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- i?Introduction. |

Much work has been done In recent years in
the study of the kinetics of vinyl polymerisation1
using non-stationaiy state methods « Some difficulty 
has been encountered, however, in the kinetic 
measurement of the polymérisation of methyl acrylate, 
although some information has been obtained through 
refractive Index and dielectric constant methods.
This present work has therefore been devoted to the 
elucidation of the polymerisaticm kinetics of methyl 
acrylate.

Rates and the correspwding lifetimes of the 
kinetic chain were determined by two ncm-stationary 
state methods hitherto untried with methyl acrylate 

polymerisation, the adiabatic dilatometer method 
and the thermocouple method. These results, combined 
with measurements of rates of initiation gave 
velocity coefficients idiich agreed with results

■i
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obtained by other workers; it was found too, that 
there was reasonable agreemëit between activaticm 
«aergies measured in this work and those of other 
experimenters.

However, this comparison has been limited to 
the early stages of the reaction as very little 
is known about the later stages. These later 
stages have now been examined in more detail,

^ although difficulty was encountered with variations 
from one experiment to another, due probably to 
trace impurities causing varying degrees of gelling. 
Therefore, to study thiw latter effect, a chain 
transfer agent, trichlorobromomethane was added 
to delay gelling to a later stage in the reaction.

The results of this work enables a comparison 
to be drawn between the dilatometer and thermocouple 
non-stationary state methods; seme preliminary results 
were also obtained from apparatus designed to incorporate 
both methods using the one reaction mixture.
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To clarify the data dealt with in this thesis, 
a general surrey of rinyl polymerisation is giren 
in the following pages.

'. .■*̂2
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The Mechanisms Involved In Additli» Pnlraerisatloa.

Addition polymerisations, such as the polymerisation 
of methyl acrylate, proceed by four steps: initiation, 
propagation, transfer and termination. Each of these 
steps will now be examined.

a) Inltiattnn-

Initiation of addition polymerisation may take 
place through various agences: heat, radiation and 
thermal breakdown of a nimber of organic compounds.

Thermal Initiation.
In the absence of a free radical producing 

initiator, thetmal polymerisation is initiated
2,3through the formation of a dimeric radical .

This being so, the termination reaction will probably
4

be intra- rather than intermolecular with the result 
that large rings are formed and the reaction mixture 
gels. However, all theimal polymerisaticms do not 
produce gels e.g. styrene, so that the above mechanism 
is not universal. This may be due to the diradicals
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giving two iBonoradicals as in photochemical polymerisation.

Irradiation of most monomers with ultraviolet 
light results in fairly rapid polymerisation. The 
mechanism of this initiation is probably through 
an electron shift at the double bond to give an 
unsymetrical diradical. This, however, would again 
lead to ring formation with subsequent gel formation. .
In general, this has not been found and it is thought 
that the diradical rapidly stabilises itself by 
hydrogen atcna transfer to the diradical from a 
neighbouring molecule so that two mono radicals are 
formed.

Dëe<apo8itloa of Orgfmtc.P^xlcle ^  Ago-_ciaM>Qqi^a.
The decompositicm of free radical producing 

cœspoùnds is effective as a method of initiating 
polymerisation reactions.

Peroxides generally decompose as follows:
R—(̂5—0—0—OC— R—COO— ^ R®—COO— 
i.e. two monoradicals are produced.
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Axo-compound s decompose similarly to give two 
monoradicalSt
A— A A— 4* A— ^  . 2A— ^
and the efficiency of initiation, which in practice
lies between 50 and 100^, depends on the reactivity
ratios of the radical-mcmomer and the radical-radical
reactions.

b)
The propagation step in radical addition 

polymerisation consists merely of the attack of a 
growing polymer radical upon the monomer double bond 
which is opened:
AA/\— + CH**CH A '\ywCH—CH—

I I  I IR R» R R»

e) Chain Transfer.
Interaction of a growing polymer radical with 

a monomer or solvent can result in the free radical 
character of the growing chain being destroyed, while 
the molecule attadced forms a new free radical and

5is capable of initiating a new polymerisation chain # 
This involves the migration of an atom between radical 
and molecule.
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d) Termination..
The destruction of free radicals in polymerisation

is almost always through the mutual interaction of
two radicals. This can take place in two distinct
ways: either the two radicals combine to give a single 6
molecule or there is transfer of an atom between 
the radicals giving one saturated and one unsaturated 
molecule. The exact nature of the termination step 
depends very much on the experimental conditions and 
there is evidence to support both mechanisms.

7,8.
Tha Ktnetica of Addition Poly»erl8atlaa.

The four stages in addition polymerisation can 
be summarised as fellows:

Rate.
Initiation N -» P1
Propagation P + M -, P k (P) Ut)

n (n+1) P
Transfer P^ + M -» + P k^(P) (K)

Termination P^ + P̂  ̂ ^  k^lP)2
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where « stable polymer of n units
Pn = iQonoTalsnt radical of n imits 
kp = rate constant for propagatimi reaction
k^ = rate constant for transfer reaction
k^ = rate constant for termination reaction
I » rate of Initiation.

Assuming that the reactivity of polymer radicals 
is the same irrespective of chain length^, then in 
the addition reaction when the stationary state is 
attained
d(P)/dt = I - k^(Pg)^ » 0 . ............ U)

Where (P_) is the concentration of free radicals 8
i.e. the same concentration of radicals is being 
formed as is being destroyed.
I.e. I = ktlPg)^........................... (2)

Pg =  (3)

In the Initial stages of the reaction, however, 
before the stationary state is reached, the ewcaatratlon 
of free radicals will be given by 
d(P)/dt = I - k^(P)2......................... (4)
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On integration, this gives

il - (k^A)^(P))
where e is the integration constant.

This reduces to
tanh-^lP)/iPg) = ( k ^l)K....................(6)

since P = 0 when t = 0 and hence c » 0.

The lifetime of the kinetic chain, T  , is given by
tk^I)-* = T ............................... (7)

Substituting for T in equation (6) we have 
(P) = (F^tanh(t/r) . . . . . . . . . . . .  .(8)

The polymerisation rate at any time is given 
by the equation
-d(M)/dt * kptPs)(M)tanh(t/r).............. (9)

On integration, this gives 
-1b [(M)/(Mo)] = (k At)ln[cosh(t/r)] . . . . .  (10)

Let P be the fraction of monomer converted
I.e. (M)/(MJ = 1 - F .................   . (11)
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Substituting in equaticm (10) we have 
-In (1 - F) » (kpAt) ln(cosh(t/r)) # . . . (12)

Now, if the amount of conversion is kept at a 
low value i.e. if F<< 1, then
-In (1 - F) = F .............   (13)

and so
F a (kpA^)ln(cosh(t/r)J .  ............. (14)

which approaches the line 
F « (kp^^) (t/r - 3n2) . . . . . .   ........(15)

For times t > 3Tp this line has a gradient 
of kpA^ and intercepts the time axis at a time = Yln2

Thus the lifetimes of the kinetic chain and 
the ratio k^A^ are known although the absolute 
values of the velocity coefficients are not.

However, by measuring rates of initiaticm 
under conditions identical to the non-stationary state 
ones, k^ can be derived from
k^= 1/(1 f)  ........................ (16)

4 '

' - 4.':'W



— 11—

and hence, k is derived from ' P

IL
k = k ^ x  F P t H7)
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o.C C?AmftciLsa.ttsii Æ4ftçM«ff.i,

The general principle involved in measuring reacticm 
rates is the measurement of a change in a property 
of the reaction mixture due to polymerisation, such 
as change in specific volume, refractive index or 
dielectric constant. Methods have been devised based 
on these changes but unfortunately the limitations are 
great mainly because of the sttingent experimental 
conditions that must be maintained.

10
a) Dielectric Constant Method.

Changes in the dielectric constant as monomer 
is converted to polymer have been measured but the 
experimental conditions require careful handling. As 
monomer is converted to polymer, the dielectric 
constant of the mixture changes. Counterbalancing this, 
there is a larger change due to temperature rise from 
the heat of reaction. Thus, the dielectric constant 
measured is the resultant value of the two effects.
To measure this accurately, the system must remain
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adiabatic over the measuring period, for then, the 
rate of reaction will be directly proportional to 
rate of rise of temperature. Although the apparatus 
can detect a temperature rise of 10**̂  in 10"^ sec., 
the method is limited in that the decrease in dielectric 
constant must be reasonably small, of the order of 
0.002 at 100 MC/sec.*

Only the initial stages of the weaction can 
be followed, for after gellln# it is difficult to 
remove the polymer from the specially designed 
vessels.

b) Interferometer Method.
In this the change of refractive index is being 

measured as monomer is being converted to polymer.
Again the main change , a decrease, is from the rise 
in temperature due to the heat of reaction. There 
is also an increase in refractive index frcm the 
formation of polymer. Here, too, fast detection 
is required and a photoelectric recording interferometer 
can detect a change of 10 ^ C® in 10**̂  sec.; by using
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cine photographic methods, the resolving power in 
time can be increased. As with the dielectric 
constant method, specially designed reaction vessels 
are used and so the reaction mixture must be removed 
before gelling.

c) Thermistor
Similar to the thermocouple method, the thermistor

method measures directly the temperature rise due
to the heat of reaction. A bridge is used consisting
of two thermistors one of which is located at the
centre of the reacticm vessel and the other at the
centre of a standard vessel. Again, adiabatic
conditions are essential during the measuring period.
It is claimed by Miyama that this method is more
sensitive to temperature changes than the thermocouple 

14method .

d) Th. AiHahatlc Dilatometer and Themocoqple Methods.
These two methods have been examined in detail 

in a later section.
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a) Dilatometer Method.
In this method, the rate of ecmtraction of 

reaction laixture is measured as monomer is converted 
into polymer. Heat of reaction is dissipated to the 
surroundings and so only the change in specific volume 
is being measured, A polymerisation reaction cannot 
be followed into the gel state by this method as 
reaction mixture in the stem of the vessel distorts 
and makes volime readings impossible. However, 
because of the large difference between the specific 
volumes of mmiomer and polymer, this method is highly 
sensitive although only measuring reaction rates,

A dilatometer method has been used^^^^ 
for following the n^-stationary state of polymerisation 
reactions using the post-irradiation effect to measure 
T, By allowing for heat losses, the system did not 
require to be adiabatic.
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b )

can also be used to find lifetimes of the kinetic
The simple dilatometer method descrilbed above ^

Ichain. This is done by using a sector rotating at
different speeds between the light source and the |
dilatometer. The measurements fvtm this type of
experiment are made over a large section of the reaction
- of the order of 3 - 5^ - with perhaps a large
change in reaction rate and a corresponding change
in rj
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Using l,l»azo-iiis-cycloh«xane carbcmltrUs as 
pbotoinltiator, polymerisation reactions may be 
Initiated through the formation of two monoradicals

N = N

CM
CM

+ Ng.

Each of these free radicals joins onto a monomer 
molecule initiating a polymer chain. To calculate 
rates of initiation, the free radicals formed can 
be removed by reaction with some inhibitor and the 
rate of disappearance of the inhibitor measured.

Inhibitor concentration can be measured 
colorametrically and an inhibitor suitable for this 
method lsxo<*diph0ayl p picryl hydrasyl (D.P.P.H.) 
which has a deep violet colour. Also, D.P.P.H. on 
combining with a free radical f m  the catalyst used 
forms a colourless or pale yellow compound.
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Another method of measuring rate of disappearance 
of Inhibitor is to regard the point at which the 
reacticm commences as the point when last traces of 
inhibitor have been used up* However, results^^ 
have shown that an inhibitor is formed asD«P*P*H* 
combines with a free radical and that the inhibitor 
retards the polymerisation reaction further*

Other methods which can be used are osmometry 
and radioactive tracer techniques*

yuKMatiHB Warit Q* Methvl, AcpYlafL

Matheson^' and co-workera have studied the early 
stages of the photopolymerisation of methyl acrylate 
using the sector method; 1.1^ azobisisobutvronltrile 
was used as initiator and each experiment covered 
from 3 to 5^ of the reaction* Some trouble was 
encountered through formation of »popcom* - white 
opaque polymer with gas pockets which damages the 
reaction vessel and gives very large errors in 
dilatometer measurements*

Rates of initiation were measured using picric
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acid, baizoquinone and tetrachloroqulnone as inhibitors*

Results show a rate acceleration from the very 
initial stages due to the early gelling* To check 
that the acceleration was from the gel effect, the 
system was kept fluid by adding a small amount of 
transfer agent ( n-butyl mercaptan)* Uhder these 
conditions there was no acceleration*

Velocity coefficients have also been studied
iRby Sinitsyna and Bagdasar^yan ° using the sector 

method and rates of initiation were determined from 
the induction period in the presence of D*P*P*H**

The values obtained from the sector experiments 
are compared with other values in the discussion 
section*

Ross^^ measured the direct photopolymerisation 
reactiw (i*e* no photo sensitizer) at 25^0 using 
the sector method* He found that the rate <mly 
accelerated at conversions greater than 7^* However, 
the method gave a large variation in values for the 
lifetimes of the kinetic chain and trouble was also
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Ross also studied molecular weights of polymethyl 
acrylate by osoKmetry to obtain rates of initiation.

Reaction rates and values of T  for methyl 
acrylate.polymerisation have been measured using the 
dielectric constant^^ and interferometer^ methods 
but Unfortunately rates of initiation were not 
measured. Thus, although values of were
obtained, no values for the ihdividual velocity 
coefficients were available from this source.

The procedure used in the dilatometer and 
thermocouple non-stationary state methods will now 
be described.

encountered with "popcorn* formation. The cause '
of this was said to be traces of oxygen in the system. 3
It was also found that benzoquinone acted as a 
photoactivator and not as an inhibitor in this 
reaction.

I
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Experimental.
Materials. '

fffff.flirttninfHftt.afli A m W * .
Methyl acrylate, as supplied by L. Light & Co. Ltd.

contained hydroquinone as a stabiliser which was 
removed as follows.

The monomer was washed several times with 10%
aqueous sodium hydroxide solution until the washings
were colourless. Any residual sodium hydroxide was
neutralised by dilute hydrochloric acid (2)) . It
was then washed with ferrous sulphate solution to
remove any peroxides, and finally with distilled
water. The resultant moncaaer contained up to 5%
water which was removed by fractional distillation;

20for methyl acrylate with water forms an azeotrope
(B*p. yi^C; 7.2% water, 92.8% methyl acrylate )
which distils off before the main fraction of monomer (79^C).

The methyl acrylate was finally prepolymerised 
and distilled under high vacuum before use.
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To give a reasonable rate in the photoinitiat^ 
polymerisation reaction of methyl acrylate, a photo- 
sensitizer was used. Two of these were prepared:
1.1^ azobisisobutvronitrile and 1.1* azobiscvclehexane 
carbonitrile.

Pranaratlon .mf »h<MtoaflnaltlgMi...
a) 1 -1 Ÿ  W W W # # !  Il trile.

11.9 g* hydrazine sulphate, 9*6 g. acetone and 
12 g. of potassium cyanide were mixed in aqueous 
soluti<m for a period of 2 days during which time 
a crystalline compound was fomed, i.e. the disubstituted 
hydrazine. .

CE, CE, CM CN CE,
2 ^>C0 +2CN* + NB^Eo ^  ^>C< >C< ^

CEj CEj NHNE CEj

This product was removed by filtration and
added to a 1 litre round-bottomed flask. After
addition of 50 ml. dilute hydrochloric acid and 50 ml.
ethanol, the flask was cooled in an ice bath and
stirred during the addition of bromine water; the

22hydrazin# was oxidised by the bromine water to give
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CH, CH,
^>C-N=N-C<- ^

CHj 'CN CH CH^
This was filtered off and recrystallised twice from 
ether. The final product, white needle crystals, 
gave a melting point of 105®C.

b) 1,1* azo^J^i^cyclohexane carbonitrile.
#

11.9 g# of hydrazine sulphate, 16.2 g. of 
cyclohexanone and 12 g. potassium cyanide were mixed 
in aqueous solution for 2 days. Blobs of a yellow 
ccmpound separated out - the dlsubstituted hydrazine,

+ 2CH» + HH2RH2

This compound was filtered off and added to a 
2 litre round-bottomed flask together with 25 ml. 
ethanol and 50 ml. dilute hydrochloric acid. ' The 
fla& was cooled in an ice bath during the addition 
of bromine water, vigorous stirring being employed.

The white compound which separated out was 
filtered and recrystallised twice from 95% ethanol. 
This was the 1 1 * azobiscvclohexane carbonitrile.
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CN O LNE-NE

The melting point of the recrystallised product 
- white crystalline plates - was found to be U5^C.

An accurately weighed amount of 1.1* azobiscyclo- 
hexane cariwnitrile was dissolved in freshly distilled 
chloroform and made up to 100 ml. The concentration 
of this solution was 0.005044 g. moles/L., and such 
solutions could be used for a few weeks if kept 
stoppered and in the dark.

Preparation of «rx'd.lph@nyly*Dlcryl hydrazyl.^^»^^tD.P.P.H.)
A solution of 10 g. of unsym-diphenylhydrazine 

hydrochloride in 115 ml. of absolute ethanol at room 
temperature was treated with 9*5 g# of soditaa 
bicarbonate and then with 11.5 g« of picryl chloride. 
After evolution of carbon dioxide had subsided, the 
mixture - now red - was boiled gently for 15 minutes.
An equivalent volume of chloroform was added and the 
solid residue filtered off shile the mixture was 
still warm.
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The filtrate, after washing with two 115 ml. 
portions of water, was concentrated on a steam bath 
to about 70 ml. and diluted with 70 ml. warm absolute 
ethanol. On standing at room temperature overnight, 
brick red prisms separated (M.P. l69®C.). This was 
the t/iy* diphenyl^picryl hydrazine.

5.1 g. of this compound, 5#1 g. of anhydrous 
sodium sulphate and 51*4 g. of lead peroxide were 
shaken in 100 ml. of purified benzene for 2 hours.
The solid rêsidue was removed from the dense violet 
solution by filtratioh through a fine grain paper.
The filtrate was evaporated to dryness under vacuum.

The dark coloured residue gave large violet 
prisms. These were recrystallised from a benzehe- 
ligroin (2:1) mixture.
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The overall reaction is

N-N
r
NO;.

NO;.
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Apparattia.

Dllatometers^
n) r iiifM iW n 'fir  nr##ilTimnr TiirnirîTn-nîi

Figure 1 is a diagram of one of these dilatometer s.
The constriction at B, above the safety bulb, is 
for sealing purposes and the vessel is made in Pyrex 
glass.

b) Dllatometera for Mon-ftatlonarr State meamraaenta.
(See fig. 2.)
Each dilatometer has a bulb of about 10 to 15 ml. I

capacity connected to a capillary of Feridla tubing 
0.40 mm. in diameter. An extension of this tubing 
almost touches the bottom of the bulb whereas the 
other end is fused to a B.IO Quick fit cone. To help 
hold the dilatometer in place in the surrounding 
casing, two steel springs are clipped onto the glass 
lugs near the cone and so diet joint.

The casing is constructed in two parts, the 
lower part being a test-tube shaped jacket fitted with 
a B.45 Quick fit socket while the upper part, which 
holds the dilatometer in position, fits into this tube



D

:^Bi4

Figure 3 . Dilatometer for coefficient of expansion

measurements.
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through the B.45 cone. The ground glass joints are 
firmly held by Picene wax and the outer jacket can be 
evacuated through the side arm D.

c) Dilatometer for Coefficient of Expanaloa measureggggEi,
•This is shown in fig. 5 and consists of a 

detachable vessel. A, fitted by a B.14 Quick fit owe 
and socket to a length of Veridia tubing, C, of I.50 mm. 
bore. The capillary is sealed to the narrow end of 
the cone and steel springs hold the vessel securely 
in position. The L-shaped vessel is designed to 
introduce mercury, free from grease, into the 
dilatometer while the system is under vacuum.

T— « A m  fAr Rates of. Initiation Measordpemts.
These vessels are simply cylindrical bulbs 

2.5 cm. long and 1.0 cm. in diameter with a stem for 
filling purposes. They are made in Pyrex glass.

High Vacuum System.
The high vacuum system (shown in fig.l) consists 

of a 2 stage mercury diffusion punq> (D.P.) backed 
by a Bpeedivac rotary oil pump ( type 2 ) Ydiich is
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protected by cold traps, DD. A series of traps,
F,G and H are used for the distillation of monomers 
and reaction vessels are filled from the stopcocks 
marked B.IO.

The apparatus is made in Pyrex glass with 
Quickfit joints and hollow vacuum stopcocks greased 
with Apieson L.

Thermostatically Controlled Tank And Flttlags.
YvvûoleKinetic measurements weroyŷ in a thermostatically 

controlled tank, 12 inches by 12 inches by 15 inches 
deep, constructed from copper sheeting and lagged 
with Î inch expanded ebaoite. Two long vertical 
slit windows are cut in opposite sides for observation, 
and there are two circular windows in the other two 
sides for Ü.V. irradiation. The outsides of these 
latter windows have slot holders attached for filters.

The tank is filled to a set mark with clean 
water which is changed regularly to cut down irradiation 
losses due to light scattering from suspended dust 
particles. The water is raised to the required 
temperature by a 1.5 kilowatt immersion ring heater 
after which the power is switched to a 100 watt
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copper sulphate tube-heater controlled by a toluene 
regulator through a relay. The bath is agitated by 
an electric motor and can be controlled to + 0.015C^ 
(measured by a Beckmann thermometer).

For photoinitiation, a 125 watt Osira ultra 
violet lamp ( with the envelope removed) is used.
This is set in a hard asbestos cylindrical casing 
with a slit window in the wall. Before any runs 
are photoinitiated using this lamp, it is switched on 
for at least half an hour and allowed to settle to 
a constant temperature - temperature affects the 
output from this type of lamp.

Between the lamp and the tank, there is an 
electro-magnetically operated shutter controlled 
by a push button switch. To cut out extraneous 
wavelengths and leave that of 3650^> a Chance 0X1 
filter is used.

Meniscus levels in the capillaries of dilatometers 
in the tank are observed by a travelling microscope 
measuring to 0.001 cm.. When small changes in mwiscus

{S.



s i

U. V

k
TJkO
Ü
%
CDI
oH
0•H
Q>

S

B2
T)
tJOa•H



-51-

level have to be measured very quickly, the croes- 
wire of the cathetometer is replaced by a Him 
microscale divided into 0.01 cm. divisions.

Recording Instruments.
In preliminary experiments, a Sàith’s Timer 

stopclock is used to time readings. %en, however, 
readings have to be taken very quickly, a high 
speed recorder is used - Kelvin & Hughes Ltd., Model 
mark V, high speed single channel recorder- the 
wiring diagram is shown, fig.4. Using this instrument, 
a changing meniscus level passing the scale can be 
recorded by depressing, at each division, a tapping 
key to complete the circuit to the recorder; this 
gives a mark on a recording chart, the speed of 
which is 2.5 cm./sec..

The recorder was kindly lent for a period of 
1 year by the Admiralty.

After this period, the recorder was replaced by 
another, an Elliot pen recording voltmeter. It 
was found that with the Elliot recorder, since the 
instrument response period was fairly large ( 1
second) it was better to have the circuit closed
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for the normal position of the tapping key and to
break the circuit to make a recording mark. The ^
speed of this recording chart was 12 Inches per 
minute i.e. approximately 1/5 the speed of the 
first recorder.

Intensity Screens.
• To cut down the intensity of the U.V. light 

by known factors, screens were made by exposing 
photographic plates for different periods. However, 
these were found to be unsuitable since there was 
high absorption of light in the U.V. region because 
of the plate emulsicm.

To replace these, a nickel gaule screen 
(40 mesh) set in a copper frame was used. The 
transmission of the gauze was calculated by measuring, 
with and without the screen interjected, light intensity 
fxrom a fixed source ( 100 watt tungsten filament 
lamp) using a photoelectric cell coupled to a 
microammeter.
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Procedure.

Preltmlhary Experiments.
To obtain an idea of polymerisation rates 

corresponding to different catalyst concentrations 
and thence to choose a suitable concentration for 
a required rate, a series of simple type dilatometers 
were made with a capacity of about 2 ml.. These 
dilatometers were calibrated using acetone^^. The 

I requisite amount of catalyst solution was then
ft, introduced into the dilatometer and the solvent,

chloroform, was pumped off.
$:
2' . ■ 

Meanwhile, 20 ml. of freshly distilled and
V-"' . -dried methyl acirylate were prepolymerised in trap
' ■'iG and distilled under vacuum into trap F (fig.l). I

With the dilatometer containing catalyst still in
position on the vacum line, monomer was distilled in
from trap P. After adjusting th^monomer level,
the dilatometer was sealed by a hand torch using a
coal gas/oxygen flame.

The reaction vessel was then ready for kinetic
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méasureraents to be made and was kept frozen in solid 
carbon dioxide until required.

The filled and sealed dilatometer, placed in 
a fixed position in the thermostat at a fixed distance, 
t 23 cm. from centre to caitre ) from the mercury 
vapour U.V. lamp, was allowed to settle to the 
temperature of the water (25^0 ).

After initiating the reaction by opening the 
shutter to the U.V. lamp, the meniscus level was 
followed with the cathetometer, readings being taken 
at minute intervals.

This experimait was repeated at different 
catalyst concentrations.
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Mof-gifcÆ^ateinary State

No direct method of calibration was used with 
the dilatometers for the non-stationary state 
measurements. The bore of the Veridia capillary 
was known to be 0.40 mm.. Also, a measured amount of 
monomer was distilled into the bulb ^ d  so the volume 
of monomer, in the reaction vessel was also known.

a) Filling of Dilatometers. '
The requisite amount of catalyst solution was 

introduced through the side arm and evaporated to 
dryness in the upper half of the bulb. This was 
to ensure that all the catalyst would be dissolved x
in subsequent monomer in the bulb and not masked 
by the confining mercury pool. 2.5 ml. of mercury 
were placed in the bulb and the side arm joined to a 
graduated section which in turn was attached to the 
vacuum line. The position is shown in fig. 2b.

The mercury was drawn up the capillary until 
only a small amount, enough to seal the end of the 
tube, was left in the bulb. The mercury was frozen

i

. '(■
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to keep it in this position and the whole system 
evacuated.

Methyl acrylate, previously purified, was 
distilled under vacuum into the graduated section 
until a set mark ( at 25^C ) was reached. This volume 
was then distilled into the dilatometer and isolated 
there by sealing the side aim. The reaction vessel 
was kept in Drikold until required.

b) ^(?n-?tattgaanr IwwifiiMnta»
With the dilatometer set in the casing as 

shown in fig.2, the whole apparatus was fixed in 
position in the thermostat and allowed to settle to 
the bath temperature. When temperature equilibrium 
was obtained, excess mercury above the capillary 
was removed using a glass dropper, and the outer 
casing evacuated.

The cathetometer was focused on the meniscus 
level and the shutter opened to the U.V. lamp; 
simultaneously, a recording mark was registered with 
the pen recorder. A maik was also recorded when 
the meniscus passed each division on the microscale
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as the volume In the vessel expanded.

After each experiment, the dilatometer was 
heated a little to bring the mercury column to the 
top of the capillary so that more mercury could be 
introduced to compensate for contraction of reaction 
mixture due to polymerisation. ' Hence, experiments 
could be carried out at different stages of conversion.

c) Intensity Eaaoneat.
Also, by inserting the nickel screen during 

various stages in the reaction, rates can be compared 
at different light intensity to give the intensity 
exponent and from this, the order of the termination 
reaction is obtained.

By weighing the amount of mercury introduced 
into the dilatometer at each stage, the volume 
contraction of monomer can be calculated knowing 
the density of mercury. Now, for 100^ polsnnerisation 
at 25^C the reacting mixture contracts 22.63^.
Hence, the extent of reaction can be estimated.
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flfl filWflfli ^*1—
Contraction measuranents can also be made 

using the above type of dilatometer. It has been 
said in the introduction that the overall effect 
will be one of e3q>ansion as long as. conditions 
remain adiabatic, the expansion being the difference 
bet^reen the heating effect ( heat of reaction) and 
the specific volume change. However, as adiabatic 
conditions break down, the heating effect becomes 
less until it is balanced by the rate of heat lost. 
At this stage specific volume change will be the 
only effect measured i.e. rate of contraction.

Thus, if the shutter is kept open for a long 
period until the mercury meniscus is falling at 
a steady rate, rates of reaction can be measured 
and compared to rates measured from expansion 
experiments carried out immediately before and after 
using the same reaction vessel.
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Figure 5 • Light absorption curve for 5x10* M/L D.P.P.H. 
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RatQS of Initiation.
A solution of D.P#P.H# was placed in the vessel 

described earlier# The absorption spectrum between 
4000 A and 60OO A was measured using a Dnicam S*P#600f 
to find a suitable peak wavelength at which subsequent 
absorption measurements can be made# This was 
found to be 5250 A (fig# 5)*

Using standard flasks, solutions of D#P#P.H# 
in chloroform were made up of various strengths 
ranging from 1x10**̂  g.moles/L. to 0#5xl0**^ g.moles/L.# 
Absorption readings were noted for these solutions 
using the same vessel as before and a plot of log 
absorption' against concentration made to be used 
later for estimation of str®igths of solutions (fig#6).

One of the reaction vessels containing a solution 
of D#P.P#H# in methyl acrylate with catalyst (8.45x10*^ 
g.moles/L#) and sealed under vacuum, was placed in 
the same position in the thermostat as that occupied 
by a dilatometer during an experiment. The solution 
was irradiated by U.V. light and absorption readings

oat 5250 A made every 2 minutes. Simultaneously,
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contraction measurements were observed using a 
c at he tome ter focused on the stem of the vessel.
These readings were continued for a period after 
the last traces of purple colour had disappeared 
from the solution.

Also, a series of experiments .were made under 
the same conditions replacing the methyl acrylate 
with chloroform. To check on fading by Ü.V. lig)it 
without catalyst, a solution of D.P.P.H. in chloroform

Iwas irradiated for 1 hour. Ther^was no change in 
absorption readings.

Coefficients of Expansion of Différait Moncmery 
Polymer Mixtures.

Using the apparatus shown in fig. 5 with mercury 
in the reservoir, E, monomer/polymer mixture was 
frozen in A for several minutes and the system 
evacuated as quickly as possible to prevent loss 
of monomer. The reservoir was tilted and the mercury 
allowed to fill the dead space in the vessel and 
to come some way up the capillary. The dilatometer 
was weighed before and after the process to find 
the volume of mercury present.
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Figure ^ • The coefficient of expansion of methyl 
acrylate polymer at 2 5^ conversion.
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With the dilatometer placed in a thermostat, 
expansion measurements were made over a range of 
15 C°.

A graph was constructed of expansion against 
temperature, fig.7 and from the slope, the combined 
coefficient of expansion of mercury, monomer and 
polymer was measured.

Note: The polymer used had been formed by
polymerising, as far as possible, methyl acrylate 
using U.V. light and then leaving the reaction 
vessel unbroken (i.e. under vacuum) in daylight 
for a period of 1 year. No traces of monomer could 
be detected after that time and it was therefore 
presumed that 100^ polymer was being used.

Also, a little hydroquinone inhibitor was left 
in the monomer used for making up the monomer/polymer 
mixtures to prevent further polymerisation in the 
mixture while expansion measurements were being made.
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The coefficient of expansion of methyl acrylate 
monomer measured over the range 25̂ 0 to 35^C ( fig,8) 
was found to be 1,26x10*^ deg," # This agrees well 
with Ma the son* s values^^, 1.28x10*^ deg,"*̂  derived 
from density measurements at different temperatures.
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Figure 9 , Rate curves for methyl acrylate

polymerisation at different catalyst concentrations.



Preliminary Experlaa^,
Some preliminary experiments were designed to 

give guidance for further, more comprehensive 
experiments. The preliminary results give an indlcatlcm 
of the rates to be expected under different conditions 
and from these results suitable experimental conditions 
can be chosen.

Fig.9 shows polymerisation rate curves for 
different catalyst concentrations using simple 
dllatometers. These rates are given In table I. *

The variation of rate with catalyst concentration 
for the polymerisation of methyl acrylate at 25®C.
Catalyst cancaatration 

g.moles/L. x 10*
Polymerisation rate

1.483 53.51.575 45.71.158 49.40.800 41.5
0.562 33.0
0.271 23.40.262 22.3No catalyst 4.1

1
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Figure /O. The relationship between rate and
catalyst concentration in the polymerisation of 
methyl acrylate.
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V " 'fr

From table I a plot of catalyst concentratloa 
against polymerisation rate has been drawn (fig# 10) 
and in the same figure, the plot of the square root 
of the catalyst concentration against rate is seen to
be linear# From table I a catalyst concentration of

-3 - 1 0.800 X 10*" g.moles/L# was chosen for subsequent *
experiments#

H im nn iin i U ii T t H l i M m i  " iT t r t l iT i

The straight line relationship betwe«i polymerisation 
rate and the square root of catalyst concentration 
shown in fig# 10, is an indication of second order 
termination reaction# It can be seen, however, that 
there is some scatter of points in this plot and 
confirmation of second order temination is required#
To this end, further experiments at different light

■ ' jintensity were carried out# - .,

i .;'vUsing the simple type of dilatometer with 
constant catalyst conc«itration, the rates of polymerisation 
at different light intensities were followed. By 
measuring the gradient of the plot of contraction
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Figure 11 * Methyl acrylate polymerisation rates at 
different light intensities.
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against time (fig. U), the intensity exponent can 
be calculated from

Intensity exponent = Logll^/!^; ( see fig. 12.)
where and are the polymerisation rates at
the different light intensities and respectively.

ya.l23A.II
Intensity exponent for the polymerisation of 

methyl acrylate at 25^C.
m (maximum 
intensity I^) .

m. (reduced intensity
^  1 ,̂ = 0.3151.)

Intensity
expon^t

0.156
0.156 0.0829

0,0815
0.5450.550

From table II it can be seen that the termination 
reaction is almost second order.

A further check on the order of the termination 
reaction^using non-stationary state methods (dilatoaeÉer 
and thermocouple methods) for following the rate of 
reaction^gave varied results according to the extent 
of polymerisation* Table III which is divided into 
three sections, very early stages ( < 2^ conversion
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of monomer to polymer ), early stages { > 2 %  conversion) 
and later stages (when the reaction mixture has g elle), 
shows the variation in intensity exponent at the 
different stages of the reaction. This table makes 
use of the results of several experiments, denoting 
the dilatometer method and *T* denoting the thermocouple 
method (described in detail later )•

Tabl% m , .
The variation of intensity exponent at different 
extents in the polymerisation of methyl acrylate using 
non-stationary state (dilatometer and thermocouple) 
methods for measuring the rates of reaction.

number
% conversion Polymerisation rate (^/h.) 

Intensity
Ditmslly
Exponent

îfejmum (Iĝ) Reduced (0.315^
v6 0 18.9 0.̂ 53D3 0 18.5 8.0 0.73
D3 0 20.8 5.5 1.15D9 1.9 19.9 4.2 1.35D9 2.0 16.0 ... 5.0
% 2 19.3 9.2 0.64
T8 2 10.4 9.2 0.60
d6 5 14.0 7.2 0.57T2 4 41.4 23.9 0,48
T2 4 40,2 22,8 0.49T9 17 16.2 8.1 0.6o •
T9 17 16.0 8.9 0 . %
d6 22 19.5 8.9 0.68
d6 ^ 22 ______ 18 a 9 8.7 _____ 0.6T
T7 50 5.3 2.1 0.80
T 9 ____ 6 0 ........... 24.2 .2.9________________



o  Pull intensity (I)
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Figure 13. Non-stationary state rate curves for the 

polymerisation of methyl acrylate using the dilatometer 
method ( 0^ conversion. )
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Since, in the polymerisation of methyl acrylate, 
there is lack of reproducibility and also a large 
deviation from second order termination in the very 
initial measurements, these have been neglected as 
far as accurate deteminations are concerned*

After the very initial sta^e, however, the 
intensity exponent is almost 0.5 i*e# the termination 
reaction is almost second order# At later stages 
in the réaction, there is afcain deviation from 
second order termination# These measurements are 
discussed later#

From non-stationary measuremaits made by the 
dilatometer method, plots of expansion against 
time during the first 10 seconds following the 
commencement of irradiation have been made (fig. 15)*

Polymerisation rates and the corresy onding 
values for the lifetimes of the kinetic chain (T) 
are shown in table IT#
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The depœdence of the rate of polymerisation 
and T  upon the intensity of the irradiation for the 
photosensitized polymerisation of methyl acrylate at 25 Ĉ,
'Rate r Intensity of —n R i°*5r(sec.) Irradiation

(I,artitrBiy)
Rate X I

14.0 2.3 1 14.0 2.37.2 %8 0.315 12.9 2.1

From table IV it can be seen that the rate of 
polymerisation is proportional to the square root 
of the intensity of irradiation while T  is inversely 
proportional to the square root of the intensity. 
Both of these results confirm that the termination 
reaction is second order, thus indicating that 
the termination proceeds by mutual interaction 
of growing polymer radicals.
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Values for the rates of polymerisation and T  
for the photosensitized polymerisation of methyl 
acrylate at 25^C using different catalyst concentrations

r ^
(sec.)

Rate lkp/k|;) X 10̂ Catalyst conc. 
(g.moles/L.)

2.6 13.6 9.^3 o.æoxio
2.3 14.3 9.14 11
7.1 5.8 11.5 0.800xl0~^
5.9 6.1 10.0 ft

10,4 5.5 10.1 0
14.2 2.3 9.07 0

The results in table V were obtained from 
non-stationary experiments using the dilatometer 
method, and whereas catalyst concentration has been 
altered from one experiment to another, the light 
intensity is kept constant. From these experiments, 
it is seen that the ratio kp/k^ remains constant.
Also, polymerisation rate is almost idependent 
on the square root of catalyst concentration 
although at the lower concentration the rate is a 
little high. Direct photorate (i.e. the polymerisation 
rate with no added catalyst) will affect polymerisation 
rates at the lower catalyst concentrations since
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Figure l4-. Comparison of rate and l/'T'at different 
catalyst concentrations in the polymerisation of 
methyl acrylate.
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bo th sets of rates are of the same order* This 
near dependence, however, of polymerisation on root 
catalyst concentration is an indication of a second 
order termination reaction*

"~''TT f~r ^  ” iilTïïiir1ïïnt^~n f i iT t i t i i i f l i l i ' i  ~n1 Ir^i^ i
To show the constancy of the ratio the

values, from table V, of l/T and polymerisation 
rate have been plotted against each other (fig. 14). 
This plot shows a straight line relationship 
between l/T and rate: 

i.e. l/r « rate, 
i.e. rate xT=* constant 

where the constant is kpA^«

A number of polymerisations were carried out 
at 25®C and 55^C, and from values of and rates 
of polymerisation, the ratio k^A^ was calculated.
A range of values of k^A^ from these experiments 
is given in table VI together with the relative 
data.
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Table VI.
Values of rate, T and for polymerisation

of methyl acrylate photosensitized with l.l^azobis- 
cyclohexane carbonltrile at 25^C and ( The
results are divided by the horizontal lines into 5 
groups corresponding to 5 different dila tome ter s * )

Temperature
r c . )

Rate T
(sec.)

(kpA^) X 10 5

25 14.5 2.3 9.1
25 15.6 2.6 9.8

25 12,9 2.4 8.6
25 11.0 2.7 8.3
25 12.1 2-5 8.4
25 11.4 2.8 8.9

25 14.2 2.3 9.1

55 17.9 2.2 11,0
55 15.9 3.2 14.1
35 l^.’ï 1.9 X 9
35 19.5 2.9 15.7

It can be seen from table VI that the variation 
in value of the ratio k^A^ Is greater at 
than it is at 25^C*
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Figure ( 5 , Rate of decomposition of D.P.P.H, compared 
to its inhibitor effect in the polymerisation of methyl 
acrylate.
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Rates of Initiation.

Rates of initiation for the photopolymerisaticm 
of methyl acrylate have been measured on two 
different principles using D.P.PÆ..
a) The rate of disappearance of the violet colour 
of the has been measured using an absorpt-
iometer
b) By adding a known amount of D.P.P.H# inhibitor, 
the point when contraction begins can be taken as 
the end of the inhibition period

Both principles have been incorporated into 
the one experiment and fig# 15 shows a typical 
plot from one of these experiments# Light absorption 
at A =s 5250 X has been plotted against time of 
irradiation and the slope of this curve gives the 
rate at which D.P.P.H# is removed by reaction with 
radicals. In the same figure, a plot of contraction, 
against time is given. By extrapolating the linear 
portion of this latter curve to the time axis, an 
Inhibition period of 82#^minutes is found. The 
former curve, however, gives an inhibition period
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Figure Ifo. The rate of decomposition of D.P.P.H.
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of 42#5 minutes. This difference of a factor of
2 between the two methods is probably caused by
the formati<m, during the D.P^P.H. removal^ of

29another inhibitor  ̂which has to be removed before 
polymerisation occurs. Because of this effect, 
colorametric determinations of rates of initiation 
were used.

Also, since decomposition of 1,1* azobiscvclohexane 
carbonltrile is nearly independent of solvent , 
rates of initiation using this catalyst, were studied 
in chloroform solution.

A plot of decrease in D.P.P.H. concentration 
with time under normal experimental conditions is 
shown in fig. l6. This is very close to plots from 
duplicate experiments.

From the slope of the linear portion of the 
curve I fig. l6),

5.72 X 10“^
moles D.P.P.H. removed = _ _ _ _ _ _ _  moles/L./sec,55
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Assuming 50^ efficiency,
1^86 X 10-^

I =
60

» 5*1 X 10~^ moIes/L«/sec«
Note: Since these experiments were carried out
in chloroform, the direct photopolymerisatiw rate 
of methyl acrylate has been neglected. This, 
however, is of the order of 10% of the total rate 
and therefore affects the results to a small 
degree only.

7alue3 fa. ytf.ooltT Co.fflelant3. a

Having obtained a value for rate of initiation -
'■’Î

of the reaction under the conditions of the experiment, 
the velocity coefficients for the propagation and 
termination rates, and respectively, can be 
calculated. It can be seen from table 71, however, 
that there is a variation in the values for rates 
of reaction. This variation may be the result of 
changes in rate of initiation although the dilatometers 
were clamped in the same position in the water 
thermostat. It is possible, however, that slight 
errors in the uosition of the dilatometers combined
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with slight differences in photosensitizer concentration
and fluctuations in the Intensity of the irradiation
from the Osira lamp are responsible for the variations '
in the values of the rate of reaction. Values of
k and k. have been calculated therefore on the P V
basis of two assumptions:
a) The variation in rate was due to variation 
in the rate of initiation.
b) The rate of initiation was constant for all 
de termina ti ons .

Values of k and k̂ . are listed in table VII,P ^
the values in brackets having been calculated on 
the basis of a constant rate of initiation.



Values of the velocity coefficioits for the propagation
and termination reactions of the photosensitized

opolymerisation of methyl aci*ylate at 25 C.

L .liioîe"̂  sec L.mole sec. (kpAt)i 10^

520 (520) 6,1 (6.1) 8.5
520 (470) 5.5 (4.8)600 (440) 6.9 (5.2) 0.6
620 (560) 7.5 (4.4) 8.3610 (440) 7.5 (5.2) 8.4
580 (360) 6.5 (4.1) 8.9 i560 (550) 6.2 (6.1) 9.1

These values have been calculated from measuren^nts
taken on several experiments made on the initial
stages of the reaction i.e. before the rates had
accelerated. As can be seen from table VII, there
is less variation in the values of k if they areP
calculated on the basis that the rate of initiation 
varied in each determination. Reproducibility is 
good for these early stages, although some experiments 
at the very early stages gave anomolous results as 
mentioned earlier.
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The average value of k calculated on theP
assumption that rate of initiation varied, is 58O L. 
mole^^ sec.""̂  and the average value of k^ is
6.5 X 10° L.mole"^ sec. at 25°C,

Table Till.
Values of the rate, T  , kp, k^ and kp/k^ for 

the photosensitized polymerisation of methyl 
acrylate at 55^C.

Rate
$/h.

T
sec.

kp
T n —1 —1L.mole sec.

k̂ . X 10"^
-1L.mole sec.

(kpA^)xlO^

15.1 3.5 390 2.6 14.7
17.9 2.2 730 6.7 10.9 .
15.9 3.2 450 3.2 14.1
15.1 2.3 590 6.1 9.716.8 1.9 790 8.9 8.9
19.5 2.9 600 3.8 15.7
19.5 3.0 590 3.6 16.3 . ...

In the experiments at 55^C (table VIII) there 
is greater variation in results particularly in 
the measurements of T; results based on T  will 
therefore have similar variations. Thus, approximate 
values for the energy of activation for the termination
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reaction, based on the results glvem in table VI 
and table VIII, vary from 0 to 7.8 k.cal./mole.

The increase in polymerisation rate with 
increase in temperature indicates a positive overall 
activatlcm energy. From the rate data at 25 and 55% 
the overall activation energy was found to be 
6.2 k.cal./mole. Thus, fnm = Ep the
value for the activation energy of the propagation 
reaction, Ep, lies between 6.2 and 2.5 k.cal./mole.
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P-QlmeclaaUan JRwjtooiii

In calculating polymerisation rates^ one of
the factors involved, the coefficient of expansion
of the reacting mixture, must be known accurately.

asIt was found, however, that^the extent of polymerisation 
progressed, the coefficient of expansion of the 
onomer/polymer mixture changed. Expansion was , 

measured over ?5 to 55% for various monomer/polymer 
mixtures in the apparatus described previously.

A graph was constructed of expansion against 
temperature (e.g. fig.7 for 25^ conversion).
Since the measured volume included mercury, the 
slope of the plot gave the combined coefficient 
of expansion of mercury, monomer and polymer.
Knowing the individual volumes of the constituents 
of the measured volume, the coefficient of expansion 
for that monomer/polymer mixture could be calculated.
An example of such a calculation is given in 
appendix II.
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Figure 1*7. The comparison of the theoretical and 
experimental coefficients of expansion of poly-methyl 
acrylate at different extents of conversion.
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Coefficients of expansion for various similar 
mixtures, were plotted against the extent of monomer 
to polymer conversion in fig.17. These coefficients 
were compared to those calculated by direct addition 
of the individual monomer and polymer expansion 
coefficients in their relative proportions. A 
typical calculation for this "theoretical" coefficient 
of expansion is given in appendix II.

From fig.17 it can be seen that the experimental 
curve differs from the theoretical one indicating 
that the expansion coefficient of polymethyl acrylate 
changes when it is dissolved in methyl acrylate.

The relationship
m X 5600 X 100

Rate = T $/h.A
gives the rate of polymerisation 

from expansion data, where m is the gate of expansion 
l^/sec.) and A is % expansion for 100% polymerisation. 
The variation of A with extent polymérisation has 
been plotted in fig.l8.
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Figure <9* Non-stationary state rate curves for the 
polymerisation of methyl acrylate at 2. different light 
intensities using the dilatometer method, (22^ polym.)
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Figure 20, The variation of rate and T  with extent 
reaction for the polymerisation of methyl acrylate - 
dilatometer method.
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Non-stationary measurements were made at the 
later stages by the dilatometer methods A typical 
expansion against time plot for such experiments 
is shown in fig#l$; the reaction mixture had 
polymerised to 22% conversion and the measurements 
were made at two different light intensities#
Although at this stage, the reaction mixture had 
gelled, reproducibility of measurements was still 
good*

In fig.20, the effect of extent conversion 
of monomer to polymer is shown. There is an initial 
acceleration of reaction rate followed by a gradual 
decrease in rate. With the plot of T  against extent 
polymerisation (fig.20) there is a corresponding 
gradual increase in values of T' as the reaction 
progresses. As in the initial stages of the reaction, 
decrease of catalyst concentration decreases the 
reaction rate.

Rate of polymerisation increases with increase 
in temperature; this was found to hold over the
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Figure 2.1 . Rate and ̂  - dilatometer method.
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Figure 22. The variation of and kt with
extent repetinn at different temperatures
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range of extent of polymerisation measured (up to 
70^ conversion) indicating a positive overall 
activation energy, (fig.21) although the value of 
this decreases with ext^t conversion; this is 
indicated in fig.21 by the convergence of the plots 
for results at 25^0 and 35^C.

From fig.21, however, the plot of T against 
extent conversion for experiments conducted at 2 
different temperatures, it can be seen that 
temperature has very little effect on values of T 
i.e. an indication of zero energy of activaticaa 
for the termination reaction.

The effect of extent conversion on the kinetic 
constants, and k^, has been studied from fig.22. 
Both kp and k^ decrease with extent polymerisation.

Again, the effect of toaperature is to increase
k^ but to have little effect on k^. There is also P ^
convergence of the 2 plots of k^against extent 
conversion (at 2 different temperatures) similar 
to the experience of rate in fig.21.
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Figure 2.3 . Rate and with no catalyst present.
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Although it can be seen that there Is a positive 
overall energy of activation, the value for this 
cannot be determined accurately at the latter stages 
because of the scatter of points* Similarly, there 
is a large scatter of values of T at the later stages 
making the determination of impossible,

Hon-stationary State Experiments with Ho Catalyst.
Using the non-stationary state dilatometer 

method, reaction rates and values of T were measured 
for the polymerisation of methyl acrylate without 
catalyst. As was expected^ this direct photorate 
was much smaller than the rate for the catalysed 
reaction lea.1/4 to 1/5 the rate at normal catalyst 
concentration) • There was a corresponding increase 
in values of T .

There was, however, no rate fall off with Increase 
in extent conversion as fig*25 shows. Also, fig.25 

(a plot of T against extent conversion) shows that T 
maintained a steady value with increased monomer to 
polymer conversion.
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Figure 24, Variation of k^k^ with extent reaction 
for the polymerisation of methyl acrylate using no 
catalyst ( dilatometer method,)
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Also, the plot of k against extent Ip & y

conversion, fig.24 gives a line of almost zero 
gradient I.e. the ratèb of the kinetic constants 
Is unchanged with increased conversion. There was, 
however, considerable scatter In these values, the 
result of the large values of T rendering rate 
measurCTients unreliable (see discussion).

-,)r V
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Figure 25. A continuous polymerisation experiment 
for the polymerisation of methyl acrylate ( dilatometer 
method.)
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Figure 26. Comparison of contraction and non-stationary 
state measurements for the polymerisation of npt hyl acrylate.
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Comparison of

Polymerisation rates were calculated from 
contraction measurements and compared directly to 
non-stationary measurements to check the validity 
of the latter values. Fig.25 shows a typical plot 
of height of mercury in the stem of a dilatometer 
against time. Non-stationary state measurements 
made at the very initial point of this curve are 
compared with contraction measurements in table IX,

T.̂ .s .III.
Comparison of polymerisation rates in the early 
stages of the reaction deduced from non-statlohary 
state measurements and contraction.

Rate of polymerisation {%/hm)

Hon-stationary state Contraction
method. method.

18.4 2524.3
19.6 25

In fig.26, an example of non-stationary and



o  Contraction measurementa.
0  Non-stationary state measurements.
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Figure 27, Comparison of contraction and non-stationary 
State measurements for the polymerisation of methyl acrylate
at LO^ conversion.
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contraction measurements is given in more detail.
It will be noticed that in these early stages of 
the reaction, the agreement between the two methods 
of measurement is fairly good*

-Î

When later stages in the reaction were reached 
and the two methods of measuring compared, it was 
found that there were large differences in rate 
measurements (fig*27)> rates differed by as much 
as a factor of 2* Table X shows some of these 
results at later stages*

Comparison of polymerisation rates in the later stages 
of the reaction deduced from non-stationary state 
measurements and contraction measurements*

Extent conversion 
%

Rates of reaction (^/h*)
Non-stationary
method*

Contraction
method*

0
7.9
19.7
35.3

19.6
27.0
i-i'i

25
59.746.1
47.1

The above differ«ice in results from the
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Figure 28 • Comparison of contraction and non-stationary 

State measurements for the polymerisation of methyl acrylate 
using a catalyst concentration of 0,600x1 M/L,
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different methods may be due to.a heating effect 
(see discussion) from the heat of reaction* This 
effect can be reduced by using 1/I6th catalyst 
concentration* An example of resulting measurements 
is given in fig,28. In table XI, the two methods 
of measuring are compared at the lower rates.

Comparison of polymerisation rates deduced from 
non-stationary state measurements and contraction 
measur^neoits using 1/10th catalyst concentration.

Ext^t conversion Rates of reaction (%/h.)

Non-stationary method.
contraction
method.

2
lii

5.2
8 7.6] 5.1

7.1-*15 7.6 11.4......i. Vi u > . -..n m

It can be seen that at these lower rates 
where the heating effect is not so marked, there is 
reasonable agreement between the two methods, although 
when conversion reaches about 15^, the variation
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between the two methods of measuring Is as great 
as that found at nomal catalyst conctmtratlons.
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Introduction.
Having studied the kinetics of polymerisation 

of methyl acrylate using a dilatometer method for 
following the reaction, another method for measuring 
the reaction kinetics would serve as a useful 
comparison, A series of experiments was therefore 
carried out under the same experimental conditions 
using the thermocouple method for measuring values 
of T  and polymerisation rates.

The thermocouple method was devised by Bengough 
and Melville^^ and used to measure the rate constants 
of the propagation reaction and termination reaction 
for vinyl polymerisation and has already been used 
for vinyl acetate, methyl methacrylate and butyl 
acrylate polymerisations. Essentially, the method 
is one of measuring temperature rise in the centre 
of a reaction vessel.

Since the whole of the reacting mixture Is



—70—

being heated uniformly by the reaction and cooling 
occurs through the walls of the vessel only, the 
adiabatic conditions hold for about 30 sec. at 
the centre of the vessel, that is. In the region 
of one thermocouple junction. Therefore no 
complicated apparatus is required to keep the whole 
vessel under adiabatic conditions. This Is a 
distinct advantage over other methods^^*^^^^^ 
where a measurement Is made on the average change 
throughout the vessel. Also, these vessels are 
easily replaced; subsequently, any reaction carried 
on into the gel state with destruction of the vessel 
is no great loss. This makes the method ideal for 
following the later stages of the reaction.

Under adiabatic conditions, the temperature 
rise is directly proportional to the fractional 
conversion and hence both the polymeri sation rate 
and T  can be obtained directly from the temperature 
rise against time curve.



Gr

Figure Z9. Reaction vessel for non-stationary 
state measurements by the thermocouple method.



Apparatus.
A diagram of the type of vessel used is shown 

in fig.29* It consists of a soft glass vessel with 
copper/constantan thermocouples A and B, sealed 
into the reaction bulb and one of the side arms.
The wires C and D, are soldered to screened leads 
which in turn are connected to the input terminals 
of a Tinsley B.C. amplifier (type 5152). To protect 
the wires from stray moisture or from short 
circuiting on any metal parts, rubber sheaths are 
slipped over them and onto the side arms, E and F. 
The whole vessel can be connected to the vacuum 
line (previously described) by way of a B.IO soda 
Quickfit joint, K.

The theimocouples used were made from 0.2mm. 
diameter copper and constantan wires brazed together 
at a point contact; the other ends of the joined 
wires were brazed onto 1.0 mm. diameter Factite 
bo rated copper clad wire for sealing into soft 
glass.
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With the side arms primarily in a horizontal 
straight line, the prepared couples were slipped 
through and sealed at G and H, arm E being bent to 
the vertical position shown in the final diagram.
The whole vessel was then evacuated and the seal 
at J completed resulting in the thermocouple at 
B being isolated under vacuum. Arm F was raised 
parallel to the others.

These vessels were filled in the same way as 
ordinary dilatometers (page 35)• Clamped in position 
in the thermostatically controlled bath, the vessel 
and contents were allowed to reach temperature 
equilibrium with their surroundings. With the 
thermocouple leads connected to the input of the 
amplifier whose output is conducted to an Elliot 
voltmeter pen recorder, the system was ready for 
the reaction to be initiated.

Half an hour before using, the amplifier and 
the mercury vapour arc are switched on so that 
they both give steady outputs.
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At various stages in the reaction, the height â
of the monomer In the stem of the vessel was noted#
Thus from the volume contraction, the bore of the
stem having been measured, the extent of polymerisation ^

could be calculated at these stages#

With the amplification adjusted to a suitable 
value, the test voltage was applied for 5 sec# (points 
A to B fig#50) and was used as a standard when 
making measurements from the recording chart#

Referring to fig.30, after the test voltage 
was cut out at point B, the shutter to the mercury 
vapour lamp was opened# The shutter action 
simultaneously produced a pip (point C) on the 
recording chart which was used as a starting 
marker# This rise in temperature was recorded 
(curve CD) until the rate of rise was constant# The 
closing of the shutter stopped the reaction and 
the vessel was again allowed to attain temperature 
enuilibrium with the tank water before another 
experiment was recorded#



Recording Instrum^ts^,
The Tinsley D*C. amplifier (type 5L52) Is 

designed for an input impedence of less than lOJl; 
it is therefore suitable for use with thermocouples* 
The voltage amplification is greater than 10^, and 
the instrument has a coarse and fine balance control 
for balancing out E#MVF*s of up to 400 in the 
input circuit. This means that temperature rises 
of up to lOC^ can be measured to an accuracy of 
0.001 Thus temperature changes can be followed
in a continuous polymerisation as well as the non- 
stationary phase of the reaction. The test voltage 
used for calibrating the temperature rise in the 
reacting system is introduced into the input 
circuit by means of a switch and can be varied 
from 0.01 to 100 ̂  7 by factors of 10.

The output circuit is designed for a 500 Jl 
load and gives a current of up to 10 mA. The output 
is connected to an Elliot voltmeter pen recorder 
which has a resistance of 1100A and gives a full 
scale deflection when a potential difference of



•75-

1 volt Is applied# The recording paper has a 
width 5.75 inches and was usually run at a speed of 
12 inches per minute although some continuous 
polymerisation runs taken over a long period 
were recorded at 12 inches per hour# The half 
life of response of the instrument is 0#5 sec#
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Measuüjaillpat of the Klnatle Constants of PolvmerlsatlBn 
nr Mftthvl Amrvlm&m ̂  nr«gtmea nf T H  fihlni-nhmnww 
methane as Tranaf— ; § # 0 #  -  ,Thermocouple Method.

Thermocouple experiments were also carried 
out using methyl acrylate in the presence of 1 mole 
percent of a transfer agent, trichlorobromomethane#

The trichlorobromomethane, kindly supplied by 
R.A.M. Thomson esq#, had been purified by washing 
with aqueous sodium carbonate to remove free bromine, 
drying over anhydrous calcium chloride and distilling 
under vacuum (20mm. pressure).

After introducing the catalyst to the reaction 
vessel and pumping off solvent in the usual manner, 
the requisite amount of CCl^Br was measured in 
and degassed. Monomer was distilled in as before#

A few primary experiments were carried out 
using the simple dilatometers described under the 
dilatometer method# It was found that the rates 
measured were the same as those in the initial
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stages of reactions in the absence of transfer 
agent.

Thermocouple eaperiments were carried out 
with the methyl acrylate/CCl^Br mixture; the method 
of measuring values of T* and reaction rates has 
been described earlier in this section.

1h

'I;

I

. .y?'

■ m

."t.
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Figure 3 I. The calculation of instrument lag.



■'i

1w 9Lt  ilpp.̂ s ,p,£ Aeai%tf% M|ymQTi.Hliilnii . ■
Rate measurements were made on the early, 

stages of the reaction hy the method just described. 
Traces similar to that shown in fig.30 were obtained 
and rates of reaction were measured from these.
Values for T , however, could not be determined 
until the instrumcait lag for the total system was 
known.

A graph of l/fraction rate against intercept 
of the trace on the time axis was plotted (fig.31) 
and by extrapolating to cut the intercept axis, a 
value of 1.3 ± 0.1 sec. was measured for the instrument 
lag. This value was subtracted from the intercept 
of the trace on the time axis before any calculations 
were made for the lifetimes of the kinetic chain. Also, 
the gradient of the line is proportional to k^/k^.

Intensity, Exponent.
Intensity exponents have been discussed for 

the dilatometer method and it was found that in the

\ .
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themocouple method, values for intensity exponents 
followed a similar pattern (see page 46).

Also ,from fig.31 it can be seen that the plot 
of l/fractional rate against intercept on the time 
axis of the experimental trace, gives a straight 
line i.e. the lifetime of the kinetic chain varies 
with, rate. This is an indication that the terminatlnn 
reaction is second order, for with first order 
termination there is no variation of T with rate.

far lA&cltz .QaaCJOLstatk
Table XII shows some values of rate constants, 

rates and lifetimes of the kinetic chains. These 
values have been measured in the early stages of 
the reaction and measurements made on the same > 
dilatometer have been grouped together.
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Table XII.

Values of reaction rates, lifetimes of the kinetic 
chains and rate constants for the polymerisation 
of methyl acrylate reaction, measured by the 
thermocouple method.

Rate
^/h.

T
sec. L.mole sec. T . —I -*1L.mole sec.

kpAt
xlo5.

16,4 5.7 400 2.4 1721,0 5.2 590 5.2 1924,0 5.0 720 5.6 20

17.4 2,7 580 , 4.4 1524,5 5.8 570 2,2 26

20.8 2,8 660 4.1 16

There is some variation in results from one 
experiment to another and even with measurements 
made on one dilatometer there is considerable 
variation. In some experiments there was marked 
acceleration of polymerisation rate from the very 
early stages of the reaction and frquently, experiments
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had to be abandoned because of *popcom» formation.
An example of an experiment whose rate accelerated 
in the early stages is shown in table XIII.

Values of reaction rates, lifetimes of the kinetic 
chain and rate constants for the polymerisation of 
methyl acrylate measured by the thermocouple method; 
acceleration of rate in the early stages of the reaction.

Ocnveralon Rate r kp k̂ xio”̂ kpAt
S«/h. sec. -1 -1  L.Tmle sec. T 1 -1 -1L.mole 5xiô

2 29 4.8 550 1.4 59
6 46 4.5 970 1.7 , 567 50 4,5 1070 1 .8 600 55 4.4 1090 1 .7 . 65

10 6l 4.6 1190 1.5 7715 65 5.2 1090 i;2 91.14 62 5.2 1070 . 1 .2 9016 6l 5.0 1100 1 .5 85.18 65 6.0 980 0 .9 109

In this experiment, it can be seen that there 
is very little variation in values of T as the 
rate increases.

Early gelling was a characteristic feature with
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Figure 3£. Measurement and comparison of at 
2 different extents of reaction for the polymerisation 
of methyl acrylate.
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many of these experiments and could readily be 
detected in the stem of the reaction vessel, whereas 
this gelling could easily pass unnoticed in the 
dilatometer method since there was no reaction mixture 
in the stem. It is suspected that this early gelling 
may be the preliminary stage of ^popcorn® formation.

.o£ îstP-Sgat̂ cs*
As in the dilatometer method for measuring the 

kinetics of polymerisation of methyl acrylate, it was 
found that the rate increased with temperature. This 
is shown in fig.32 where log. rate is plotted 
against l/absolute temperature.

During these experiments where rates and 
values of T  are being measured at different temperatures, 
the extent of polymerisation is continually rising.
It has he&i seen from table XIII that rate of reaction 
rises sharply in the early stages of conversicai; 
therefore, any changes in rates taking place during 
these experiments may not be the result of temperature 
alone. To check this, rates and values of T were 
measured through a temperature range by



o0>
03

h

3010 4020
Temperature °C.

Figure 33* The variation of T^with temperature 
for the polymerisation of methyl acrylate - 
thermocouple method.
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a) lowering the tamperatnre of the reacting mass 
from 25^C to 14^0 and
b) by raising the temperature of the reacting mass '■ ■'-■I*-*, M
from 3^C to 25^C, In the latter series of experiments 
the extent conversion had increased by about 
It was found that series a) gave a value for 

= 5*1 k.cal./mole whereas b) gave a value of 
6.8 k.cal./mole. The difference between the two 
sets of results is not very great and may be 
accounted for by experimental error.

Values of T  have been plotted against temperature 
in fig.33# The indication from this is that T  is ' 
unaffected by temperature, thus indicating a value 
of zero for the activation energy of the termination 
reaction. As a result of the scatter of values 
of T, the plot of k^ against temperature fig.34 
is too great to be able to deduce anything positive 
although a line through the mean values of each
group of points shows a steady value of k^ with -I

\ -temperature - see table XIV.
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Table XIV.
Variation of k. with temperature for the polymerisation 
of methyl acrylate measured by the thermocouple 
method.

Average x 10' 
L .mole*^ sec.

3.693.904.25
3#48

Temperature

35
2514.4
3.8

The irreproduciblllty in T  and k^ may be the 
result of rapid gelling in the early stages of 
the reaction. To avoid this early gelling, a 
chain transfer agent, trichlorobromomethane, was 
added.

■I
à
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Figure 35. The variation of rate and T  with extent
conversion for methyl acrylate polymerisation with 
transfer agent present ( theimocouple method. )
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Mathvl^AervlmA#^ irith

The early gelling effect was cut down by adding 
1 mole percent of the transfer agent, trichlorobromo­
methane. The effect of this agent was to cut down 
average molecular weights without affecting values 
of T or rates.

Examination of polymeri sation rates at 25^C 
(fig.55) showed that there was very little increase 
up to 50$ conversion. It was found too that intensity 
exponents were in the region of 0.6 indicating 
mainly second order termination reaction. Some 
values obtained for intensity exponents are shown ' 
in table XV over the range 2$ to 60$ conversion.

Intensity exponents for the polymerisation of methyl 
acrylate in the presence of CCl^r using the 
thermocouple method for measuring rates.

(Table XV over. )
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Table.XV.

% conversion Polymerisation rate Intensity
exponœit.maximum

intensity
la

reduced
intensity
0.315 la

2 19.3 9.2 0.64
2 18.4 9,2 0.60

17 16.2 8.1 0.60
17 16.0 8.9 0.5160 24.2 7.9 0.95

It can be seen that the order of the termination 
reaction is approaching unity in the region of 6o%. 
conversion Pereas measurements of intensity 
exponents taken earlier in the reaction indicate 
second order termination*

Up to 50% conversion there is a small increase 
in lifetimes of the kinetic chain (fig.55)* However, 
this increase in T is small compared to that eaqperienced 
in experiments without transfer agent. At 30% 
conversion there is a large increase in T and a 
corresponding drop in rate of reaction.



Kinetic measurements were made over a large 
extent of the polymerisation reaction at 2$^C. Using 
fresh reaction vessels, the kinetics of the reaction 
were examined at 14®C and 35^0 over the same range 
of the reaction. It was found, however, on plotting 
values for reaction rates against extent polymerisation, 
that there was considerable intermingling of points.
It is also doubtful from the general appearance 
of the curves whether an absolute value can be 
deduced for the overall activation energy. The 
extent of scatter of results from one experiment 
to another can be seen in table XVI.

Table, XVI.
Variation of reaction rate and T with temperature 
at différait stages in the polymerisation of methyl 
acrylate reaction with transfer agent present.

Conversion Rate oi
' f

rgaction l^/h.) T (Iseg.)14̂C. 25’C. 35"'C. 14°C25 c35"C.
1-3 19.3 21.9 19.9 3.5 1.2 l.y9-12 18.4 20.4 — 4.5 1.9 —14-18 19.8 21.3 20 2.9 2.2
20-24 20.7 24.0 12.1 3.5 2.8- 3.5ca 40 24.9 9.4 22.7 4.9 8.7 6.1
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Figure 3b. The variation of k and k^ with extent
conversion in the polym. of methyl acrylate ♦ CCl^Br.
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The velocity constants k and k have beenP t
plotted against extent conversion for three different 
temperatures (fig.56) for the methyl acrylate 
polymerisation reaction in the presence of transfer 
agent. With kp there Is a drop in value with extent 
polymerisation and the curve for the plot of 
against extent conversion i]g similarly shaped.
The consistency in the values for the kinetic 
constants indicates that there is very little change 
in the physical condition of the reacting mixture.

So far, therefore, the gelling effect has been 
eliminated up to 30$ conversion and up to this extent, 
variations in kinetics are parallel. However, there 
are differences occurring between individual 
experiments which make it difficult to determine 
activation energies. This can be bypassed by taking 
measurements on one experiment at different 
temperatures and at different extents of conversion. 
Such measurements have been made and will now be 
examined.



1.5 .

40 - 50$ conversion.

0 - 10$ conversion.

'f -1 ' f '

üt3F0.33 0.34 
l/temp. xl<j .

Figure 3*f. Values of E q measured for the polymerisation of 
methyl acrylate with CCl^Br.
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Values for v;ere obtained from the plot of 
log rate against 1/absolute temperature (e.g. fig.37)̂  
and similarly values for have been calculated for 
different extents from plots of log l/T against 
1/absolute temperature. These values are shown in 
table XCni.

lâhlŝ nis.
Values of and for the polymerisation of 
methyl acrylate with transfer agent present.

Conversion
i k.cal./mole k.cal./mole

0 2.9 940 0.8 16o 5.1 0-670 0 175 2.5 5

As stated previously, the extent of reaction 
is estimated by measuring the contraction of the 
mixture into the reaction vessel. To check the 
final value, however, the vessel was broken open 
and the density of the solid polymer measured by
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a simple displacement experiment i.e. weighing the 
polymer in air and then in liquid of known density 
(in ttxis case water at 20^C). Density results 
agreed to within 5$ of the contraction measurements.

On examination of the temperature effect with
and without transfer agent, the following results

• ‘ • ' * can be tabulated (table XTIII).

Comparison of values of reaction rate,f , and 
E. for the polymerisation of methyl acrylate with
W #

and without transfer agent present (CCl^Br).

The later stages for the polymerisation of 
methyl acrylate without C d ^ r  will now be examined.

' - M M
.̂47,

: 3 mmil

With C C l ^ T Vlthoat CCl^r

Rata $/h. r ,sec,
E k.cal./iiole 
E^ k.eal./aole

'■ 2]L 
2

0 - 2.9 
0 - 9

215
5.1 “ 6.8 0 — 2.9
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Figure 38.The effect of extent reaction on rate of methî l 
acrylate polymerisation ( thermocouple method. )
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Figure 39.The effect of extent reaction on T' 
for methyl acrylate polymerisation ( thermocouple 
method. )
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Results for Later Stages In the Reaction.
Although gelling and "popcorn” formation 

caused difficulty in the examination of the reaction 
at later stages, some results were obtained.

Neglecting the first 7% conversion, fig.58 
shows that, after an initial rise, there is a 
gradual fall in polymerisation rate with increase 
in conversion.

Values of T  have been plotted against extent 
conversion in fig.59* From this it can be seen that 
there is an increase in values of T  as the reaction 
proceeds.

By plotting kp against extent conversion 
(fig^), it was seen that values for the velocity 
constant dropped with increased extent of reaction. 
There was, however, some scatter of values over 
the first few percent of the reaction.

In fig.41 where k^ has been plotted against 
extent conversion, there is also a decrease in 
velocity constant values with increased extent of 
reaction.
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The plot of the ratio k /k. against conversionP ^
in fig.42 is the combined effect of extent conversion 
on kp and k^.

Although temperature effect was examined 
during the later stages of the reaction, the 
results were irrepreducible and have not been 
included.
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■ Discussion.

The conditions which govern the choice of 
reaction rate are as follows:

a) Values for the lifetime of thé kinetic chain, 
which have to be measured, must not be greater 
than about one fifth of the time the reacting 
mixture remains approximately adiabatic. This 
controls the lower limit of the reaction rate since 
the rate varies inversely as the lifetime of the 
kinetic chain.

b) A further limitation on the lower rate limit 
is the magnitude of the thermal poldérisation, 
for this must be of the order of 10% or less of 
the main reaction rate. Therefore, the photo­
initiated reaction rate must be at least 10 times 
the thermal rate in order that the latter effect 
might be neglected.

c) The upper limit of the reaction rate is controlled 
by the amount of heat liberated by the reactiw.
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Each of these points will now be examined 
in greater detail.

a) Factors Influencing Adiabatic Conditions Of
Ihe Reaction Vessels.

Two types of reaction vessel have been used 
to study the kinetics of the methyl acrylate 
polymerisation reaction. In the dilatometer method 
for non-stationary state measurements, the reaction 
vessel is surrounded by a vacuum jacket. From a 
previous study of such a system^^ it .was estimated 
that adiabatic conditions prevail for about 50 sec.. 
In these dilatometers, the reaction medium is 
confined over mercury and there is the possibility 
of heat being transferred accross the interface .to 
the mercury. A large transfer of heat from reacting 
mixture to the mercury is thought to be unlikely.
To assess the maximum possible error from this 
source, however, it is assumed that the mercury 
volume attains the temperature of the reacting 
mixture. In such a case, the maximum possible error 
has been caculated as -175̂  (see appendix V).
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However, conduction of. heat through the monomer/ 
polymer mixture, is much less than that through 
mercury and so the former is the controlling factor 
in heat losses to the mercury. Other factors which 
cut down heat losses are the increasing viscosity of 
the system and the static nature of the film in 
contact with the mercury surface. It is thought, 
therefore, that the probable error will not be 
greater than 5^.

With non-stationary state measurements using 
the thermocouple method, it is only necessary for 
the reaction mixture in the region of the thermocouple 
junction to remain adiabatic during the period of 
measurement. In the early stages of the reaction 
prior to a gel state, the adiabatic period at the 
centre of the reaction vessel is of the order of 
50 seconds which means that lifetimes of up to 
6 seconds can be measured accurately. When, however, 
heat transfer is cut doim as a result of a large 
increase of viscosity (gelling), then this adiabatic 
period is increased, with the resultant increase 
in measurable lifetimes to about 10seconds.



b) fisacUon».
Neglecting the effect of extent of reaction, 

at a fixed temperature there will be a set dark 
rate with a corresponding concentration of free 
radicals = fi,.u

When the reaction mixture is exposed to the 
light source, this concentration increases by R^, 
say. If, however, is large and the dark rate 
is of the same order as the light rate, then is 
lowered because the temination rate which depends 
on ( R^ + R^ ) changes.

At high dark rates, therefore, the reaction
rate measured will not be a true one but an v J  
overall rate = k(R^ + R^). Even if the dark rate
is known and a calculation made for light rate from

Rate = k(Rĵ  + R^) - kR^ ,
this will be a

depressed rate.

In this polymerisation reaction it was found 
that dark rate was normally about 1^/h. at 25^C.
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To neglect the dark rate, therefore, the light 
rate should be greater than 10^/h..

The "dark rate" arises from two sources: thermal 
polymerisation which depends on the thermostat 
temperature and photoinitiated polymerisation from 
stray light; this is mainly daylight although some 
can be expected from the lamp used to observe the 
mercury meniscus*

The larger of these two sources is that of 
stray light, for it was found that dark rate 
measur^nents made overnight were much smaller than 
those made in daytime* To cut stray light down 
to a minimum, therefore, the surrounding tank is 
shielded as much as possible*

Also, activation energy studies must not be 
made at higher temperatures because of the larger 
activation energies associated with a high dark 
rate*
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fhe fîf TTftnl irlWlI tlllll
Both the dilatometer and the thermocouple 

non-stationary state methods for measuring the 
kinetics of a polymerisation reaction depend on 
accurate measurement of heat of reaction. If reaction 
rates are high, there is a large increase in the 
temperature of the reacting mixture giving rise to 
the following errors.

In the dilatometer method, a large increase 
in t«2iperature over a short period means that the 
position of a moving mercury meniscus will have to 
be recorded very quickly. This difficulty could 
be overcome by using a cinecamera focused on the 
stem of the dilatometer, but again this method of 
recording requires biight illumination of the 
mercury meniscus with a resultant increase in reaction 
rate from stray light. With a fast rate, too, 
the mercury eniscus would soon move out of the 
sectiœ of capillary being observed. These 
difficulties could be removed by either using a 
smaller volume of reaction mixture or larger bore

.

'i
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capillary* In the thermocouple method, such 
difficulties do not arise*

A large rise in the temperature of the reaction 
mixture increases the thermal rate of polymerisation 
markedly* This increases errors from an unknown . 
dark rate* ;

Taking into account these effects, the 
concentration of catalyst chosen was 0,800xl0~^g*moles#

T.he, Qrggr. .

The polymerisation reaction of methyl acrylate 
can be divided into three stages:
a) the very early stages where the extent of reaction 
is less than 2̂ .
b) the early stages where the extent of reaction 
is over 2% but the reaction mixture has not 
reached the gel state*
c) the later stages when the reacting mixture has 
gelled.

From the results, it was seen that the order 
of the termination reaction deviated from second

'4
:'1
'\ 'i



-100-

order at stages a) and c). The deviation from 
second order termination in the very early stages 
of the reaction was thought to be due to the presence 
of trace impurities which eseyped the purification 
procedure* This is supported to some extent by 
the lack of reproducibility of both reaction rates 
and T values at these very early stages. . A similar 
effect has been observed in the polymerisation of 
vinyl acetate * Also, in the early stages, 
measurements have been made on a reacting mixture 
the rate of which was rapidly increasing. Hence, 
reproducibility between these measurements will 
be poor*

In the thermocouple method, there is a marked 
sudden increase in the rate of polymerisation at 
later stages in the reaction (ca. 10 - 20/( conversion) 
the rate in some cases being doubled. Other 
woAers^^^^^ have observed an increase in rate 
with the extent of reaction for methyl acrylate 
polymerisation and it is thought to be the result 
of reduction in the rate of termination following



t/r
Figure 43. Theoretical plot of fractional conversion 

against time.
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the enomous increase in the viscosity of the

Accompanying this large increase in reaction 
rate, there is a deviation from second order 
termination* This may be the result of occlusion 
of free radicals in a purely polymer medium prevolting 
termination of these free radicals.

Again, at very late stages there is a falling 
off in the rate of reaction; at these stages, the 
order of the termination reaction is approaching 
one. An additional error is introduced here as 
a result of low rates and high values of T | for 
at such rates, it is doubtful #iether the straight 
portion of the rate curve is attained before the 
adiabatic conditions of the system breakdown.
This leads to false values for reaction rates 
and T.

This can be seen more clearly from the 
theoretical plot of fractional conversion against 
time which is shown in fig.45# Provided adiabatic
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conditions exist during this reaction, the plot of 
temperature, or % expansion due to reaction, against 
time rd.ll have the same ishape# After a;i period 
of time equal to JTthe curve assumes linearity.
On replotting the curve with a change of scale on 
the time axis so that the region of values of t/r,
0 to 1, can be studied in greater detail tfig.44) 
it appears that the curve is linear at t/T ratio = 1, 
On production of this section to cut the time axis, 
a value of t = 0.4T is obtained i.e. this value 
is obtained for a reaction whose adiabatic system 
fails after t = T  (shown by the broken line).
A continuation of the plot to t = 3T,i.e. the 
true straight portion of the curve, gives an 
intersection on the time axis = 0.691^* Thus, it 
can be seen that non-adiabatic conditions occuring 
so early in the recording of a reaction can affect 
the accuracy of the results to a considerable 
extent.
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Rate of Initiation. ' .: 4
The calculations of the individual velocity ^

coefficients for the propagation and termination
reactions depend on the value of the rate of
iAitiation. The method which has been employed

27is a combination of the methods of Bawn and
28Bartlett , and is based upon the assumption that 

each growing polymer radical or radical produced 
in the photolysis of the photosensitizer reacts 
with one D.P.P.H. radical. If the efficiency of 
the reaction between the free radicals produced 
from the photo sensitizer and monomer is known, 
and also that of the reaction between D.P.P.H. 
and the other free radicals present in the system, 
then the rate of initiation can be calculated from 
the rate of reaction of the D.P.P.H..

The rate of removal of D.P.P.H. can be measured 
either absorptiometrically, or from the lengths 
of the periods of inhibition produced when known 
amounts of D.P.P.H. are added to the reaction 
mixture. This latter method, however, was found

, t ■).'jiI-ya
I
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to be unsatisfactory for the Tolymerisation of
OQ _ il'ïvinyl acetate , as the product of the reaction 

between D.P.P.H. and free radicals also inhibited 
the polymerisation. The former method will be 
satisfactory even though the D.P.P.H. plus radical 
reaction product is an inhibitor, provided the 
reaction product reacts very much more slowly with 
free radicals than does the D.P.P.H.. This latter 
supposition seems a reasonable one, since the reaction 
product is likely to be a substituted hydrazine 
which would be expected to react less rapidly 
with free radicals than would D.P.P.H. which is 
itself a free radical.

• * »

In the measurement of the rate of removal of
D.P.P.H., it has beœi assumed that D.P.P.H. is $0%
efficient as a free radical scavenger as found by
Bevington for radicals produced in the decomposition
of 1,1 azo-bi 3-1 sobutvroni t rile.

» .

For most monomers, the efficimcy of the 
initiation process usually lies between 50 and 
100^ and in the absence of data regarding the
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efficiency of initiation for methyl acrylate, a
value of 50^ has been assumed. As both the calculated
values of k and k. are inversely proportional to P t
the rate of Initiation, an assumption of 100$ 
efficiency would simply halve the values of kp and k^^

effect of Bzt@n%„o3; polymerisation on th&_ 
Reaction Mixture.

As the polymerisation reaction proceeds, the 
physical constants of the reaction mixture are 
ccmstantly changing. One such constant, the 
coefficient of expansion, was measured on several 
monomer/polymer mixtures, fig.17* Therefore, 
since this coefficient of expansion can be estimated 
from fig.17 at any stage, the kinetics of the 
reaction can be measured at any stage using the 
dilatometer method.

In a fluid medium, radical-radical and radical- 
molecule reactivities are governed by the same 
factors which govern chemical reactivity in general. 
At later stages in the reaction system, therefore, 
when the liquid medium becomes viscous, diffusion 
can readily become a rate controlling factor. Since
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radical-radical interaction is more dependent on 
the mobility of the surrounding medium than radical- 
molecule interaction because of the greater 
resistance to the larger species, with iftcreased 
viscosity the termination process is slowed down, 
and the overall rate increases. If chain transfer 
is a controlling factor, the molecular weight of 
the polymer is lower and at later stages, the 
viscosity of the system increases to a lesser degree. 
Thus, the termination process may not be affected 
and there will be no increase in the overall rate.
This was found in the reactions where CCl^r was 
added as a transfer agent.

In radical-molecule interactions, the effect 
of viscosity is not nearly so marked and the 
interaction coefficient only becomes diffusion 
controlled at high conversions i.e. at very late 
stages. This is mainly due to the higher mobility 
of the monomer molecule in the polymer gel. Therefore 
it is only at very high viscosities (gel state) that 
a decrease in reaction rate is apparent.



 ̂   « r- ^  - k.

With increase in extent of reaction and the 
corresponding increase in viscosity, there is a 
rise in the value of the lifetime of the kinetic 
chain. Thus, in a sufficiently gelled system of 
polymer, the radical lifetime may become indefinitely 
large when the radicals are trapped in the solid; 
these radicals cannot grow or be destroyed. Neither 
of the methods can measure lifetimes of such magnitude 
because of breakdown of adiabatic conditions in 
these experiments; moreover, before such an extent 
can be reached, the high viscosity reaction mixture 
parts from the sides of the reaction vessel giving 
vapour pockets and no measurements can be made.

In experiments without catalyst, results do
i

not have any definite trends within the first 30$ of 
the reaction. This is contrary to what is expected, 
for with such a low concentration of free radicals 
it would be expected that termination rates would 
be low and moledular weights high. On the other 
hand, small concentrations of impurities will have 
a greater effect on the termination rate when reaction
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rates are small i.e. when the coneentration of 
free radicals is low. Thus, pure methyl acrylate 
should gel earlier in the reaction whe:i directly 
photopolymerised than it would do when a photo­
initiator is present. The presence of impurities 
in the reaction mixture is supported by the lack 
of reproducibility over the first 1 to 2$ of the 
reaction with catalyst present and also the deviation 
from second order termination over the same period.

When the methyl acrylate reaction system gels, 
the conditions for heat transfer are changed; 
the system has lost mobility and heat cannot be 
transferred by convection. Thus, heat can only be 
conducted or radiated away from the centre of the 
reacting mass and adiabatic conditions are maintained 
for a longer period than would normally exist for 
a mobile liquid. At later stages, therefore, 
larger values of T can be measured.

This improvement of adiabatic conditions of
/■the system through gelling is more apparent in 

the thermocouple method, for it is only necessary
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for the centre of the reacting mass to remain 
adiabatic, whereas in the dilatometer method, the 
whole reacting volume must remain adiabatic.

Although the variation in values of in 
the later stages of the reaction is great, in the 
early stages of the reaction the value is about 0 
i.e. extremely low. This value includes the energy 
of activation for the diffusion of radicals together.

" a,The only obvious alternative to the radicals
diffusing together prior to interaction seems to
be the possibility of radicals growing together
i.e. moving through the solution by growth rather
than by diffusion thus explaining the low energy
of activation for the reaction. If, however, it
is assumed that the diffusion constant is 10"^,
then it can be calculated that the distance travelled

6by diffusion is of the order of 10 times that 
moved by polymer growth i.e. the possibility of 
radicals growing together is not reasonable.

Values of Eg are compared to those of other 
workers later in the discussion.
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"Popcorn"Polymer.
Generally, experiments were terminated by 

the reaction mixture shrinking and parting from 
the walls of the reaction vessel. In some experiments, 
however, "popcorn" polymer was formed In the early 
stages of gelling.

"Popcorn" polymer starts as a small seed of 
insoluble polymer which gradually grows to spread 
through the reaction mixture. This white puffed 
mass forms vapour pockets and eventually the reaction 
vessel breaks because of this expanding polymer.
Quite frequently, too, it was found that "popcorn" 
polymer formed on tap grease in the high vacuum 
line where contact had been made only with methyl 
acrylate monomer vapour; this suggests that fommatlon 
of this polymer took place also in the vapour phase.

Other workers^7^^9 ^^^e encounered the
difficulty of "popcorn" formation in methyl acrylate

19polymerisation and it has been suggested that 
traces of water may be the cause. "Popcorn" polymer 
is also formed when traces of air are present.
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Work along this line is rather difficult since 
there is no definite method for inducing "popcorn"

IQformation, although it has been found that 
subsequent polymerisation is more rapid than the 
normal polymerisation would be.

"Popcorn"^ polymer has the characteristics 
of a crosslinked polymer; it is insoluble in organic 
solvents such as benzene, chloroform and acetone 
although such solvents swell the polymer mass.
It is stable for several days to heating in vacuo ' 
at l60^C but heating in the presence of air gives, 
within an hour, a syrup which is soluble in benzene 
i.e. the. crosslinking system is broken down by 
heating in air.
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a) The Dilatometer 
Non-stationary State of 
Temperature Variations.

The temperature variation of the contents of 
a dilatometer ® closed in a vacuum jacket can be 
controlled to + 0.001 in the thermostat used.
Thus, accurate measurements of change in volime 
can be made.

Factors Governing Breakdown.X,Adiabatic Conditions.,.
The factors influencing the length of period 

over which the contents of these dilatometers 
remain adiabatic have been discussed earlier (page 94). 
It was determined that in a dilatometer of about 20ml 
capacity without a surrounding vacuum jacket, this 
period was approximately 8 sec., and with a vacuum 
jacket, about 50 sec.. The estimated error 
introduced by conduction of heat through the mercury 
in the dilatometer is about
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l$6lfcB6witiiSâj5üy35fiBtt̂
In the dilatometer method, measurements have

been recorded by three different means^, by 
stopwatch, by penrecorder and by photography.
The first two methods involve an observer^ s error 
although with most operators this does not exceed 
i 0.1 sec., whereas no such personal error occurs 
with the photographic method.

However, it was found that the pen-recording 
method was the most convenient to use; the stopwatch 
method of recording involved further errors since 
each experimental point in the rate curve would 
have to be obtained from a separate non-stationary 
state reaction; the photographic method is more 
difficult to operate and a considerable lapse of 
time occurs betwe^ carrying out the experiment 
and the calculation of results, since a length of 
film has to be developed and meniscus movement 
measured from this film.
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for

Temperature Variations.
Again, the maximum temperature error from 

bath fluctuations is of the order of + 0.001 C^,

The value of the noise level in the amplifier 
used corresponds to a fluctuation of 0.00014 C^; 
and so, even with a much improved thermostatically 
controlled system, the minimum possible temperature 
fluctuation measurable would be 0.00014 C® using 
the Tinsley D.C. amplifier.

The relationship between voltage and temperature'
for a constantan/copper thermocouple was obtained
from The International Critical Tables, since the
difficulty of calibrating the thermocouples'for
small temperature differences in the reaction
vessel would be great. Avoiding this difficulty
and using the standard tables appears to be justified,

14however, since it is reported that good agreement 
is obtained between tœ^perature measurements and
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dilatometer measurements made similtaneously on 
the same vessel.

For an accurate measure of lifetimes of the 
kinetic chain it is critical that the response 
time of the instrument as a whole is known. The 
response time of the amplifier is 0.04 sec. whereas 
that of the thermocouples is rather less. The 
Elliot pen recorder has a half life of response 
of 0.5 sec. which results in a considerable delay 
in the recording of the full signal. The lag in 
response of the total set-up was measured and found 
to be approximately l.Jsec. (page 78) .

The overall instrumait lag in response can 
be obtained^^ by plotting the reciprocal of the 
rate of polymerisation against measured intercept; 
the rates are varied by inserting screens of known 
transmission between the ultra violet light source 
and the reaction vessel.

From the kinetics of polymerisation,
T = (k /k^) xl/rate .  ...........   . . .  18
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Also, the intercept on the time axis of the 
extrapolation of the straight line portion of the 
fractional conversion against time curve is Tln2j 
therefore, the measured intercept, X, is given by 
X = C + (kpA^) ll/rate)ln2. . . . . . . .  19.

where C is the lag response of the circuit (in 
seconds). Hence, by plotting X, the measured 
intercept against reciprocal of rate, a straight 
line is obtained which cuts the time axis at C, 
the response lag. The slope of this plot 
* (kpA^)ln2 and is independent of the response 
lag of the instrument.

Instrument lag is affected slightly by the 
amount of ink in the bucket pen and also by how 
accurately the pen is balanced. Thus, there will 
be small variations in response lag from one 
measurement to another.

Inaccuracies may also arise in the extrapolation 
of the stationary state temperature/time line back 
to the time axis and occasionally difficulties occur 
due to circuit noise from external sources.
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Adlabatlc Requirements.
In the early stages of the reaction prior to a 

gel state, the adiabatic period at the centre of 
the reaction vessel is of the order of 50 sec. 
which means that values of V of up to 6 sec. can be 
measured accurately. When, however, heat transfer 
is cut down due to a large increase in viscosity 
(gelling), then the adiabatic period at the centre 
of the vessel is increased, although a limit is 
reached when measuring values of T around 10 sec..

£l J>Qsalble Errors Ccamnon to Both Methods.
In order to have reproducibility from one 

experiment to another, it is important that the 
reaction vessel and light source are in constantly 
fixed positions. It is not sufficient to have the 
distances between the two constant, for an alteration 
of actual position means that the activating light 
has an altered depth of thermostat water to penetrate 
i.e. absorbtion of light by the water will change. 
These errors can be overcome by simply having 
fixed positions for both lamp and reaction vessel.
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The thermostat water had to be changed frequently 
because of cloudiness due to atmospheric dirt and 
micro-organisms in the water. Again, light pœetration 
would be affected by such polution.

Catalyst concentration was finely controlled 
by using dilute solutions of catalyst and by accurate 
measurement of monomer. In the dilatometer method, 
the monomer was distilled into the reaction vessel 
from a graduated section in the vacuum distillation 
line. An error in measurement of 0.1 ml. would 
result in a volume error of 0.7$. With the thermo­
couple reaction vessel, the volume of the vessel 
is measured directly (see experimental) and the 
likelyhood of error is even smaller.

Reproducibility may be affected by traces of 
oxygen in the monomer. Oxygen retards methyl 
acrylate polymerisation to begin with and then the 
reaction rate accelerates finally reaching values 
much in excess of those normally encountered with 
pure monomer due possibly to formation of peroxides.
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On ̂ examination of the intensity exponents 
derived through results from both methods, it can be 
seen that there are the same characteristics 'at the 
same stages i.e. at very early stages there are 
erratic results and the order of the termination 
reaction approaches one, probably due to the presence 
of trace impurities; later, after about 2$ conversion, 
there is better reproducibility with both methods 
and a second order termination reaction is apparent; 
after gelling, both methods show a deviation from 
second order termination possibly as a result of 
high values of T preventing the straight section of 
the reaction curve being reached before breakdown 
of adiabatic conditions.
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Table XIX.
Methyl acrylate polymerisation: comparison of values 
of T  and rate of reaction measured by thermocouple 
and dilatometer methods*

Method Rate r
$/h. (sec.)

Dilatometer 15 2.5 .Thermocouple 21 5.2

Although values of T  are of the same order of 
magnitude (table XIX) and reproducibility between 
the two methods in this respect is good, there is 
a large difference in measured rates* The lower 
rates with the dilatometer method were expected, 
for despite precautions taken to reproduce experimental 
conditions exactly, there was no accurate way of 
compensating for light absorbed by the additional 
thickness of the glass jacket; moreover, light will 
be reflected by the two surfaces of this jacket*
Also, reaction vessels for the dilatometer method 
are made from Pyrex glass whereas the thermocouple 
ones are soda glass, -resulting in different 
absorbtioh of light according to which reaction 
vessel is used.
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It will be seen on examination of the results 
given in table VI for the dilatometer method at 
25^C that both the rate of polymerisation and T are 
reproducible to within about +10$ but at 55^0 the 
spread is rather greater. The cause of the poorer 
reproducibility at the higher temperatures is not 
known but it may be associated with the thermal 
rate of polymerisation which according to Ross^^^ 
varies with extent of reaction. It will be noticed 
that, although there is a +10$ error in both rate 
and T at 25^C, the reproducibility of the product of 
the rate and lifetime (i.e. k^A^) is about ̂ $.
This would be expected if the major error in the 
determination of rates and values of T  was due to 
variability of the rate of initiation, for reasons 
discussed earlier. It will be noticed fr<m the 
results at 25^C in table VI (page 51) that the 
reproducibility for reactions carried out in the 
same dilatometer is better than for those performed 
in different dilatometers which again fits with the 
above postulate that part of the variation is due to 
variations in the rate of initiation.
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Again, examination of the results in tableXII 
(page 80) for the thermocouple method shows that 
values for rate of polymerisation and Y at 25®C are 
both reproducible to about ±15$, although values 
of kpAt &re reproducible only to about +25$. Also, 
results from one reaction vessel vary just as widely 
as results obtained from different ones. This 
suggests that physical conditions within the reaction 
vessel are changing e.g. early gelling may occur.

QammWMAualjaiSâi# .ftf Othar .Wbriteca».

Table 3Œ.

idethod. T®C. kpAt xlo5 lctxlO-6 Reference

Dilatometer 25 8.9 . 580 6.5 This work.
Thermocouple 25 18.4 590 5.3 This work.
Sector 50 17.4 720 4.3 17Sector 25 2.8 245 9 192.8 1580 55 ^ 19
Sector 50 28 1000 5.6 18
Dielectric

constant 15 1.1 - mm- 10
Interferometer 15 1.5 — — 11

In table XX values of and k^ obtained by
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the dilatometer and thermocouple methods are 
compared with those obtained by other workers using 
different methods. It can be seen that there is a 
tenfold variation in the value of kpA^ obtained by 
different workers using the rotating-sector method.

The simplest explanation for such a variation 
is differences in the purity of the monomer, for 
methyl acrylate peculiarities such as "popcorn" 
polymer and the unusually high thermal rates have 
also been found by these other workers. The presence 
of traces of retarding impurities might explain the 
lower values of kpA^^ but if such impurities were 
present, the intensity exponent should have been 
greater than 0.5* Values of around 0.5# however, were 
reported by these woAers.^^^^^»^^

Another possible explanation is that the 
lower values of kpA^. were obtained for direct 
photopolymerisations of methyl acrylate in which 
no sensitizer was used, whereas the higher values 
were obtained from photosensitized reactions. This 
explanation, however, does not seem to hold, as
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dilatometer experiments using no photosensitizer
gave values of k A 4, almost identical to valuesP ^
from photosensitized experiments using the same 
method (page 64, fig.24).

The values of the individual velocity coefficients,
kp and k^, have been determined from the ratio kpA^
and the value of the ratio k A 4, obtained fromP ^
measurements of the rate of initiation. In view
of the differences in values of k and k. obtained 

19 P tby Ross using the inhibitor and molecular weight 
methods of measuring rates of initiation, it is

17surprising that the values obtained by Matheson ' 
agree so well with the values obtained by this 
present work, for Matheson calculated mates of 
initiation from molecular weight data. Furthermore, 
partly owing to the early "gel" effect in methyl 
acrylate polymerisation, the scatter of experimental 
points in the rate against flash-time plot was 
considerable in Matheson’s experiments, and large 
errors in the values of the velocity coefficients 
are possible.

■ 1
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Overall activation energies, E^, and the 
activation energies for the termination reaction,
E^, derived from various methods are shown in table XXI,

Activation energies for the initial stages of the 
polymerisation of methyl acrylate.

Method
k.cal./mole k.cal./mole

Refereaee.

Dilatometer
Thermocouple
Sector
Sector
Sector

i.,r__________

6.2
5.1-6.8
3.5
l i

0-7,8
0-3
50
0

This work 
This work
17 1918

'V

It will be seen from table XXI that the value 
of the overall energy of activation obtained in 
this woik is rather greater than the values found 
by other experimenters. This may be because our 
measurements were carried out a little earlier 
on in the polymerisation, and because, at slightly 
later stages, the overall activation energy may 
fall as has been observed^^^^^ in the "gel" stages 
of the polymerisation of vinyl acetate and methyl 
methacrylate.
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The wide scatter in the possible value of 
is due to the rather large variation in the value 

of T at Unfortunately, experiments could
not be carried out at higher temperatures owing 
to the presence of an appreciable daric rate at 
these temperatures. From the ezpefimental data of 
Matheson^^ the value of 5 k.cal./mole suggested by 
him for is also doubtful, again because of the

fwide variation in his values of T «

1Ü. ,Xhg
The effect of conversion on values of polymerisation 

rates, V  and velocity coefficients were compared 
for the two methods*

With polymerisation rate, curves for both 
methods were of the same shape although the 
thermocouple results were higher (fig. 20 and 58).
After a sharp initial rise, however, both curves 
start falling at the same extent conversion. The 
reasons for the higher rates with the thermocouple 
method have been discussed previously.

Values for T (fig. 21 and 39) also follow
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similar shapes for the t?/o methods although again 
the thermocouple results are higher. Early termination 
of the thermocouple experiments was the result of 
**popcorn^ formation.

With the velocity coefficient both sets 
of results again follow a similar patem with a drop 
in value as extent conversion increases. There is, 
however, considerable scatter of values from the 
thermocouple method (fig. 22 and 40).

Also, values of k^ (fig. 22 and 41) assume 
similar curves for both methods with dilatometer 
results in the higher position.

.«LiBter staitt' of
the Reaction. .

The effect of addition of CCl^r was to cut 
down average molecular weights by introducing chain 
transfer. This resulted in delaying gelling to a 
later stage of the reaction. It was found that 
because of this delay in gelling, there was very 
little change in rates of reaction or in lifetimes 
of the kinetic chain.
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When changes in temperature were introduced 
to examine energies of activation, so^e erratic 
results were obtained. A similar effect was found 
at conversions over 50^# It is suspected that the 
thermocouple metals are attacked by the CCl^Br at 
elevated temperatures or over long periods at 25^C.

In general, therefore, it can be seen that 
with CCl^Br present, the kinetics of polymerisation 
of methyl acrylate over the first 305̂  conversion 
correspond to the early pregel state of normal 
experiments.

Both types of reaction vessel are easily 
replaced compared to those used in other methods, 
such as the refractive index method. Also, in the 
dilatometer method, all the apparatus required is 
simple and inexpensive, whereas the thermocouple 
method requires an amplifier and recorder. However, 
the simpler the apparatus for the former method, the 
greater the personal error e.gi the replacement 
of the chart recorder by a stopclock steps up the 
personal error considerably. Even with a recorder.
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the lag between the operator's observation and his 
recording of it will be ca. 0.1 sec*. In the 
thermocouple experiments all the recording is done 
automatically by instruments, the total lag of the 
system being known. The only personal error here is 
in the measuring of the recorder charts; this may be 
further complicated by external circuit noise.

The greatest difficulty with the dilatometer 
experiments was experienced in the filling section, 
for difficulties (such as sealing, measuring monomer 
volumes accurately and frozen seals causing 
breakages) were numerous. The simpler method used 
in filling thermocouple vessels was much preferred.

"Popcom" Fonaatlop.
It was noticed that "popcom" formation was 

much more frequent with the contents of the thermocouple' 
vessels. Both methods were therefore examined 
closely to determine any differences in conditions 
of reaction. Two differences are apparent:
a) Experiments with dilatometers are run under 
atmospheric pressure together with the pressure
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from the short mercury column, whereas the thermo­
couple vessels are only under the vapour pressure 
of the monomer which is considerably less than 
atmospheric at the temperatures of the experiments,
b) The thermocouple method vessels have a monomer 
vapour pocket in the filling stem whereas there 
is only one phase present in the dilatometers.

It has been noticed, too, that "popcom" 
seems to form in the vapour phase - formation has 
been observed at various points in the vacuum line 
where only monomer vapour was present - and so 
would form more readily in thermocouple vessels 
as was observed. It is thought that the effect of 
the different pressures with the different methods 
is small.

The dilatometer and thermocouple non-stationary 
state measurements on separate experiments have 
been compared. Differences between the two methods 
have been found but it is not known whether these 
differences are the result of a fundamental error
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#
in one of the methods or whether they are due to 
experimental error arising from separate reaction 
mixtures. A more direct method of comparison
would be to take measurements by both methods

' . ' , - . .. ,

simultaneously on the one reaction mixture. Some 
preliminary work along these lines has been carried 
out the results of which are given in appendix III.

' ■ ■ - .1

'/.T



density of monomer = 0*9423 g./ml.
density of polymer^ = 1.218 g./ml.
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App.̂ d̂ jS,.lt,

-O-i: IMMii

Molecular weight = 86
Specific heat = 0.47 cal./g.
Heat of polymerisation = 18.7 k.cal./mole^^

At 0 % extent conversion.
Coefficient of expansion =» 0.126 % / o P  

Let W be weight of monomer.
Then moles of monomer » W/86.
Heat supplied by lOOjf polymerisation

= (Wx18.7x16^)/86 cal.
'■'•iTherefore, temperature rise !

= (Wzl8,7xlô )86xffx0.47 C®. j1Thence, expansion from this temperature rise \
= (18.7x10^x0.126)/86xD.47 
= 38.2̂ .

How at 25°C,
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Wh«ice,
specific volume monomer = 1.06l2 ml/g. 
specific volume polymer = 0.8211 ml/g.
Therefore, contraction due to lOOJî polymerisation

= 0.2401/1.0612 

* 22.6jf. *

For adiabatic conditions, therefore, actual 
expansion for lOOJJ polymerisation = 35#6%.

If percentage expansion is plotted against 
time and the gradient mjf/sec., measured, then the 
rate of polymerisation is given by 

(mx3600xl00)/35.6 ^/h..

-M
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Appendlx II.

$ÊÊtO0ÊIÊtÊM̂
Mixtures.

Before rates could be measured for later stages.
It was found that there was a change in coefficient 
of expansion of the monomer/polymer mixture as the 
extent of polymerisation changed. Since the calculation 
for determining rates depends on knowing the coefficient 
of expansion, this was measured for various mixtures.

A graph was constructed of expansion against 
temperature (e.g. fig.7 for 255̂ conversion) and from 
the slope, the combined coefficient of expansion of 
mercury, monomer and polymer was measured.

Sample Calculation.
Volume polymer = 0.6239 ml.
Volume monomer « 2.406l ml.
Volume mercury = 2.1553 ml.
Total volume = 5*1853 ml.
Volume fraction of polymer = 0.1203 ^

= 0.5843Volume fraction of monomer = 0.4640
Volume fraction of mercury = 0.4157
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-4  38Coefficient of expansion of mercury = 1.82x10^ /QP 
Temperature in ^C was plotted against height of 

mercury column in cm. - fig.7*
Gradient of curve = 2.250/10 cm./C®.
Diameter of capillary = 1.5 mm. (Veridia tubing) .

Combined (polymer/monomer/mercury) coefficient 
of expansion = îîaO.OT^ x2.2«5Q

10x5.1855” '
= 7.668x10-^ /C°.

If iX is the coefficioat of expansion of polymer/ 
monomer mixture, then

0.5845«= 7.668x 10*̂  -  0,4157x1.82x10“^

1.e. (X = 1.185x10“5 /C®
How, weight of polymer = 0.7599 6*
Volume of monOTier from this » 0.7599/0*9423

» 0.8064 ml.
Therefore, total original volume

= 2.4061 >  0.8064
= 3.2125 ml.

Therefore, extent conversion ‘
= (0.8064xl00>/3.2125 I
= 25.10$.

È k  :

SI
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The results obtained and calculated in this 
manner were plotted (fig. 17) and compared to the 
theoretical values on the same graph. The points 
for the theoretical curve were compiled from the 
following calculation.

<?f gf
Expansion for Mixtures.

Extent conversion . =. 5058.
Therefore, weight fraction of polymer

= 0.5
Specific volume monomer = 1.06l2 ml/g.
Specific volume polymer = 0.8211 ml/g.
Therefore, volume polymer relative to 0.5 weight 
fraction = 0.5x0.8211/1.0612

= 0.5882
i.e. total volume mixture = O.3882 + 0.5

= 0.8882
Hence, volume fraction polymer = O.5882/O.8882

= 0.4570
and volume fraction monomer = 0.5000/0.8882

= 0.5630

' sji \ *
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From density measurements at different 
to n p e ra tu re s ^ ^ ^ ^ ^  . i

Coefficient of expansion polymer = 0.6607x10^^ /C®. 
Coefficient of expansion monomer » 1.281x10"'^ /C®. 
Therefore, coefficient of expansion of mixture 

= (0.4570x0.6607 + 0.5650x1.281)xio"^
» 1.0099x10-5 yt®. •
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Appendlx III.

"11 '"I " -'1 ‘ 1^1 nA T&gfliiocouple Method for
Measuring t>i° State q:

Qf Methyl Acrylate.

Introduction.
Some preliminary work has been done on the 

design of a reaction vessel wherein both the 
dilatometer and the thermocouple methods of measuring 
the non-stationairy state can be carried out 
similtaneously. The design of the reaction vessel 
has been changed only slightly from the thermocouple 
vessel. However, since the reaction vessel should 
be surrounded by a vacuum jacket, some difficulty 
has been encountered; for thermocouple leads have 
to be led from the vessel to an outside circuit. 
Moreover, side arms Joined to the vessel increase 
its size and therefore the use of a larger vacuum 
jacket is entailed.

However, this preliminary work will show the 
effect of early breakdown of adiabatic conditions 
with the dilatometer method and rates under these



Figure ̂ 5. Réaction vessel for the combined 
thermocouple/dilatometer method.



-159-

conditions can be compared to the true rates 
measured by the thermocouple method.

.

a) Apparatus.
The reaction vessel arrangement is shoim in 

fig.45* A is the reaction vessel which has a 
calibrated capillary, BC, joined to the base. This 
capillary has a cupped extension to facilitate the 
filling of mercury. The thermocouple junctions, E 
and F, are sealed onto the side arms, G and H, of 
the vessel as described in the thermocouple method.
J is a Quickfit B.IO soda glass joint which is used 
as a connection to the vacuum line. The apparatus 
is made in soda glass. 
h) Pilling of Reactlon^Vesselaifr

The volume of the reaction vessel was measured 
by sealing the base outlet with mercury and running 
in acetone from a burette. After drying the apparatus 
the requisite amount of catalyst solution was run 
into the vessel and the chloroform distilled off.

Mercury was run into the capillary till its
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level reached the reaction vessel proper. The 
mercury was frozen in this position thus sealing 
this outlet. The apparatus was pumped to high 
vacuum via the Quickfit joint; monomer was distilled 
in and the vessel sealed at the constriction. When 
the mercury is unfrozen, the monomer fills the whole 
stem volume i.e. there is no vapour pocket.

Note: care must be taken to prevent mercury
from contacting the thermocouple wires for an 
amalgam would be formed affecting subsequent 
temperature measurements.

With the reaction vessel set in position in 
the thermostat, the contents were allowed to settle 
to the set temperature. The shutter to the lamp 
was opened by pressing a push-button switch and 
the polymerisation reaction started. The rate of 
reaction was recorded by the thermocouple method 
i.e. the course of the reaction was traced automatically. 
Similtaneously, the mercury level in the capillary 
was followed using a cathetometer with a graduated 
film in the eyepiece. At each division an impulse



^  [Thermocouple method, 
Q  Dilatometer method.

oQ)CQ

60

g
^  40

10
conversion.

Figure 46, Rate and 7^ for the polymerisation <f 
methyl acrylate measured by the combined thermocouple 
dilatometer nethod.
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was relayed to the recorder by depressing a push­
button switch. This impulse was recorded on the 
thermocouple time/temperature curve. Thus the'two 
different measurements have a common time axis.
From the measurements, rates and values of T can 
be evaluated for both methods.

Calculation of rates of polymerisation and 
lifetimes of the kinetic chain Is based on the 
method used in the dilatometer and thermocouple 
experiments. Rates of reaction at different extents 
of reaction have been graphed for the two methods 
(fig.46). It can be seen that in both methods 
there is a slight increase in rate with extent 
conversion. However, results by the dilatometer 
method are lower than the thermocouple results.

Also, the lifetimes of the kinetic chain 
measured on the same experiments gave higher results 
for the dilatometer method (fig.46).

Since there was no vacuum jacket surrounding
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the system, it can be safely assumed that the 
adiabatic conditions, necessary for dilatometer 
type measurements, have broken doim before time 
= 5 U Thus, rates measured by this method would 
be low. However, if the time/expansion curve does 
fall away before the resultant effect would 
be to lower measured values of T. As can be seen 
in fig.46, this does not happen. Again, on examination 
of the log cosh t/r against t/Y curve, (fig.45) 
i.e. the theoretical rate curve, it can be seen 
that the error Involved when measuring rates up 
to the section of the curve, time = 2? is only of 
the order of 10^. therefore, if adiabatic conditions 
broke down after 2T, there would be very little 
difference from the true measurement of rate or T.

The main disadvantage in attempting to make 
comparisons between the two methods using this 
reaction vessel is the error Involved in the use of 
soda glass capillary, for precision bore tubing was 
not available in soda glass. The diameter of the 
capillary varies conciderably over its length and
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very little variation is required to affect kinetic 
measuremaits.

Even taking into account the two errors 
discussed, it is apparent that rate measurements 
by the thermocouple method are higher and measured 
values of T are lower than the corresponding 
measurements by the dilatometer method. This seems 
to indicate that some factor or factors upon which 
the calculation of one of the methods depends is 
not strictly accurate. Table XXII shows the factors 
involved in the calculation of results for both 
methods.

Table XXII.
The factors involved in the calculation of results 
for the dilatometer and thermocouple methods.

Dilatometer Thermocouple

Molecular weight 
Specific heat 
Heat of polymerisation 
Coefficient of expansion 
Personal error

molecular weight
Specific heat
Heat of pol3meri sation

Instrument lag 
Thermocouple constant
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It can be seen that the first three factors
are common to both methods. In the dilatometer
method there are two additional factors, coefficient
of expansion and personal error. The coefficient
of expansion measurements made on the monomer

17correspond to those of Matheson .

The personal error will be the variable lag 
between observation and recording of meniscus height. 
Because of the different type of push-button switch 
used in the combined methods experiments, it is 
probable that this error will be larger than that 
normally recorded in dilatometer experiments.
Also, very early breakdown of adiabatic conditions 
would give low rate measuremmts although the 
correspondingly low measurements of T  would be much 
increased by a positive personal error.

In the thermocouple method, there are two 
additional factors. The instrument lag, if not 
determined accurately, would only affect measured 
values of T. However, the basis of the method 
for the determination of this lag is quite sound.
The thermocouple constant was obtained from the 
literature and seems to be accurate, since results
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obtained for vinyl acetate correspond favorably
with results from other methods. ''

This type of reaction vessel is still in the 
early stages of development and although the method 
of recording measurements is reasonably satisfactory 
there is still room for improvement; for recording 
pips from the dilatometer method superimposed on 
the heating curve tend to distort the latter and 
obscure final rate and T measurements. A 2-pen 
recorder would be more suitable, but one was not 
available for these experimoits.

A vacuum jacket for the system has still to be 
designed although it is probable that an air jacket 
would be satisfactory for kinetic measurements 
involving lifetimes of up to 6 seconds.

The primary purpose of the combined set up 
is to compare the two methods of measuring kinetic 
constants rather than an accurate determination of 
these constants; such accurate determinations should
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be examined preferably through a single method to 
keep the system as simple as possible although 
with the apparatus described the experimental 
conditions could be simplified sufficiently to 
give accurate results#

-1

' I'1
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Appendix IV.

Î e.at „Qf 
Introduction.

In appendix III, the dilatometer and thermocouple 
methods for following the non-stationary phase of 
the polymerisation have been combined in the one 
reaction vessel. If, however, two methods, one of 
which depends on heat of polymerisation, the other 
independent, can be incorporated in the same reaction 
vessel, then comparison of the results should yield 
a value for heat of polymerisation.

Contraction measurements, using a simple 
dilatometer, are independent of heat of polymerisation 
and a thermocouple vessel can easily be adapted 
for such mea su remits by replacing the filling 
stem by a calibrated length of wide bore capillary 
(2 mm.) . Thus, both rates of reaction and temperature 
rise can be recorded on the same reaction mixture.

Experimental.
With the thermocouple reaction vessel filled
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and set in position in the usual manner, temperature 
measurements were made by the non-stationary method 
described in the thermocouple method. Without 
changing the position of the reaction vessel, the 
rate of reaction was followed from contraction 
measurements using a cathetometer focused on the 
stem; JO second readings were taken over a period 
of 15 minutes. After this time, the contents of 
the reaction vessel were allowed to settle to the 
bath temperature and were again measured by the 
thermocouple method i.e. non-stationary state 
measurements have been made both before and after 
dilatometer measurements.

Results.
From contraction measurements.

Rate of reaction = 26.7 ^/h.
From the thermocouple measurements the average 

of the gradients of the recorder traces taken 
before and after dilatometer measurements

» 0.525/3
i.e. ^v/h = 0.525x3600/15x0.527
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where 0,527 Is the factor for converting 
scale deflection to / v.

This is equivalent to a temperature rise of
0.525x3600 C®Ai.
15x0.527x40 

7fhere 40^v are equivalent to 1 C ,
Now, rate of reaction = temperature rise per

unit time / temperature rise from total conversion
= (temp, rise/h,)xO,47/H

where specific heat = 0.47 cal./g.
and H = heat of polymerisation.

%mce,
H = 0.47x0.525x5600/15x0.527x40x0.267 

= 16.95 k.cal./mole.
59The value obtained by Tong and Kenyon for 

the polymerisation of methyl acrylate is 18.7 
+0.2 k.cal./mole and this latter value has been 
chosen for calculations on the two non-stationary 
state methods.
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Apuendlx V.

gfÆssfe-a£.ja.sat„?»9at̂i..te
MeraMWr to a
In a typical example.

Volume of methyl acrylate = l6 ml.
Volume of mercury = 4 ml.

Mercury methyl acrylate

Specific gravity 
Specific heat Coefficient of expansto

13.6
0.035 -4 1.83x10

0.95550,471.26x10 5 •̂■’1
-

Initially, for a heat input of X cal., if no 
heat is transferred to the mercury.
Expansion = Xxl. 26x10 ""̂ /O. 47x0. 9555

= 2.81x10“%  ml.
*

If, for the same heat input, the mercury 
attains the same temperature as the monomer* 
Weight fraction methyl acrylate = 15*25/69*7 
Weight fraction mercury = 54.4/69*7
Coefficient of expansion of mixture

= 16x1.26x10"^ t 4x1.85x10"^
20
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= 20.9xl0~^ /C°
20

Specific heat of mixture = 0.4]R̂|̂ ]̂ 2 5  + 0.03^3^4,4

. = 8.95 
'^Ti

Density of mixture = 4x15*6 + 16x0.9555
20

^9*7 g./ml. 
20

If the mixture assumes the same temperature
throughout, then expansion

= Xx20x20.9xl0"'^x69*7x20 
20x8.95x20x69.7 * r

= 2.34x10"% ml.

% difference = (2.81 - 2.34)xl00
2.81 ^

= 17̂ .
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