time is the value of the
flash time when the curve is beginning to fall away.
They define m as the number of times the flash time
(f)is greater than the life tire(r)jand derive
mathematically a curve relating m ahd l2(po)/(Ps).

(Po = concentration of radicals during the region

of change in rate).

de(re) . 2o . Bate in rogion of change
Ps Ps/J2 e at fast rotation
This theoretical curve is shown in Fig. 21.

Thus it is only necessary {o know the rate at some
ihtenmediate speed of rotation and the rgte at fast
rotation, From this ratio the value of m can be found

from the theoretical curve and from this ¥ can be
evaluated since by definition=-

'193 t/m »

In these experiments the approrriate rates were measured

and from the ratio m was found. From this value 4

was calculated and hence Kp/kt'

4L sample of the exverimental results are shown below

in Table 25 and Table 26.
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Table 25.

Kp gy 8t 20°C,
Rfast. Bs. %RS/R:E Eo to '193 RP . Kp/n,
ems/100 mins | secs secs mols/ltre/sec,

04725 0,610 84,0 5,5 1,0 0.183 0,3%45x10~% 0.75x10™0

0e56 0,52 93.0 2,7 4.0 .37 0.269x10™% 1,11

0.530 0,490 93.4 2,51 1,0 0,39 0,26x10"% 1,21x107¢

Average Value =

1,04x10™Cmols/1tr/sec.

Table 26,

Rfast. Re. %Re/Rf, m ., t. ¥. RF, EPgs .
cms/100 mins secs secs mols/ltre/sec.

0.8 0,75 93.8 2.4 1 - 0,417 0.304x107% 1.75x107°

-6
-6
-6

0,69 0.65 94,3 2,37 1.05 0.441 0.314x10™% 1.65x10
0eT2 0465 90s4 2.7 1.0 04383 0,320x10™% 1.41c10
0.65 0460 92,5 2.5 1.0 0040 0.2982107% 1,40x10
0459 0.53 90 3416 1.05 0.403 0.270x10°% 1,3 x157°

Aversge Value =

1.51x10~% mols/1tre/sec.




88

t was measured by observing the sector speed by means
of a stop watch. |
There is a wide margin of error involved in this
experimental method and it has been suggested that
a factor of twc should be a.plied to the results to
cover the possible discrepancies.
Melville and Jones (LI) have shown that if 7 1is
emall, for conditions of steady illuminafion the

following expression will hold.

d(P)/dt = (P)/I‘ (a)

(ngl . Rate of starting of chains)

Since the stationary state is represented by the

equation -

dp/dt = £(I) - Kt(P)% = 0 (b)
and the rate of polymerization by=
* (e)
-a(u) 9, = Kp(E)(W) = R,
the folloWing expression can be derived.
(d)

Kp = R/A(P) jgy (M)




Thus if d(P)/ﬁt could be determined by inhiditor
methods (LII-LV),Kp could be evaluated directly.

In this case however, since the photo-chemical
reaction is slow, extensive photochemical experiments
are impossible.

From the average values of the Kp/Kt term given
in tables 25 and 26 the value of Ep-Et can be
calculated. This will be subject to the error of
this method already quoted and the best value will be
that obtained from the average values of a large
number of experiments at two temperatures. From this

value and from the values of Ep/Ef§ already quoted
the individual values of Ep and Et can be calculated.

Average value of Ep-Et = 7.2 k.cals/mol.

From this #nd earlier values the following energles of

activation were obtained.

Ep = 9.8 k.cale/mol.
Et = 2.6 " |
Ef = 18.8 "

The individual values of the kinetie constants
can be worked out from the values of K?/sz and

Kp /g4, Which can be calculated at any temperature.




Table 28 shows the results obtained at 70°C together
with the energies of activation and the temperature

independent factors.

Table 28,

Individoal Values for Kinetic Coefficients.

Temp. Kp, Kf, Kt, Ep, Ef, Et, Ap, Af, A%,
70°¢ 110 8.7x10~2 19.1x10° 9.8%2 18.8 2.6 10% sx10% 9x10®

The values of the kinetic constants for other

monomers are shown in Table 29.
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Iable 29 =~ Kinetie Constants for Various Monomers,

Monomer. Tgmp. Kp.
c.

Methyl 0 41.6
Methaorylate

" 24 310

" 30 286

" 25 273

" 22 128

* 30 273

" 25 512
Styrene 30 110

" 25 18.7

" 30 51.9

" 25 39.5
Vinylacetate 15 750

" 25 1012

" 25 977

" 0 28,0 1
Butyl 30 13
Acrylate
Methyl 25 1730
Acrylate

L 25 1720
Vinyl 25 6,2x10°
Chloride 6
Butyl 30 379x10
Methacrylate 6
Propyl 25 467x10
Methacrylate
Vinylidene 25 8.6

Chloride

KTf.

6.13x10"% 2.7x10

Kt.
6

6.8x10°

8.4x10°
46.6x10
1.01x10
2.79x10
10.5x10
6,0x10°
3.9x10°
5.9x10
5.9%10
22010

10x10
9.4x10
4.3x108
1100x10°
4.5x10°
1100x10°
1.75x10°

6
6
6
6

6
6
6
6
6
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Ep- Ef. Et. Ref,

-

4.4
6.3

-

1

LVl
XXXI
Ly
LXI
LVII
LIX

2.4 XXXII

6.5 14.2 2.4 LXI

663 = = - XXXI
- 14.4 1.9 XVII
4e4 - O XXXII

7.3 = = 1IX

- = 5.2 LXII
3,2 6,1 O  LXIII
- - 0  ILXIV
7.1 = 5,3 XXXII
7.1 = 5.3 XXXII
3.7 - 0 LV
4,5 - -  LXVI
- = =  LXVI]
25 - 40 LXXII
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Tables 28 and 29 show the values of the kinetic
constants for this monomer compared with those obtained
for other monomers,  The divirse values obtained for
the same monomer by different workers,using different
experimental techniques, show the accuracy which is
involved. These differences are mainly due to the wide
margin of error encountered in the measurement of Kt.

Por the purpose of determining structures of polymers
for use in degradation experiments the values which are
required are the ratios Kp/Kt% and Kf/Kp’ which are
obtainable from rate and molecular weight data and can
be quoted with reasonsble accuracy.

Chain Branching,

It was noted at an early stage of the investigation
that the molecular weight increased with increasing
extent of polymerization. If this molecular weight
phenomenon had been due to a 'gel' effect (XXXIV) an
increase in rate with increasing conversion would have
been noted. Since no effect of this type was encountered
the molecular weight increase must be due to chain
branching., In the measurement of kinetic constents the
conversion was never carried out beyond 2-3% where the
increase in molecular weight is not apparent but in bulk

polymers prepared for degradation purposes this branching
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wiil be more important end might have a considerable
effect on ﬁhe degradation characteristics.

In order to investigate this phenomenon seversl
experiments were carried out in which polymers were
prepared under the same conditions of catalyst
concentration and temperasture with different % conversions.
The molecular weights of these polymers were measured
at 27°C in cyclohexanone and the results are shown in

Table 30.

Table 30 =~ Mol. Weights at Different Conversions.

Temp. °C. Conversion % Catalyst conc. (%) Mole Wt.

70 20 0.025 130,000
70 3 0,025 73,400
80 1 0.50 42,000
80 5 0.50 48,000
80 12 0.50 53,500
60 3 0.025 122,000
60 15 0.025 Pi%ﬁzfiblo.

The results which are contained in this chap ter show

that the polymer produced in thermal catalytic
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pelymerization consist of molecules which are terminated
by a disproportionation or a combination reaction.

A fairly large proportion of molecules will be
terminated by double bond ends due to transfer to
monomer,and it is likely that branching occurs to a

large extent at higher conversions.

Other References = LXVII, LXVIII,
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Chapter VII,
The Thermal Degradation of Polymeth-acrylo-nitrile .

In chapter I the types of degradation reaction
undergone by rolyvinyl compounds have been discussed
and these have been classified under two separate
headings as regsrds their degradation characteristics.
According to the small emount of information available,
poly-meth-acrylo-nitrile appeared to belong to the group
typified by polymethyl methacrylate since it was reported

(X1I) that this polymer ggye monomer in virtually
quantitative yield. However it soon became obvious
that this reaction is very much more complicated than
this and the methods of investigation require to be
altered.

Degradation reactions were carried out in the
dynamig@ molecular still described in chapter 2. The
polymers were benzoyl peroxide catalyzed and prepared
in vacuo as already described. The molecular weights
were measured on the modificd Fuoss~Mead Osumometer
of Masson and itelville using cyclohexanone as solvent,
The reactions involving extinction coefficients were
followed using the 'Spekker! absorptiometer or the

'Unicam' spectrophotometer as required., Ammonia
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estimations were carried out by measuring the depth
of colour produced in Nessler's solution as described in
chapter 2.

(a) General Degradation Characteristics,

¥hen the -olymer is heated in vacuo molting occurs
at a temperature of 110-120°C. From this temperature
up to 200°C no monomer or other volatile materisl is
produced in large enough quantities to cause a changa‘
in pressure inside the still. In this temperature range
the polymer becomes deep red. At 210°C monomer production
becomes evident and this reaction proceeds quickly to
completion at 250-260°C.  Above this temperature no
further volume of liquid ie collected but increased
temperature causes a change of pressare inside the still
suggesting that more volatile material is being produced.
After the monomer is removed a black residue, insoluble
in acetone or cyelohexanone, remains.

The effect of ultra violet light on the molten
polymer was investigated by directing the radiation from
the Osram 125w lamp (Table 1) on to the tray containing

polymer at 150°C., No acceleration in monomer production

was noted.




(v) ZProducts obtained in the Desradation Process ,

The fact that monomer and a black insoluble residue
was produced suggested that the reaction might be one
in which both types of degradation mechanism, discussed
in chapter 1, took place. In this case HCN would be

produced leaving a conjugated oly-acetylene chain.

CN CR
] |
052 - ? - GH2 - o o= HN+«(H=C=-=CH=( -
| | |
Ke e Me Me

In order to find out if the volatile products

contained HCN the yield collected in the liquid air trap 1

was distilled into the side arm 3 of the apparatus and
the vapour pressure measured on the monometer. The
vapour was expanded into a known volume and the vapour
pressure again measured, If the sample is homogeneous
no change in vapour pressure will be noted on expansion.
I1f, as discussed in ref. VII, the products consist of
several compounds the vapour pressure will remain
constant until the liquid of highest vapour pressure
evaporates, then change, on successive expansions

according to the change in volume, until its vapour

97
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is completely removed, At this point a steady pressure
caused by the compound of next highest vapour pressure

will be observed. | |

By observing the number of expansions required for
each compound the proportions of each in the product can
be determined. i

The results obtained by the application of this
technique to the volatile products from the degradation

of methacrylo-nitrile are shown in Table 31.

Table 31,
Vapour Pressure of Volatile Products from Polymer Deggadation.‘

Temperature, Vapour Pressure, Compounad .
~70°C 400 mms O, collected poss-
ibly from small leak
in still heead.

25°C , 80 mms Monomer
Expend into Vi (4.55c.c.) 80 zms u
n _ " "

The vapour pressure: temperature curve for monomer is

shown in Fig. 34.
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After‘a large number of successive expansions the
vapour pressure remained constant at the value which
would be expected for pure monomer. The initial
high pressure is probably due to carbon dioxide
collected in the large iigquid air trap 1 (Fig. I)
from small leaks in the still head. This high pressure
does not disappear at solid 002 temperatures, HCHR
under similar conditions at =70°C has a vapour pressure
of 1.58 mms.

Prom this vapour pressure data it is clear that
the volatile material produced is totally momomer
with no indication of the presence of HCN., ~When the
product is distilled into the liquid air trap 4 in
figure I and tested with silver nitrate solution no
precipitate is obtained. Thus by chemical as well as
vapour pressure methods no HCK can be detected.

Sodium fusion tests on the black insoluble residue
indicated the presence of nitrogen and a complete
analysis on the micro scale gave results which are
shown in Table 29.

Inaccuracies,especially in the nitrogen estimation,
are to be expected in the micro analysis of high
melting materials and every precaution possible was
taken during the experiment. The residue was prepared

as a fine powder and iue tube tapped during the combustien.
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Toble 22 - Analysie of Residue.

Polymer . cC 4% N4 H % Ineol. Residue %
Heated to 250°C. 67.31 13,32 T.16 3440
Heated to 300°C. 6849 19.7 726 -

Undegraded Polymer. T1l.7 20.9 Ted

From the analysis of the products it is clear that no
reaction involving the production of HCN leaving a
conjugated double bond polyacetylene residue is occurring.
The residue under these conitions has the same analysis
(within experimental error) as the original polymer,

When & polymer sample is heated in sir,in a test
tube. over a bunsen flame,2 gas is produced which turns
red litmus paper blue suggesting that at higher temperatures
eammonia is being produced.

The yvield of monomer, measured in the calibrated
capillary tube 2 (Fig. I) at 250°C., is 50=55%.

(8 The Colour Reaction.

The colour wihich is produced when the polymer is
heated at low temieratures was investigated guantitaztively
by determining the extinction coefficient for different
times of heating. An initial investigation of the

absorption spectrum showed that absorption was occurring




F . 20

EXTINCTION COEFFT.

100
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in the region 4,000-~5,000 angstroms., Accordingly,
in the 'Spekker! meaéurementa of the optical density
the blue~green filter No. 603 was used which is
transmitting light of this required wave length,

The solvent used for the red polymer was 'anaglar'
acetone which had been distilled through a glass spiral
column., The results obtained and the concentrations

used are shown below in Table 30 and summarized in Fig. 33.

The polymers denoted P;s P, and P; were benzoyl peroxide
catalyzed prepared at 80°C (1 x 2) and 70°C (3) respectively.
They were isolated and treated in the manner described

in chapter 2, The molecular weights were measured in ‘

cyclohexanone at 27°C.,




Table 3: o

Polymer, M.W.
P1l. 54,600

ft . a
a . "
" L
" "
n ‘ "
L LJ
n L)
L L

] n

P2. 130,000

n ]

P 3. 36,000
" o
" "

From the above results it is evident that the molecular
weight of the polymer has no effect on the rate of the

colour reaction.

Temp.°c.concentration, Time, LogIo/I,Extaco-‘

170
170
170
192
192
192
192
160
160
160
170
170
170
170
170

00 27288/1000- 0060 miHSO 1019

0.1970
0.1852
0.0857
0.0430
0.1766
0.0922
0.1159
0.1294
0.1108
0.1073
0.0961
0.141

0,684

0.0828

"

"

L

"

"

90
40
30
60

173

45
180
90
120
90
40
45
180
135

1.23

0.533
0.833
0.492
0.900
0.950
1.01

0.546

0,736

0.625
0.385
G.352
0.750
0.745
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efft,
4,36

6.24
2,90
9,71
11.62
570
10.03
846
4.24
6.5
5.82
2.64
2.5
11.0
9.0

The production of colour depends on the

number of monomer units rather than the number of polymer
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molecules. Any suspicion that the cblour is due to a
change in structure at tha chain ends is therefore
eliminated. ' |

The enérgy of activation of the colour reasction was
calculated from the rates at the three temperatures
shown above. These results are shown in Table 31 and

summarized in Fig. 33,

Table 34.

Rate, 24, 1/p0a, Log R.
§/100¢ mins.

22.0 465 2,14 x 107> 1,37
6.8 443 . 2,26 x 1070 0,842
4.6 433 2,313 x 1673 0.660

E = 20.0 k.cal/mol.,

The complete absorption spectra of three polymer
samples heated for different lengths of time at 170°C
were measured on the 'Unicam' ultra violet spectro-
photometer. The values of the extinction coefficients
were calculated from concentration values of base gm. mole./
litre. These curves are shown in Fig. 34. Avsorption
over a wide range occurs so that no conclusion can be
drawn about the group responsible for the production of

colour,.
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Effcct of Color tiom on lcleculer Veight.

Since the polymer becamse insoluble at higher
temperatures it might be expected that the production
- of colour was connected with a cross linking reaction
causing an increase in the molecular weight. In order
%> check this theory samples of polymer of known
molecular weight (37,700) were heated for different
lengths of time at 170°C.and the molecular weight of
the red polymer measured in cyclohexanone at 27°C.  The

results are shown in Table 32.

Table 35.

Time Heated. %;- Mol. Wt, Temp.,
0 6.68 37 4700 170°C.
90 mins, 6441 39,400 170°C .
3% hours 6436 39,600 170°%C .
6 hours 6.36 39,600 170°C .

From the data shown ébove it is evident that no
marked incresse in molecular weight osocurs as the
colour reaction proceeds. The slight increase which
is shown is probably due to a cross-~linking reaction

occurring independently of the colour reaction.




» 35.

io 2-5
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(@) Production of Honomer

Kern and Ferow (XI) reported 80% yield of mcnombr
at 250°C. Under the conditions of vacuo and careful
temperature control employed in these experimental
techniques 50 monomer is recoversble at 250°C. The
rate, measured on the pirani,decreases uniformly to
gero at 50% degradation at 250°C. s the temperature is
raised, more monomer is produced but rate measurements
are complicated by the production of a volatile material
which does not condense effectively in liquid air.

The temperatures and volumes obtained are shown in

Teble 36,

Temp."C % Honomer. Polymer.
250 50% M.¥. 53,500
300 - 5345%

310 60%

The energy of activation of the monomer reaction
was megsured by finding the rates at various temperatures
from the pirani gauge. This data is shown in Table 37

and summarized in Fig. 36,
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Table 36.- Energy of Activation of Vonomer Reacticn.

Temperature- 1 x 105 JRate. , Log E x 10-
7°C. T°A. ! ;vo

260 533 1.87 1.39 1.143

256 529 1.895 1.24 1.093

251 524 1,916 0.768 0.885

250 523 1.918 0.654 0.816

246 519 1.931 0.493 0,693

Energy of Activation = 24.2 k.cals/mol.

Reaction at High Temperatures,

When the temperature goes above 300 a pressure
registers on the pirani al though no further yield of
monomer is cbtainable. When the products are distiiled
into liquid air trap 4 containing water and then tested
with Nessler's solution,prepared as described in chapter
2, the characteristic brown coloration produced by
anmonia appears.

The rate of production of volatile material at high
temperatures was measured by observing the ghange in
pressure inside the still and the energy of activation

calculated. The data is given in Table 37.


































