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SUMARY

The aqueous polymerisation of a cry lo n itr ile , 
in itia ted  by hydroxyl radicals produced from the photo- 
chemical electron transfer (Fe .OH ) = Fe*' + OH at 
3130A, has been investigated at 15°G, 25°C, 30°G, 40°G 
and 50°C.

At 15°C, 25°G and 30°G, assuming a photostationary 
state in the aqueous phase and in buried centres of the 
polymer p a r t ic le s , the system was found to obey the 
rate equation:

-d (m-i) 
dt

.0.5 3+ - 0 . 5
= k I Q (Pe .OH ) (d !)

1.0

At these three temperatures, an attempt wa3 made to 
evaluate the rate constants and activation  energies of 
propagation and termination by the rotating sector 
technique. Only lower lim iting values were obtained 
because of the presence o f two phases.

Unusually high monomer exponents, found at 40°G and 
50°C, are attributed to a changing rate of in itia tion  
with monomer concentration.
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CHAPTER 1 . INTRODUCTION.

A. THE NATURE OF THE INVESTIGATION.
This investigation is  prim arily concerned with 

elucidation of the reaction of the polymerisation of 
a cry lon itr ile  in aqueous solu tion . An attempt has been 
made, not only to evaluate the rate constants and 
energetics of the various 3teps o f the reaction , but also 
to  ascertain whether the polymerisation of aqueous 
a cry lon itr ile  is  predominantly a homogeneous or a 
heterogeneous process. Some attention has also been 
given to the e ffe c t  o f increased temperature on the 
polymerisation o f a cry lon itr ile  in aqueous solution .
I .  Relation to General Chemistry.

A3 an addition polymerisation provides an excellent 
example of a k inetic chain reaction , i t  is  important 
from a physical chemical point of view. With present day 

advances in the technology of p la s t ic s , fibers and 
rubbers, a more complete understanding o f such interesting 
and useful compounds as a cry lon itr ile  is  always welcome*
I I . Relation to  Photochemistry and Radiation Chemistry.

One of the best too ls  fo r  detecting the reactive
en tities  created by the radiation of high energy is  the 
polymerisation process. Free ra d ica ls , as these reactive 
en tities  usually turn out to be, are generally of low 
concentration and require a sensitive reagent to capture
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them. Free radical in it ia ted  addition polymerisation of 
v iny l compounds such as a cry lo n itr ile , being long chain in 
character, provides a very large material am plification of 
the orig inal step and hence makes them read ily  detectable 
by physical chemical means.
I I I .  Relation to  the Chemistry of Polymerisation.

Because o f the interest in the photochemistry and 
radiation chemistry o f water and ib3 products, research has 
been directed along the lines o f water soluble vinyl 
compounds. The most usefu l of these has turned out to  be 
a cry lon itr ile  because o f its  high so lu b ility  and freedom 
from complicating side reactions and because o f the general
reproduceablllty o f results obtained when i t  is  used.

*
Much study has been directed  on the actual in itia tion  

processes of these aqueous systems. In this work more 
attention has been paid to  the polymerisation process 
i t s e l f ,  to  prove that the method of steady states can be 
applied to the polymerisation o f aqueous a cry lo n itr ile , 
and to show that the process is a mixture of a homogeneous 
and a heterogeneous reaction .

B. A BRIEF SURVEY OF POLYM5RISATIOH.
I .  Introduction.

In discussing the chemistry o f isomers, Berzlius 
(1835) gave the name "polymer” to those compounds which
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contained the same atoms in the same proportions hut had 
d ifferen t molecular weights. High polymer chemistry 
could be said to have originated with Régnault in 1838 
and Goodyear in 1839, but i t  has only been in this 
century that a systematic study has been carried out.
There are several texts in which the f ie ld  has been 
covered in d e ta il . Some o f these are: Mark and Tobolsky 
(1950), Burk and Grumniitt (1949), Bawn (1948) and 

D 'A le lio  (1952).
Carothers (1940) was the f i r s t  to distinguish  between 

polycondensations and addition polym erisations. Both 
Carothers and Chalmers (1934) put polymerisation on 
firmer th eoretica l grounds.

Polycondensation or step reaction polymerisation 
is characterized by the step-wise combination of monomer 
units with the elim ination of some simple molecule, e .g .
HgO, NaCl. Each individual step proceeds at the same . 

sp e c if ic  rate and hence, .a ll steps w ill  have the same 
probability  of reaction Independent o f chain length. 
Therefore, the degree o f polymerisation is  ch ie fly  dependent 
on the duration’ of the reaction and not on the extent of 
the reaction . This does not mean, o f course, that a step 
reaction  polymerisation always goes to completion and 
that the degree o f polymerisation tends toward in fin ity .
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There is generally a random distribution  of molecular 
weights, influenced, fo r  example, by an excess of reagent, 
by non-removal o f eliminated molecule to prevent back 
reaction , or by Vi3C03ity changes*

Addition or chain reaction polym erisations, because 
of their complex features, are more in teresting and w ill 
be considered in greater d e ta il.
I I . Addition or Chain Reaction Polymerisation.

Addition polymerisation is the intermolecular 
combination of unsaturated compounds, usually derivatives 
of ethylene and butadiene, without the elimination of any 
simple molecule. . Vinyl monomers are most widely 
investigated, as i t  is found that even complete 
substitution at one carbon atom w ill not hinder polymer­
isa tion , but substitution at the second atom w ill (except 
in-the case of f lu o r in e ). However 1 ,2 ,substituted 
ethylenes may take part in copolymerlsation3.

A monomer reacts to form long chain molocule3 in 
which the individual units or segmers are connected by 
single bonds. Addition polymerisation is  a true chain 
reaction . The in it ia t io n  "step, which is slow, is  quite 
d ifferen t from the propagation step in contrast to 
polycondensation. Also in common with other chain 
reaction s, addition polymerisations are very sensitive to
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the negative or positive ca ta ly tic  e ffe c t  of impurities 
such as oxygen or traces of heavy metals. The molecular 
weight is a lso constant and does not show random 
variations. Hence the degree of polynerisation is  not 
dependent on the duration of the reaction .

Addition polymerisations consist of at least three 
main steps: in it ia t io n , propagation and termination.
Other factors w ill  a lso be considered.

1. In it ia tion : The opening of the double bond.
There are two types o f v inyl polymerisations which 

depend on the e lectron ic nature of the double bond: radical 
in itia ted  chain polym erisation, and ion in itia ted  chain 
polymerisation.

A double bond can be considered in two parts, tho f ir s t  
consisting of theovbonds formed from the maximum overlap 
of one o f the trigonal bonds of the sp2 hybrid. The other 
part of the double bond is  made up of unhybridized p2 
orb ita ls at right angles to  the other throe, which overlap 
to  form aTTlTbond having about 70$ of the strength in 
ethylene of the*'*"bond.

From the molecular orb ita l treatment of ethylene 

summarized by Mulliken (1942), i t  is  found that ten of the 
twelve electrons are loca lized  in pairs in positions 
between the carbon and hydrogen nuclei and between the
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carbon nuclei. The remaining two electrons are distributed 
over the entire molecule.

The opening o f the double bond may be visualized  by 
the follow ing processes.

la . Radical approach:
The odd electron  o f the free rad ica l attracts theTT 

electron  o f the double bond which has a spin opposite to 
that of the free radical and repels the electron with the 
same spin to the other end o f the double bond. The 
radical then forms an electron  pair b&hd with monomer at 
one end and e ffe c t iv e ly  transfers its  free radical 
character to the other end.

lb . Ionic approach:
( i )  A positive  ion such as a proton attracts both 

electrons o f the double bond to form a simple covalent 
bond at one end leaving the fa r  end o f the monomer 
p os it iv e ly  charged.

( i i )  A negative ion repels both T electrons to  the 
fa r  end of the monomer, thus giving i t  a negative charge.

Pepper (1952) a fter  Mayo, Lewis and Walling (1948) 
has summarized the e f fe c t  o f §ubstituent groups on the 
rea ct iv ity  of various monomers when subjected to  the two 
types of attack. (Table 101). Prom the ta b le , i t  can be 
seen how the re la tive  e lectron egativ ities  o f the groups
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Table 101

Radical In itia tion  
------------------^ __________

-CN J L o- cel - o- ? - CH3 - ch=gh2 - c6h5 - h, - c i - or 
___________________ /

J
Basic : Electron acceptor Acidic : Electron donors

...
Ion In itia ted

Arròv/3 show d irection  o f increasing rea ct iv ity .

a ffe ct  the overall e lectron ic ' d istribution  in a monomer
and hence w ill a ffe ct its  a b ility  to accept or donate
electrons or to  undergo rad ica l in it ia t io n . A crylon itrile
has been polymerised by a host of free radicals but is not

lo n lca lly  polymerised in aqueous solution  where the
strongest anion is  the hydroxide ion . It i s ,  however,

+polymerised by a stronger base, the amide ion NHg 
(Higglnson and Wooding, 1952). The table does not take 
into account any polarisation  that might occur in the 
presence of highly polar solvents such as water, and so - 
th is grouping should not be examined too rigorously .

The energy states of the two la b ile  electrons in 
ethylene have been considered by Eyring et a lia  (Iiulbert, 
Harmon, Tobolsky and Eyring,JL943j Eyring and Harmon, 1942).
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It Is found that two excited states are p ossib le , a 
tr ip le t  internal rad ica l state and an ion ic sta te , with 
the ion ic state above the radical sta te . A review of 
experimental data on cis-trans isom erization, o lefine 

dimerization and polymerisation in it ia t io n  rates by Magee, 
Shand and Eyring (1941) provides results fa ll in g  into two 
c la sses : la l  Those with activation  energies of 
40 kcals/mole and frequency factors of 10*^ i . e . an ion ic 
tran sition , and (b) Those with activation  energies of 
20 kcals/mole and frequency factors of 104 I .e . a 
radical transition .

Direct sensitization  of monomer is a lso  possible by 
either photochemical or thermal means and i t  was this 
type of process that was considered in early theories. 
Stj^dlnger (1932) said that a d irad ica l was formed but 

this is  improbable because of the high activation  energy 
required. A c o ll is io n  mechanism involving two monomer 
units is more l ik e ly . Recent work has proven that chains 
grow in one d irection  only in the polymerisation of styrene 
and methyl methacrylate. (Baysal and Tobolsky 1952,
Johnson and Tobolsky 1952).

Since this thesis is prim arily concerned with a 
radical in itia ted  polym erisation, the follow ing sections 
w ill  be esp ecia lly  concerned with that su b ject, bearing



109

In mind that analagous steps are postulated for  Ionic 

polymerisations.
2. Propagation.
Once a polymerisation has started , propagation 

follow s read ily . The propagation step is analagous to the 
opening o f the double bond in the in it ia t io n  3tep, the 
d ifference occurring in the nature of the rad ica l ion.
Since monomers are generally unsymmetrical about the 
double bond, the question arises as to  whether addition 
to a growing chain is a head to head, or t a i l  to t a l l  
mechanism. Evans (1947) has shown th eoretica lly  that the 
activation  energy fo r  head to t a i l  addition would be les3 
than fo r  head to  head addition and hence would be the 

most probable mode of reaction . Experimental evidence 
generally supports,head to t a i l  addition. The experiments 

described by Marvel and Cowan (1939) have shown that head 
to head addition was favoured in ct-haloacrylates. However, 
Marvel, W ell, Wakefield and Fairbanks (1953) have carried 
out further investigations and have come to the conclusion 
that head to  t a l l  addition predominates and that their 
ea r lie r  conclusions were u n ju stified .

Christiansen-Semenov chain theory when applied to 
polymerisation processes assumes that radicals have a 
rea ctiv ity  independent of their chain length and that the
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lifetim e o f a growing chain is  short compared with the 
duration of the reaction . Burnett (1950) ha3 shown that 
experimental evidence supports this view.

5. Termination.

Termination occurs when a growing chain loses its  
a ctiv ity  without creating another active centre. In 
rad ica l polym erisations, the most probable terminal 

reaction  is that occurring between two growing polymer 
ra d ica ls , l . e . mutual termination. Mutual teriiiination 
can occur in two ways.

(1) D isproportionation.
/>/v CHgCBX* + ^CHgGHX* = CH=CHX + ^CHgCHgX 

( i l )  Combination.
'vvCHgCHX* + /^CHgCHX* = ^ C H 2CHXCHXCiyvv\

Weiss (1947) has shown that radicals of the type 
found in polymerisations which^have appreciable dipole 
moments are most l ik e ly  to disproportionate. M elville 
and Valentine (1950), Bonsall, Valentine and M elville 

(1953) and Taylor and Bevlngton quoted in the above, 
favour disproportionation in styrene and methylmethacrylate 
esp ecia lly  at high temperatures. Matheson et a lia  (1953$ 
fin d  that a combination process f i t s  their resu lts best 
fo r  styrene at 30°C. Arnett (1952) and Arnett and 
Peterson (1952) postulate termination by combination fo r
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methylmethacrylate. Baysal and Tobolsky (1952) assuming 
lOO/o in it ia to r  e f f ic ie n c y , fin d  that combination occurs 
in the polymerisation of styrene.

It is becoming Increasingly clear that in any 
particu lar system, both termination mechanisms can operate 
at the same time, and i t  is  the temperature at which the 

reaction is  carried out which determines which mechanism 
predominates, disproportionation being favoured at high 
temperatures.

Linear termination i s 1also possible in a number of 
ways: addition o f an in itia tin g  ra d ica l; addition of 
lmpurltiesj or spontaneously. The concept of spontaneous 
linear termination is Important in the polymerisation of 
a cry lon itr ile  in a non-solvent fo r  the polymer. Here there 
is  a chance of linear termination by the burying o f a 
rad ica l end in a polymer p a rtic le .

Termination by ring formation of a long d irad ica l is 
too improbable to be considered.

4. Other polymerisation steps.
4a. Chain tran sferí
A growing polymer chain may transfer its  a ctiv ity  to 

the ca ta lyst, a monomer molecule, a solvent molecule, 
an Impurity, a growing chain other than at the radical 
end, or a dead polymer chain. One chain is terminated and
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another one started resu lting  In a reduction of the average 
molecular weight.

4b. Chain branching.
When the a ctiv ity  of a growing chain is  transferred 

to  another growing chain or a dead polymer chain, branching 
is  said to have occurred.

4c. Cross link ing .
The process of mutual combination of two branched 

chains is ca lled  cross linking. I f  there is  no chemical 
interaction  between a polymer and a solvent and they have 
approximately the same cohesive energy d en sities , the 
polymer w ill  be soluble in the solvent. Hence, the large 
change in cohesive energy densities brought about by 
branching and crosslinking tend to  Increase the r ig id ity  
and in so lu b ility  of a polymer. This accounts fo r  the 
hardness o f dry paint and the e la s t ic ity  o f vulcanized 

rubber.
Branching and crosslinking are not lik e ly  to occur in 

polymers formed from bifunctional molecules of the vinyl 
type because the growing chains and dead polymer are 
generally saturated molecules and present no convenient 
s ite  fo r  attack. This I s , of course, not true fo r  poly­
functional molecules of butadiene type.

5. Degradatlve chain transfer.
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A specia l type of chain transfer Is that known as 
degradatlve chain transfer (Bartlett and A ltschul, 1945).
In this case, the active species formed from the transfer 
may be stab ilized  by resonance and therefore become 
inactive in in itia tin g  further polymerisation. A lternatively, 
two species may be formed, one of which is an inh ib itor 
such as oxygen (Smith 1951). This mechanism may also be 
advanced to explain the resu lts of Khomlkovskil and 
Medvedev (1948) who found that high persulphate 
concentrations were necessary to bring about the 
polymerisation of a cry lo n itr ile .

Degradatlve chain transfer has .also been observed
by Bartlett and Nozaki (1946) fo r  a lly l  acetate and by
Hart and Smets (1950) fo r  lsoprene acetate. Ihrig and
Allyea (1953) have measured the diamagnetic su scep tib ility  
the

of methylmethacrylate system in the presence of various 
retarders which serve to promote degradative chain 
transfer. Radicals were found to be present in 
concentrations w ell above that o f the chain carriers,, 

thus supporting’ the above ideas. Air was rigorously  
removed. Bartlett and Tate (1953), using a lly l - l -d g  
acetate showed that a resonance sta b ilized  a lly l  rad ica l 
was formed. The rate of reaction was increased twofold In 
the deuterated form with respect to  the undeuterated
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molecule. I f  resonance stab ilized  rad ica l formation did 

not occur, involving the a -posltion  o f the a l ly l  group, the 
rate would have been unchanged by the presence of D atoms.

6. Depropagation reaction .
Taylor and Tobolsky have pointed out that the principal 

of m icroscopic re v e rs ib ility  would lead to  the conclusion 
that not only can an active chain add on a monomer molecule, 
but under suitable conditions could cast one o f f  as w ell.

A depropagation step w ill  occur simultaneously with 
the propagation step. At temperatures at which AG ’has a 
large negative value, l i t t l e  depropagation w ill  take p lace. 
However, at higher temperatures, AG w ill  become more positive  
and the depropagation contribution w ill  increase. Yihen 
AG = 0, the rate of propagation w ill equal the rate o f 
depropagation and no polymerisation can occur. For addition 
polym erisations, since both AH and AS are negative, th is 

leads to  a ’'c e i l in g ” temperature above which polymerisation 
w ill  not take place (Dainton and Ivin , 1948, 1950) • I f  
both AH and AS are p o s it iv e , then a " f lo o r ” temperature w ill 

resu lt (Gee, 1952).
I I I .  The Reaction Mechanism..

• ’ Considering only in it ia t io n , propagation and mutual 
termination, the mechanism can be written as fo llow s:

X + nu = m,* (k.)

. " 1 * * 1  = ” 2 (V
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m  * + ” 1 = “ J+1* - (V
mp* + mg* = P + P r s (k,.)

or Pp+g (tfc)

I f  kp and kt are independent of chain length and i f
C = *jT (m j*), then:
ia ). Using stationary state k in e tics , i . e .  d(c) _ n

dt
Therefore:

= *  fWdt - “ P yj ££ t a p 1-5 (X )°*S (I)

e»g. if x  = s2o8" (Morgan, 1946)

For thermal in it ia tion  (or d irect photochemical in itia tion ^
X = mx

- d ^ l )  = V [ lzL t v2.0 / TT\
dt ^  J EJ  ̂ 1̂

For rad ica l in it ia t io n , *Li25l » 0

1»9 • reduction activation  

Fe2* + HgOg = (PeS+.OH) + OH 1^ 

then, k1 (Fe2+) (H202) = kiiOI-Dimi) = ^ A 2

i f

Therefore,

(Fe2*) (H202) = A

(OH)...
kjA2
kiTmi)(X)
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Therefore :

-d(m-|_) ik''A (m)1,0 (III)dt * I kp

(Baxendale, Evans and Kllhan, 1946.)
Por photosensitized In itia tio n ,

where . R = X.. ,

(Evans, Santappa and Uri, 1951. 
(Dalnton and James, 1953*)

a

where n0 = number of radicals produced per quantum 

absorbed i f  a l l  the radicals formed disappear by in itia tin g  
chains, and I& = number of quanta absorbed per cc . per 
second.

Therefore:

d(SL = 0dt

where R. = OH, Cl, N3
= OH, H

and k (̂OH) (n^)' = D0I

-d(nii)
dt

k (m-,) 1.0 (IV)

Equations ( I ) , (III ) and (IV) have been v e r ifie d  by 
the above mentioned authors; (III) with methyl 
methacrylate and-(I) and (IV) with a cry lo n itr ile .

. For a mechanism involving linear termination only 
with photochemical in it ia tion  as in equation ( I I I ) ,

1.0~d(ml ) = njila kp
dt (n^) X = Radical (V)
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where k|_ * = rate constant of. linear termination, 
and X = concentration o f linear termination.
_(b) Using non-stationary state k in etics .

Barnett (1950) ha3 summarized the various equations 

obtained considering the photochemical build up to the 
steady state in the ligh t period, and the die away from 
the steady state in the dark period.

B rie fly , fo r  a system which follow s equation (IV) in 

the steady state : **
For the build  up,

= k i-k t t c )2

For the die away,
d ( 0 )  _

dt -k t (C)

On integration , these equations g ive,

ln(C03h t/y)
u . kt 1

fo r  the build  up,

' 3? = InU rt/T )

fo r  the die away,
where ¿̂ VL/U = fra ction  of the monomer consumed,
and = lifetim e o f the active centres defined by

~ (C)steady state
kl

(VI)

(VII)
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M elville and his group have determined rate constants 
from the non steady states using very sensitive methods of 
detection such as change o f d ie le c tr ic  constant (M elville 
and Majury, 1951), or the change of re fractive  index 
(Grassie and M elv ille , 1951). These and sim ilar techniques 
fo r  measuring lifetim e have been summarized by M elville 
(1952).

The equations which lead to (VI) and (VII) are also 

used in the development of the rotating sector theory of 
measuring rate constants to be considered in a la ter 
section .
IV. Polymerisation in Aqueous Solution.

1. Introduction.
In the absence o f emulsifying agents, a cry lo n itr ile , 

methyl acrylate , methyl methacrylate, methacrylic acid , 
styrene, vinylidene ch loride, ethylene, 2-nltropropylene 
and acrylamide have a l l  been polymerised in aqueous media 
by a variety of free ra d ica ls .

The most complete Investigations are due to 
Baxendale, Evans’ and Park (1946), using methyl acrylate 
and■a cry lon itr ile  In itia ted  by OH ra d ica ls■from Fenton's 
Keagent; to Evans, Santappa and Uri (1951) using 
methacrylic acid , methyl methacrylate and a cry lon itrile  
in itia ted  by OH, Cl and N3 radicals produced photochemically; 
and to  James (1952) who studied the polymerisation of
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a cry lon itr ile  in itia ted  by H atoms and OH radicals 
produced photochemically.

Most interest has been shown, however, in the process 
o f in it ia tion  and so , few v e lo c ity  constants of 
polymerisation have been determined.

2. Production of In itia tin g  free radicals in 
.aqueous solu tion .

Radicals may be formed in aqueous solution in 
several d ifferen t ways. These methods have been detailed 
in f u l l  by James (1952) and w ill  only be summarized here.

2a. Excitation of the monomer.
I f  ligh t o f suitable wavelength is absorbed, or i f  

the reaction is carried out at a high enough temperature, 
d irect production of radicals from a monomer w ill  resu lt .

2b. Homolytlc d issocia tion .

The thermal or photochemical d issociation  of peroxide 
molecules, e .g . benzoyl peroxide, hydrogen peroxide 
(Smith 1951), persulphate ion (Bacon 1946) provides ono 
o f the most convenient methods,of in itia tin g  polymerisation.

2c. Heterogeneous sources.
Parravano has in itia ted  polymerisation by H atoms 

from the electrodeposition  of H on metal surfacesj from .
t

metals loaded with hydrogen; from metal hydrides; by the 
decomposition of hydrazine or palladium and by the
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decomposition of formic acid on palladium in the 
presence of oxygen. (1950)• .

K olthoff and Ferstandig (1951) activated an otherwise 
unreactive reduction activation system by e le c tro ly t ic  
reduction.

2d. Ionizing radiations.
The polymerisation process has been developed in an 

attempt to Identify  the reactive en tities  produced in the 
radiation of water. Hydrogen atoms and hydroxyl radicals 
are the princip le species formed in water (Colllnson 1952, 
C ollins on and Dalnton 1952), but are by no means the only 
species produced (Betts, Collinson, Ivin and Dalnton 1953).

2e. Reduction activation .
This may be a thermal or a photochemical reaction and 

usually-involves the transfer o f an electron from a 
reducing ion to an ion or molecule which possesses no 
vacant orb ita l of low energy and d issociates to  a radical 
and an Inactive species.

The reducing ion may be cation ic or anionic in 
nature and the reaction may be written generally as 
fo llow s, using hydrogen peroxide as the electron acceptor. 

Xn+ + HOOH = X^n+1^+ + 011”  + OH 

Xn"  + HOOH = X (n‘ 1 ) "  + OH“  + OH 

Baxendale, Evans and Park (1946), Bacon (1946) and Morgan
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(1946), have induced polymerisation by systems operating 
by one or other of the above mechanisms.

The water molecule may also be reduced to form H 
at oms,

Xn+ + HOH = x^n+1 +̂ + OH“ + H
as described by James (1952) , but th is is generally a 
photochemical reaction and w ill  be described in more 
d eta il below.

« *
2 f. Oxidation of an anion.
The oxidizing agent is  generally a cation and electron 

transfer takes place on d issociation  of a cation-anion 
complex. Unless the cation is  a powerful oxidizing agent 
or the anion a powerful reducing agent, the process is 
photochemical. By a suitable choice of cation , the 
electron transfer spectrum of the complex can be brought 

into a convenient region of the spectra.

C. TH3 MECHANISM OB PHOTOCHEMICAL ELECTRON TRANSFER.
Since the beginning of the century, ion ic reactions 

Involving electron transfer as the primary step, have been 
recognized as taking part in a great number of chemical 
reactions. A study of a specia l type o f electron 
transfer was in itia ted  by the work of Franck and Schelbe 
(1923), who associated certain absorption bands in the 
v is ib le  'and u ltra v io le t spectra of some aqueous solutions
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with this s t e p .. The concept of electron transfer spectra 
had arisen in ion ic crystals as early as 1896, but i t  was 
not extended to the liqu id  phase u n til th is century.

In order that photochemical electron  transfer can 
take place with considerable p roba b ility , the electron 
donor and acceptor must form a largely  electro-va lent 
(ion ic or ion ic dipole) bond, rather than a covalent 
(electron  pair) bond. For this reason, transfer takes 
place in gaseous ion ic m olecules, ion ic crystals and 
simple and complex ions in solution  (Rabinowitch, 1942).

When a bond is  largely  covalent, only electron ic 
excitation  resu lts on the absorption of ligh t u n til 
shorter wavelengths are reached l . e . u n til su ffic ien t 
energy is provided to transfer the e lectron . The complex 

formed between the vanadous ion and acry lon itrile , well 
illu stra tes  the sh ift  to shorter wavelengths of the actual 
electron transfer band, while at the same time moving the 
observed band cu t -o ff  towards the v is ib le . In other words, 
an e lectron ic exc.ltation band of higher extinction  i3 
superimposed on, and masks the true electron  transfer band.

A ll complex ions show possible electron  transfer 
bands in the u ltra v io le t . These are characterized and 
generally recognized by the large extinction  of the order 
of 104 , caused by the large "dipole moment o f tran sition ”
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(Bowen, 1950). This large extinction  co e ffic ie n t  is 
comparable to  that of organic dyes and is much greater 
than that o f simple "coloured" inorganic sa lts . The 
large increase is usually quite marked so that a wavelength 
just shorter than the long wavelength cu t -o ff  can be 
associated with the energy necessary fo r  the transfer.
It is  necessary to use th is rather arbitrary procedure 
because of the d i f f ic u lt y  of measuring the wavelength of 
the peak o f the absorption band. As this usually occurs 
in the vacuum u ltra v io le t , i t  is  not conveniently located.

Since the energetics of photochemical electron 
transfer are best approached a fter consideration of a 
thermal reaction , thl3 case is  presented f i r s t .  The 
example c ited  below is only one of many sim ilar electron 
transfer reaction s, but an understanding of this type 
leads d irectly  to the photochemical case.
I .  Transfer Associated with Bond Breakage.

Bond breakage takes place i f  the electron is accepted 
by a molecule and enters an antibonding o rb ita l, or i f  
the molecule donates an electron from a bonding orb ita l.
A good example of this process is  the decomposition of 
hydrogen peroxide in the presence of reduced ions;

Pe2+ + HO.OH = Fe5* + (HO.OH)" = Fe3+ + OH" + OH 
The mechanism of the reaction  is shown in figure 101 as
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developed by Evans (1950)• Curve ABCD Is the Morse curve 
fo r  the d issocia tion  of hydrogen peroxide into two hydroxyl 
ra d ica ls . Curve PCE represents the unstable reaction 
product (HO.OH)“ which at large values of r  d issociates 
to  OH“ and OH. The d iffe ren ce , DE, between the curves is 
equal to (Eoh + S0H- )  -  IFq2+ > where % is  the electron 
a ff in ity  of the hydroxyl ra d ica l, Sqjj is  the solvation 
energy o f the hydroxide ion , and Ip 2+ is the ion ization  
potentia l o f the reduced state o f the aqueous cation 
when fu lly  hydrated. This is  derived from a consideration

of the follow ing steps ••

(1) 0iraq = oh"g " S0H
(2) 0Hi •r +td-iO

-  S0H
(3) Fe5* + aq e = __ 3+ 

^9aq ©1

Since (Eqjj + S0H- )  149.7 kcals/mole (Evans and Uri 1949,
Brewer 1950), and Ip 2+ = 101.3 kcals/m ole, the distance

aq
DE = 48.4 kcals/m ole. The height of C above the zero 
point energy is  the activation  energy of the forward 

reaction , the reaction  path being BCE.
From the above equation, i t  can be seen that DE and 

hence the energy o f activation , is  governed by the 
ion ization  poten tia l of the reduced cation when i t  is 
assumed that the presence of the reduced cation does not 
a ffe ct  the- re la tiv e  positions o f the two curves.
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Thus, the rate constants fo r  the decomposition of

hydrogen peroxide by Cr^+ , (1^2+ = 72 kca l/m ole), w ill
p+be greater than those in the presence of Fe , which in

2-lL.
turn w ill  be greater than the rate constants fo r  Mn
(ljfo2+ = 127 kcals/m ole)« , 

aq
The activation  energy fo r  the reverse reaction  w ill 

be low, depending on the height of C above a horizontal 
lin e  through E. The height o f C w ill  depend ch ie fly  on 
the curvature o f the two curves at C.

The overa ll entropy decrease in the reaction  of 
1 e.u ./m ole is  due to  two fa cto rs : a large decrease of 
51 e.u ./m ole because o f the Increase o f e ffe c t iv e  charge 
of the system; and a large increase o f 50 e.u ./m ole due 
to  the reduction of the to ta l e ffe c t iv e  charge on 
formation o f the complex Fe .OH . Fortunately, the 

entropy change in the oxidation of the above ions is 
approximately the same. Comparison is thus possible 
because the rate o f reaction  w ill  be equally influenced 
by the change of'entropy in each case.

• The actual values o f the thermodynamic functions have 
beeh-.'calculated by Evana, Hush and Uri (1952)*
II« Transfer to the Water of Hydration.

This mechanism was proposed to explain the results 
of Weiss (1955), who observed the evolution o f hydrogen
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from an aqueous solution o f ferrous sulphate Irradiated 
by u ltra v io le t lig h t . Franck and Haber (1931) said that 
an electron would most probably be transferred from a 
cation (or an anion) to a sp e c if ic  molecule of the 
hydration sphere. This assumption was embodied in the 
mechanism of P o t te r i l l ,  Walker and Weiss (1936) to 

explain Weiss 1 observation.
i? i

Fe2+'.*H20 = Fe + OH’  + H
The combination o f the hydrogen atoms accounts fo r  the 
evolution o f gas.

Farkas and Farkas (1938) modified the above reaction
to ,

Fe2+.H 0 = Fe3+.OH" + H
2

which is more probable in the ligh t o f present day 
knowledge o f the hydrolysis o f iron (Olson and Simonson 
1949, Rabinowltch and Stockmayer 1942).

There is  no d irect evidence as to  the true nature of 
the complex, whether i t  is ion ic Fe3+.0H or covalent 
(Fe0H)2+. For this reason, Bowen (1950) has questioned 
whether the photochemical process is  actually  an 
electron  transfer.

Hydrogen evolution is completely suppressed on the 
addition of a monomer. This can be ea sily  shown even in 
the presence of awi r ,  by the addition of a cry lon itr ile  to
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an aqueous mixture of zinc in d ilu te hydrochloric acid*
The potentia l energy curves are shown in Figure 102*

In this case, HgO replaces HgĈ  so that the Morse curve 
ABGD corresponds to the d issociation  of water into H 
atoms and OH ra d ica ls . The electron  acceptor is now in a 

solvation sheath about the donor and d iffe rs  from the 
previous case in the d issocia tion  energies of the two
compounds (DTT „ T = 120 kcal/m ole; D . • TT = 52 kcal/mole)

ii • • • OH HO • • • OH
The separation of the curves ABGD and FCE is 

governed by the same facts as above.

tt0H + sar - X ?
Ihe re la tive  steps shown are fo r  the ferrous ion .

However, because o f the much greater d issocia tion  energy 
of water, the activation  energy fo r  the reaction represented 

by the height of G above the zero point energy is much 
greater than in the hydrogen peroxide case. Hence, 
electron transfer is Immeasureably slow unless brought 
about by the absorption of lig h t . The magnitude of energy 
Required is  shown by the dotted line r is in g  from B to  F.

The reactions are a lso characterized by low quantum 
yields because of the low energy of activation  fo r  the 
Hack reaction .

The rates of reaction fo r  the d ifferen t lon3 should 
He in the same order as in the case of hydrogen peroxide
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since the separation of the two curves Is again governed 
by the Ionization potentia l of the reduced ion . For the 
transition  group the results are summarized in Figure 103* 
From this figure i t  is  seen that a relationship should 
ex ist between the magnitude o f the quanta absorbed and 
the ion ization  poten tia l. Dainton and James (1951) have 
shown that a linear relationship does ex ist when the short 
wavelength cu t -o ff  * of the electron  transfer spectra is 
used as a measure of hv and is compared with the redox 
potentia l fo r  the ions vanadous, chromous, manganous, 
ferrou s, cobaltous and nlckelous. Redox potentials are 
compared instead of ion ization  potentials because of lack 
of knowledge about the la t te r . Comparison is va lid  i f  the 
entropy changes are approximately equal a3 in the above 

group of ions.
Figure 102 illu s tra tes  that the ion ization  potential 

involved in the separation of the curves needs to be 
corrected by a term to account fo r  the energy change on 
the reorientation  of the water molecules a fter lig h t is 
absorbed. By the Franck-Condon p r in c ip le , the ligh t 

absorption is instantaneous and the electron  is 
e f fe c t iv e ly  transferred before reorientation  can take 
p lace. However, this d ifference is  again approximately 
the same for  each ion of this series and so the error i3



r  HO...OH

* I





129

constant and does not a ffe c t  the v a lid ity  of the results*
The conclusion to be drawn from th is , is that fo r  

the same anion, the sum of the solvation  and electron 
a ff in it ie s  remains unchanged, and the separation of the 
two curves and therefore the energy required to bring 
about electron  transfer is governed only by the ionization 
potentia l of the reduced state of the aqueous cation.
I I I .  Transfer from Ohe Ion to Another with an Unlike Charge* 

From the point of view of this Investigation , this is 
the most important of electron transfer reactions, as thei
radicals produced in a transfer of this type were U3ed to 

in itia te  the polymerisation of acrylon itrile .

Using fe r r ic  iron a3 an example, the potentia l energy 
curves are shown in Figure 104 (Evans and TJri, 1950)*

Evans, Santappa and Url (1951) , have shown that a 
system containing fe r r ic  ions at high acid concentrations 
does not in it ia te  polymerisation. At higher pH’ s however, 

the reaction  occurs readily  and is found to take place 
through the complex Fe3toH~ formed in the follow ing
reaction*

Fe3+ + Ho0 
Fe5toiT + htf

Fe5toH” + II+ 
9+Fe + OH

OH + m̂  = e tc .
A sim ilar mechanism is  postulated in the presence of
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hydrochloric acid. Rabinowitch and Stockmayer (1942), 
have evaluated the thermodynamic; functions of this reaction 
and the equilibrium constant at 25°C is  found to be about 
5x10” ’"’. ■ The absorption spectra of the Pe^toET was also 
analysed and found to  have a maximum at 3130A corresponding
to about 90 kcals/m ole.

3+ —The complex Fe .OH is  weak having a heat of interaction  
o f about 1.5 kcals/mole so that the lower curve shows a 
shallow minimum only. The separation of the two curves is 
governed by the same conditions as before but in this 
case, the curves do not Intersect.

The quantum y ie ld  of the reaction  is low and of the 
order of 0.05. Back reaction  is reduced to  a minimum by 
the presence of monomer which w ill  p ick o f f  any radicals 
that are produced, and by thq fa ct that the products are 
separated shortly a fter the ligh t is  absorbed and are not 
In a favourable position  fo r  a back reaction . The primary 
back reaction  Involving the radical and ion formed from 
the same ion -pair' complex accounts fo r  most o f the back 
Reaction. The secondary back reaction  occurring from ions 
a fter separation w ill  be suppressed by the presence of 
su ffic ie n t  monomer.
IV. The E ffect of Complexlng the Reducing Ion.

Any agent that p re feren tia lly  complexes with the
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reducing Ion w ill  increase its  s ta b ility  and therefore the 
magnitude of its  ionization poten tia l. This in turn w ill  
sh ift  the electron  transfer spectrum to shorter 
wavelengths. Examination of the absorption spectrum may 
not show this because of the presence of excitation  bands 
of high extinction  which w ill  mask the beginning of the 
electron -tran sfer band. Polymerisation techniques can 
"be used to locate this band however.

1. Complex between ferrous ion and a cry lon tr lle .
James found that a complex exists between ferrous ion

and a cry lon itr ile  which sh ifted  the long wave lim it from 
2850A to 3000A. Polymerisation was found to  take place 
only when wavelengths of 2900A or shorter were absorbed by 
the system, thus confirming that this spectral region 
corresponds to  e lectron ic excita tion  only.

2. The complex between vanadous ion and a cry lo n itr ile . 
James found that a much stronger complex existed

between the vanadous ion and a cry lo n itr ile ; the absorption
spectrum is shown'in Figure 105. The redox potentia l of 
V2+/ v3+ was a lso  changed by .78 v o lt3  in the presence of

acrylonitrile•

A mechanism may be postulated which is analagous to 
the photochemical electron transfer from ferrous ions in 
water.
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/ 2+  .I f  the complex Is (V • M ) than tha reaction  w illJv.
proceed in the follow ing manner:

(V2tMx).H0H + ht> = (V3̂ )  (HOH)" = V3* + xM + OlT + H
The electron  is transferred to  a water molecule outside 
the complex and since V3+ is not complexed, the products 
break up as shown. The minimum quantum necessary to 
produce transfer is  greater than that fo r  the uncomplexed 
ion.because of the ‘Increased sta b iliza tion  of the complex. 
In e f fe c t ,  the electron  transfer spectrum may be sh ifted  
to shorter wavelengths than that of the uncomplexed ions.

The author o f this thesis carried out some 

experiments to Investigate th is sh ift  using the technique 
to be described in the next chapter, and obtained the 

Results shown in Table 102.
The follow ing four systems were considereds

0.5 M IiClO,
1. o.ooi ;M y2+

2. 0.0001 M y2+

3. 0.001 1.1 v2+

4. 0.0001 M
2+V

The rates were measured as mm./min. contraction in a 
1 mm. ca p illa ry .

The large sh ift  in the redox potentia l indicates 
that the properties of the vanadous-acrylonitrile system 
w ill  be essen tia lly  that o f the complex.
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Table 102.
The re la tiv e  effectiveness of various wavelengths In 
the In itia tion  o f vanadous ion sensitized  polymerisation.

Rate o f polymerisation (mm./min.)

Monomer 0.6 M a cry lon itr ile 0.22 M methyl acrylate

Cv2+) o.ooi M 0.0001 M , 0.001.11I 0.0001 M

. Wavelength, A 
3650 0.000 • • 0.000 • •
3340 0.000 • • 0.001 • • .

3130 + 3340 • • • • 0.003 • *
3130 0.001 0.001 • • 0.012

3020 + 3130 0.002 • • 0.004 « •
2537 0.020 • • 0.040 • «

f u l l  ligh t • • 0.030 ■ ■ • • 0.5
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The experimental results show that the electron 
transfer spectrum o f the uncomplexed vanadous Ion Hies 
between 3340A and 3650A, l . e . close to that observed from 
the absorption spectrum.

Further, the electron transfer spectrum of the 
complexed vanadous Ion Is sh ifted  to shorter wavelengths 
and lie s  between 3130A and 3340A and so bears out the 
above theory.

It  was also found that the vanadous ion Is a more 
e ffe c t iv e  sen sitizer at lower concentrations and is  thus 
sim ilar to the chromous ion in that respect (James, 1952).

The large sh ift  of the complex spectrum toward longer 
wavelengths must then be due to electron  transfer within 
the complex, possibly  leading to its  d issocia tion . But 
since no hydrogen atoms are formed, polymerisation can 
only occur by means o f co llis io n  or i f  a d issociated 
fragment is a ra d ica l. Neither is  the case in the vanadous 
a cry lon itr ile  system.

D. REACTION LOCI IN POLYMERISATION SYSTEMS.
I . Types of System.

Polymerisation systems can be separated into two 
general classes.

1. Homogeneous systems.
I f  the polymer is .so lu b le  in the monomer or solvent,
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the system is obviously homogeneous throughout, and the 
kinetics are re la tiv e ly  simple. A ll reaction lo c i  are in 
the liqu id  phase and fo r  low conversions, steady states 
are usually obtained. At higher conversions however, the 
v isco s ity  o f the system may increase markedly leading to 
an ’'exp losive11 polymerisation. Examples o f this la tter  
phenomena were studied fo r  methyl methacrylate by 
Trommsdorff (1944) and by Norrish and Smith (1942); and fo r  
methyl lso-propenyl ketone by Haward (1948).- Matheson ot 
a lia  (1951b) also noted this e ffe c t  in.m ethylacrylate.

2. Heterogeneous systems.
Because of the large d ifference in physical properties 

between polymer and monomer, most polymers are generally 
insoluble in their monomers or common solvents. Interesting 

e ffe c ts  arise i f  the polymer is  swollen by monomer and i f  
the liqu id  phase is  a precipitant or only a poor solvent 
fo r  a polymer. For a p recip itan t, there is no sign ifican t 
increase in the v is co s ity  o f the system on polymerisation.

In itia tion  occurs homogeneously in the liqu id  phase 
but the lo c i  of propagation and'termination depend on 
individual monomers. Particular examples o f each type 
w ill  be considered.
I I . The Polymerisation of Styrene.

1. The emulsion polymerisation of styrene. .
An understandlñg~oT~the part played by solub le ,
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Insoluble and sw ollen polymers can be gained from a

consideration o f emulsion polymerisation. Harkins (1947),
has put forth  a detailed  description  of emulsion polymerisation.
Smith and Ewart (1948) have extended th is treatment and
Smith (1948) has v e r ifie d  the theory- fo r  the case of
styrene.

The theory is  based on systems In which the polymer 
is swollen by its  monomer and the monomer is only s lig h tly  
soluble in water. Water soluble in itia tors  are used.
Styrene in aqueous so lu tio n  is  a good example of th is  type.

The four phases of an emulsion system are d eta iled  

below:

(I) The o i l  phase, which serves as a reservoir to 
keep the aqueous phase supplied with monomer and is only 
a minor locus of propagation.

( i i )  The aqueous phase, which contains the d issolved  

in i t i a t o r ,  and only very l i t t l e  monomer ( i f  not appreciably  

so lu b le) and is  a lso  a minor locus of In it ia t io n  and 

propagation.

( i l l )  The soap m ice lles , which contain most of the 
dissolved monomer (depending on the soap concentration).
This phase is  a major locus of in it ia t io n  but only a 

minor locus of. propagation. In the presence of soap, 

the a ctiv a tio n  energy of in it ia t io n  fo r  styrene is  reduced
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from 25 kcal/mole in a monomer droplet, to  17 kcal/mole 
in a m icelle . Thus, the m icelles compete favourably with 
the o i l  phase for  the in it ia to r .

Polymer partic les  are formed in the m icelles but 
a fter about 10% conversion, they adsorb a l l  the soap and 
the m icelles disappear.

(iv) The polymer p a r t ic le s , which become stab ilized  
against coagulation by soap. These p a rt ic le s , swollen by 
monomer, become the major locus of propagation. Their 
number ceases to increase when the m icelles disappear from 
solu tion . The rate then becomes constant, the partic les  
being supplied with further monomer by d iffu s ion .

Case 2 of Smith and Ewart's theory is  the most 
important. A polymer p a rtic le  is said to contain either 
one growing chain or none. I f  a rad ica l enters a particle  

already containing a growing chain, termination takes 
p lace. The lifetim e of a growing.chain, and the time 
interval between the termination of one chain and the 
in itia tion  of another chain, are thus both equal to  the 
average time Interval between successive captures of a 
free ra d ica l. The average number of growing chains per 
partic le  is therefore equal to  -g-, and the rate of reaction 
is Independent o f the rate o f radical production and 
dependent on the number of p a rtic le s .
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Smith and Ewart have calculated that the number of 
partic les  is proportional to (R)2/ 5 (S)3/ 5 where R = rate 
of rad ica l production and S = the soap concentration 
during the m icellar stage. This rela tion  was confirmed 
by Smith.

He also found that, the lifetim e o f a growing chain 
was 10 -  100 seconds and the degree o f polymerisation

A c
10* -  10 . These can be compared with the resu lts of 

Matheson et a lia  (1951a) fo r  the bulk polymerisation of 
styrene (1.3  seconds and 4000 re sp e ct iv e ly ), and i t  can 
readily  be seen why both the rate and conversion in 
emulsion are much higher.

Baxendale, Evans and Kllham (1946) suggested that the 
increased rates were due to a reduced termination constant 

brought about by the increased v isco s ity  o f the system. 
However, the rate o f termination does not enter into the 
k inetics as long as i t  remains high (k̂ . fo r  styrene *=
7.2 x 10^ (m o le /l.)" 'Lsec’"^; Matheson et a lia  1951).

Thus in an emulsion system in which they are swollen 
by monomer and sta b ilized  against coagulation by a soap 
layer, the polymer pa rtic les  are the main locus of 
propagation and termination and steady states are readily  
obtained.
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2. Aqueous non-emulsion polymerisation of. a tyre no.
Experiments have shown that the non-micellar 

polymerisation of styrene is  essen tia lly  the same as in 
the emulsion case. Polymer partic les  swollen hy monomer 
remain the major locus o f propagation and termination. 
However, the rate o f formation o f these partic les  is  very 

low and the number of pa rtic les  w ill  be reduced by 
coagulation so that conditions leading to a steady state 
are not ea sily  rea lized  (Harkins, 1950).

Bovey and K olthoff (1950) found the rate proportional 
to  the square o f the monomer concentration and the square 
root of the persulphate in it ia to r  concentration, 

indicating that some measurements are possib le .
H I . Bulk Polymerisation o f Vinyl Chloride.

Bengough and Norrish (1950) have shown that the rate 
of polymerisation o f v iny l chloride in itia ted  by benzoyl 
peroxide gradually accelerated over the f i r s t  40^ o f the 
reaction .1 The increase in rate was attributed to  the 

immobilization of reactive polymer ends on the surface of 
the polymer, and was roughly proportional to the surface 
area of the polymer. The polymer may be s lig h tly  swollen 

By the monomer (Arlman and ttfagner, 1953). Addition of 
dead polyvinyl chloride a fter exposure to a ir , was found 
to act as a co-cata lyst with benzoyl peroxide. Increased



140

r e a c t iv ity  was not due to the removal of in h ib ita n t. I f  

the remaining monomer was removed from a p a r t ia lly  

polymerised system and fre sh  monomer added, the reaction  

proceeded at the accelerated  r a te . This c a ta ly tic  e f fe c t  

disappeared when the reaction  took place in the presence 

of a solvent fo r  the polymer.

Chain tra n sfe r  from growing chains to  the dead 

polymer was p o stu la ted ; th is  lead to an accumulation of 

immobile centres which were even tu ally  terminated by 

further tra n sfe r  to monomer.

Thus the locus of propagation is  both in the liq u id  

phase and on the surface of the polymer p a r t ic le . The 

part played by the polymer Increases with i t s  surface area.

Polym erisation of Vlnylldene C hloride.

1 . In aqueous so lu tion  and em ulsion.

Polyvinylidene chloride d if fe r s  from the above polymers 

In being c r y sta llin e  and not swollen by i t s  monomer.

Arlman and Wagner (1953) have compared the density  of  

polyvinylidene ch loride measured from the volume contraction  

In a dilatom eter w ith that determined from the X -ray unit 

c e l l  (Reinhardt, 1 9 4 3 ) , and found agreement within  

experimental erro r .

However, Weiner (1951) in  an emulsion polym erisation , 

found that the s o lu b i l i t y  of vinylldene chloride could be
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increased by the addition of dead polymer. The augmented 

s o lu b ility  was found to be small and increased much more 
slowly than the increase in polymer concentration. The 
increase was also dependent on the soap concentration.
This indicates that there may be some absorption, a ffected  
by 3oap, in the polymer la t t ic e .

Steady and higher rates were observed in an emulsion 
system by Weiner and by Tkachenko and Khomikovskil (1950) 
a fter a period o f slow reaction . Very slow rates were 
observed in water alone, but no evidence is  available to 
show i f  the rate was steady or not (Tkachenko and 

Khomikovskil, 1950).
Therefore, in spite of the fa ct  that the monomer is  

only s lig h tly  absorbed by polymer, the system is sim ilar 

to  that o f styrene. Thus, the main locus of propagation 
is  about the polymer p a rt ic le .

2. Bulk polym erisation.
Burnett and M elville (1950), Investigating the d irect 

photopolymerisation of vinylidene chloride (A less than 
2800A) in bulk and in hexane (a ,non-solvent fo r  the 
polymer), found that steady states were attained shortly 
a fter illum ination was started. The rate was followed 
d ila tom etrica lly  over a temperature range of 15°0 to 35*C; 
the lim its of temperature control and the volume of the
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vessels were not recorded. After 40 minutes exposure, the 
rate began to f a l l  o f f .  Two reasons were advanced to 
explain th is : (a) Formation of polymer partic les  scatters 
the incident ligh t and e f fe c t iv e ly  reduces the number of 
quanta absorbed. (b) The polymer was found to decompose 
on long irrad iation  evolving hydrochloric acid .

Using the rotating sector technique, rate constants 
were evaluated at several temperatures; discussion o f this 
is  reserved to a la ter section .

In contrast to the steady rates observed by Burnett 
and M elv ille , Bengough and Norrish (1953) found that the 
rate stead ily  accelerated throughout the f i r s t  30$ 
polym erisation. The monomer was subjected to repeated 
d is t i l la t io n  and p a rtia l polymerisation to remove any 

Impurities that might take part in autocatalysis» The 
system was in itia ted  by 0.02 -  1 .0  M$ benzoyl peroxide over 
a temperature range of 45°G to 75*C, The temperature 

control was only i0 .1°G , so that there may be a p o s s ib ility  
° f  convection currents in the dilatometer (capacity
0.6 m l.) . This would e ffe c t  the coagulation of the 
polymer partic les  and lead to increased occlusion and 
immobilization o f buried centres. There is  also a 
p o s s ib il ity , as pointed out by the authors, o f chain 

transfer to dead polymer resu lting in the formation of
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other immobile centres which could continue growth u n til 
terminated by a f in a l chain transfer to monomer, and the 
in it ia t io n  o f a " fr e e ” mobile chain. Conditions leading 
to  a steady state are therefore not easily  attained in 
th is system.

Addition of dead polymer, a fter exposure to  a ir , had 
no e f fe c t .  It  was thought by Bengough and Norrish that 
the re a ct iv ity  was destroyed by a ir ; Bamford and Jenkins 
(1953) have shown that p o lyacry lon itrile  was deactivated 
on exposure to oxygen. The inh ibiting e ffe c t  of oxygen 
on the in it ia tion  o f polymerisation is well known fo r  
styrene (Bovey and K olth off, 1947) , methyl methacrylate 

(Burnett and M elv ille , 1950), v iny l acetate in bulk 
(Matheson et a lia , 1949b) and a cry lon itr ile  in solution 
(Baxendale, Evans and Park, 1 9 4 6 ),'when stable peroxides 

are usually formed. It is  probable that sim ilar e ffe c ts  
occur with a growing chain.

The only conclusions to be drawn from the negative 
e f fe c t  of dead polymer are that i t  Is not swollen by 
monomer, and chain transfer does not take p lace.

Thus, i t  appears that the locus of propagation is 
"both in the aqueous phase and in the polymer p a rtic le . 
Which e ffe c t  predominates w ill  depend on the number and 

s ta b ility  of the p a rtic le s . I f  a high degree of
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coalescence is favoured, steady states may not resu lt 
because of trapped centres. I f  coalescence is reduced to 
a minimum, a steady state in the system of trapped radicals 
may be possib le .

Arlman and Wagner (1953) have added a further step 
to the formation of a crysta llin e  polymer. They postulate 

that growing radicals could add to the polymer by the 
physical process of crysta lliza tion  rather than by a 
process of occlusion . This theory should not, however, 
invalidate any qualitative conclusions reached from a 
consideration of occluded ra d ica ls .

Bamford and Barb (1953) have pointed out that a 

steady rate does not always mean that steady state 
conditions e x is t . In a photopolymerisation o f a system 

Involving an Insoluble polymer, two opposing e ffe c ts  are 
possib le . The rate may be accelerating as the concentration 
of the precip itated  polymer and trapped centres increases, 
while at the same time, the number of quanta absorbed is • 

being reduced by the scattering of lig h t . I f  a balance 
occurs, a steady rate is p ossib le . In a thermal 
Polymerisation, the second phenomenum does not occur, and 

continually accelerating rates would be observed. This 
might account fo r  the contradictory resu lts observed by 
Bcngough and Norrish and by Burnett and M elville .
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,'.V. Polymerisation o f Methyl Methacrylate«
1« Bulk polym erisation.
As w ell as those authors mentioned in I I . 1 . ,  the bulk 

polymerisation of methyl methacrylate has been investigated 
by Bamford and Dewar (1944) and Matheson et a lia  (1949a); 
both groups have determined the rate constants. The most
in teresting  feature has been the increase in rate due to

/\
the increased v is co s ity  o f the system at high conversions. 

This was f i r s t  studied by Schulz and Blasehko (1941, 1942) 
and subsequently by Norrlsh and Smith (1942), and 

iTtforamsdorf f  , (1944) •
The general conclusion is  that the termination 

constant Is reduced but*that the propagation constant 
Remains unchanged.

2. Aqueous polym erisation.
Because o f its  re la tiv e ly  high so lu b ility  in water 

(0.15 M = 1.5$) at 25°G, methyl methacrylate is  conveniently 
studied in solu tion . Baxendale, Evans and Kilham (1946), 

using Fenton's Reagent as in it ia to r , obtained steady rates 
a fter an In it ia l-a cce le ra tio n . ,The polymer precip itated  
and rapidly formed a coagulum; polymerisation did not 

proceed beyond 40$. While the temperature control at 25#C 
was to.02®C, the system was agitated throughout a run, so 

"that coalescence would be favoured. Violent agitation  may
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assist termination and minimize the e ffe c t  of occluded 
rad ica ls .

Addition of an emulsifying agent had a profound e ffe c t  
on the reaction . As l i t t l e  as 0.0003$ cety l trim ethyl- 
ammonium bromide doubled the rate and Increased the conversion; 
1$ em ulsifier accelerated the rate ten fold  and nearly 
100$ conversion resulted.

This phenomenum, coupled with the fa ct that the
w.

polymer is swollen by its  monomer, indicates that the 
locus o f propagation is in the polymer phase. The whole 
system is  sim ilar to the emulsion polymerisation o f 
styrene.
VI. Polymerisation o f A cry lon itr ile .

1. Bulk polymerisation.

The work o f Bamford and Jenkins (1953) has provided 
the most complete survey of the bulk polymerisation of 

a cry lo n itr ile . Both thermal and photochemical in itia tors  
were used. Most o f the experiments were carried out in a 
temperature range of 25°C to  70#C controlled  to $ 0.02°C.

Continuously accelerating rates were observed; the 
reaction  behaved sim ilarly  to that of v iny l chloride and 

vinylldene chloride (Bengough and Norrlsh, 1950, 1953). 
Photochemical a fter e ffe c ts  were detected which were 
Shown to be caused by long liv in g  buried centres. Removal
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of. polymer in vacuo did not change the shape o f the rate 
curves and confirmed that the rate increased in the 
presence o f polymer and the in it ia l  acceleration was not 
caused by the slow formation of a monomer-catalyst complex. 
It was suspected, however, that the polymer retained some 
of the catalyst which could not be washed free in the 
f i l t r a t io n . The rate could be reduced to 50$ of its  value 
by centrifuging the polymer.

The degree o f coalescence was found to play a major 
part in the occlusion of rad ica ls ; the photochemical after 
e ffe c t  depends on the extent of reaction . Strong evidence 
fo r  the occlusion o f radicals was obtained when a mixture 
containing 18$ polymer prepared at 25°C.was transferred to 
a thermostat at 60®C. A strik in g , fast reaction followed 
which proceeded fo r  at least 8$ o f the reaction and at 
fo rty  times the in it ia l  rate. By comparison of the monomer 

concentration before and a fter the fast reaction , i t  wa3 
proved that a polymerisation had rea lly  occurred. 
Polymerisation could also be in itia ted  in the absence of 
other catalyst in fresh  monomer and in styrene. In the 

/  la tte r  case, a block copolymer of styrene-acry lon itrile  
was obtained in molar proportions of 1 :25 . The occluded 
radical e ffe c t  could be destroyed by exposing the polymer 
to oxygen fo r  as l i t t l e  as two minutes. Therefore,
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p olyacry lon itrile  maintained in vacuo is  a catalyst fo r  
polymerisation.

The follow ing conclusions may be drawn from this work:
(i)  Coalescence and precip ita tion  of polymer play a 

large part in the termination step, e f fe c t iv e ly  reducing 
the rate constant of termination.

(i i )  - Occluded radicals formed by the co llin g  of the 
polymer and by coalescence of polymer pa rtic les  have been 
shown to e x is t ; their lifetim e depends on the degree of 
coalescence. At 60°C, the increased kinetic motion, of 
these radicals makes them more accessible to propagation 
and termination.

( i l l )  The burled rad ica l a c t iv ity  o f the polymer 
p a rtic les  can be reduced by centrifuging, and completely 
destroyed by exposure to oxygen.

Consideration of the conclusions noted above re a d ily  

accounts fo r  the non-steady rates observed.

Z ieg ler , Deparade and Kuhlhorn (1950) a lso observed 
in i t ia l  periods of acceleration  in the bulk polymerisation 
of a cry lo n itr ile , as did Chaplro. (195D) who in itia ted  
polymerisation by y-  or X-rays.

Trommsdorff (1944) observed an "explosive” reaction 
in the bulk polymerisation of a cry lon itr ile  sim ilar to 
that of methyl methacrylate.
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The reaction  was in itia ted  with 0.1$ benzoyl peroxide 
at 60°C, and was so v io len t that the dilatometer was 
usually destroyed. In addition , holes and pores developed 
inside the material which made accurate measurements 
impossible. These resu lts indicate that termination is 
d iffu sion  controlled  but the weight of evidence is against 
th is .

For the bulk polymerisation o f a cry lo n itr ile , therefore,
% ■*

the major locus of propagation is  in a co iled  polymer 
p a rtic le  with the rad ica l ends ” in solu tion ” being a 
minor locus.

2. Aqueous polym erisation.
Whereas em ulsifiers and dead polymer accelerate the 

polymerisation of methyl methacrylate, Khomikovskii and 
Medvedev (1948) and Khomikovskii (1948) found that these 
agents had l i t t l e  e ffe c t  on the polymerisation of aqueous 
a cry lo n itr ile .

The f i r s t  two authors found that the rate was lowered 

by the addition of glass powder or dead polymer.
The la tte r  author investigated the re la tive  e ffe cts  

of potassium palmltate on the polymerisation of methyl 
methacrylate and a cry lo n itr ile , both catalysed by 0.006 M 
potassium persulphate. At 40°C, the rate o f methyl 
methacrylate polymerisation was accelerated 40 times by
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3% soap, whereas the rate fo r  a cry lon itr ile  at 60°G was 
reduced 30$ with 5% soap. With Q% soap, the rate was 
reduced to  50$ of the f u l l  rate and ran p a ra lle l with the 
Increase in in so lu b ility  o f a cry lo n itr ile .

In the absence o f emulsifying agents, working at 25°C, 
James (1952) obtained steady, reproduceable rates fo r  the 
aqueous polymerisation of a cry lo n itr ile . Monomer 
concentrations of 0.006 M to  1.2 M were used and chains 
were in itia ted  by many radicals (ch ie fly  OH and H) 
produced photochemically from a redox system o f the types 
mentioned In C .II and I I I .  The reaction  was followed 
d ila tom etrlca lly  in quartz ce lls  of capacity 80 ml; the 
temperature of the bath was con trolled  to  ±0.001°C.

The rate accelerated at f i r s t ,  but a fter the formation 
of about 35 mgm. of polymer (one to two hours), the rate 
became steady and remained so fo r  at least one hour, a fter 
which i t  f e l l  o f f .  No induction periods were observed; 
polymer could be seen within one minute of commencing 
illum ination and was evenly distributed throughout the 
c e l l .

Increasing ligh t absorption was postulated to  account 
fo r  the increasing rates. As the polymer is  formed, more 
ligh t is absorbed because o f internal scattering in the 
c e l l .  I f  the a cry lon itrile  concentration is su ffic ie n t ly
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reduced (from 0.3  M to 0.006 M) to prevent the formation 

of large quantities of insoluble polymer while ensuring 
that a l l  the hydroxyl radicals were captured, James found 
that the rate of photoreduction of the in it ia to r  f e l l  to  
71$ of its  previous value. The scattering power of the 
polymer is  thus equivalent to a 40$ increase in the depth 
of the c e l l .

I f  the photopolymerisation was stopped, the a fter 
e ffe c t  allowed to die away and the system reillum inated, 
the rate of polymerisation was rapidly reproduced only i f  
the polymer had not been precip itated  or f i lt e r e d  from 
the solu tion . I f  the polymer was removed by f i lt r a t io n  
and the clear liqu id  reillum inated, the orig inal rate 
curve is  reproduced when allowance is made fo r  the 
consumption of monomer; the rate gradually accelerates to 
a steady rate and remains so fo r  about one hour.

I f  the polymer is  coagulated and precip itated  by. 
disturbing the c e l l  mechanically, a sim ilar resu lt is 
obtained upon illum ination i f  allowance is made fo r  the 
fraction  o f the illuminated volume not occupied by 
coagulum. Smith (1951) observed the same e ffe c ts  using 
a cry lo n itr ile -in  aqueous solution in it ia ted  by the 
photochemical decomposition o f hydrogen peroxide.

The a fter  e ffe c t  which was observed died away to
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less  than 10$ of the f u l l  rate in one hour*
Hate .constants were obtained using the rotating 

sector technique. The divergence of the intensity  
exponent from 0.5 to  1.0 has been explained by the 
introduction of a linear termination step to the k in etics . 
These aspects of James' work w il l  be considered in more 
d e ta il in la ter section s.

From his resu lts and a consideration of other modes 
of polymerisation sim ilar to those detailed  in the above 
section s, James has come to the conclusion that the major 
locus of propagation o f a cry lon itr ile  in aqueous solution 
is  in the liqu id  phase (Dainton and James, 1953). This is 
borne out by the negative e ffe c ts  of added dead polymer, 

or g lass , and o f emulsifying agents. Moreover, the rate 

equation determined experimentally is  the same as that fo r  
a homogeneous system.

The existence o f the photo a fter e f f e c t ,  the 
reduction of rate on precip ita tion  o f the polymer, and the 

gradual acceleration to  the steady sta te , show that the 
polymer partic les  do play a minor ro le  in the locus of 
propagation and a major ro le  in the absorption of lig h t . 
VII. Conclusions.

A reasonably complete picture of the polymerisation 
steps is  available in the literatu re already published.
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The locus of propagation fo r  a homogeneous system has 

been shown to  be in the liqu id  phase. When an accelerating 
rate is observed in such a system, i t  is due to  a 
reduction in the termination rate because of increased 
v is co s ity .

In a heterogeneous system, the locus of propagation
is  in the polymer p a r t ic le , i f  the polymer is  swollen by
monomer. I f  the polymer Is  unswollen by monomer, active

* ■*
centres may become trapped in the la t t ic e  and may play 
more or less Important parts , depending on the degree of 
coalescence and the medium about the p a rtic le s . In the 
bulk polymerisation of a cry lo n itr ile , the medium is the 
monomer I t s e l f  and hence a large proportion of the reaction 
can be carried by the p a rtic le s . , In the aqueous phase, 

the medium is  a d ilute solution  of monomer, and the 
contribution to the rate from the pa rtic les  w ill  be 
correspondingly le ss . A steady state for  the system w ill  
be obtained in the aqueous polym erisation, when coalescence 
is  reduced to  a minimum. Then steady states can be 
established in the trapped radicals as w ell. Uniform 
production o f radicals throughout the system and lack of 
mechanical disturbance w ill  favour suspension of the 
polymer pa rtic les  and establishment o f this steady state .

The actual e f fe c t  o f an emulsifying agent in the
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aqueous a cry lon itr ile  system is  not clea r, Khomikovskii 
(1948) has shown that the reduction in rate increases with 
higher soap concentration. Since the so lu b ility  of 
a cry lon itr ile  increases with higher soap concentrations, 
i t  appears that soap immobilizes the monomer and 
e ffe c t iv e ly  reduces the rate of propagation. A lternately, 
the polymer p a rtic les  may be shielded from the monomer by 

the soap.
Therefore, fo r  the aqueous polymerisation of 

a cry lon itr ile  photochemically in it ia te d , the major locus 
of propagation is  in the aqueous phase. The polymer 
partic les  increase the ligh t absorption and play only a 
small part in the locus of propagation.

Hence steady states and reproduceable k inetics can 

be obtained fo r  an a cry lon itr ile  system in water.
The present thesis w ill proceed from this point and 

w ill  attempt to  evaluate the k inetics of the a cry lon itrile  

reaction  at several temperatures as w ell as to  c la r ify  
some of the e ffe c ts  noted above.

E. RATE CONSTANTS AND ACTIVATION ENERGIES OF AQUEOUS
POLYMERISATIONS.

Dainton, James and Eutschke (1953) have reported the 
only rate constants fo r  the polymerisation o f a cry lon itr ile . 
The above authors obtain:
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~ -1  -1  
kp = 6.4 x 10°(m ole /l.) sec
k̂ . = 9.2 x 10® (m ole/l.)“ ^sec“ ^
kt ' = 1,1 x 105 (m ole/l.)""1sec“ 1 at 25°G,

kt * refers to  the rate constant fo r  linear termination.
Kutschke’ s analysis o f the sector curve has lead to  an
evaluation of.th e proportion o f the rate due to  trapped
ra d ica ls . It is found that 25$ of the observed rate in
continuous illum ination is  caused by these occluded
centres, but no allowance is made fo r  them in the
determination of the rate constants.

Evans, Santappa and Ur1 have determined the value of
kp/k| fo r  a cry lon itr ile  in aqueous solution In itia ted  by
the photoreduction of the Pe .01 complex. Their resu lt
of 0.156 (m o le /lO ^ se c  s compares with the value 0.21

• „ i  . 1(m ole/1 .) " sse c"s fo r  the above work.
Bamford and Jenkins (1953) have evaluated rate 

constants at 25*0 from the photochemical rate and the 
dark rate a fter sp ecified  periods of illum ination. These 
resu lts are shown in Table 103.

Table 105. Hate Constants fo r  Bulk A crylon itrile

Time of Irrad'n 
Minutes

kp
(m ole /l.î '^ sec"-1-

kt >,
(m ole/l. )"^sec’“^

2
6.7

12

16.9
6 .8
3.6

5.2 x 10  ̂
0.8 x 104 
0.2 x 104
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Analagous systems to  that of a cry lon itr ile  are 
d i f f i c u l t  to  fin d . Burnett and M elville (1950) found 
rather startlin g  resu lts fo r  the rate constants and 
activation  energies fo r  the bulk polymerisation of vinylidene 
ch lorid e , the polymer of which resembles that of 
a cry lon itr ile  in it s  crysta llin e  nature. Their results 
are summarized in Table 104.

Table 104. The Bulk Polymerisation o f Vinylidene Chloride

Tenrg.
(m ole/l) sec” 1. (m ole/l) sec

, Eact. 
prop.

Eact. Ap 
term *

At Eact. 
overall

15 2.3 0.23 x 105

25 8.6 1.75 x 105
25

k ca l/
40. ng

k ca l/ 10xo 30 510 k ca l/
. 5 mole mole. mole

35 36.8 18.0 x 10 ■

The values fo r  the frequency factors are phenomenally 
high. According to Arlman and Wagner (1953) , these results 
are subject to  a systematic error which, however, w ill not 
a ffe ct  the magnitude of the resu lts . Both Burnett and 
M elville and Matheson et a lia  (1951b) have summarized the 
rate constants fo r  many bulk polym erisations.

The rate constants o f methyl acrylate (Matheson et 
a lia , 1951b) and butyl acrylate (M elville and B ickel, 1949) 

in bulk at 30#C, may ba_compared with those of
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a cry lo n itr ile . These three monomers are monosubstltuted 

ethylenes and the substituent groups have sim ilar 
mesomeric and inductive properties (Nozaki, 1947).

The resu lts are summarized in Table 105.

Table 105.

Monomer kp
(m o le /l.) "^sec” '*'

kfc
(m ole/l.J '^sec

a cry lon itr ile 6.4 x 103 9.2 x 108
methyl acrylate 7.2 x 102 4.3 x 106

4
butyl acrylate 13.8 1.8 x 10

The Increase in size of the substituent runs p a ra lle l with 
and may be the principa l cause of the decrease in the rate 
constant.

The reasonable correlation  of the results suggests 

that there is no difference in mechanism in the aqueous 
polymerisation of a cry lon itr ile  and the homogeneous bulk 
polymerisation of the acrylates.



CHAPTER 2. EXPERIMENTAL TECHNIQUE.

The experimental procedure may be conveniently 
divided into four stages:

(1) The preparation and deaeration of a solu tion .
(2) The transfer o f the solution to a quartz 

dilatom eter, and the removal o f this dilatometer to  a 
thermostat.

(3) The adjustment o f the meniscus to  a convenient
* *

height.

(4) The illum ination and measurement of the rate .
After a preliminary description  of the apparatus and

chemicals, these steps w il l  be described in greater d e ta il. 

I .  P urification  of Chemicals.
1. Water.

Since certain ions present in tracé amounts w ill  
exhibit profound e ffe c ts  upon aqueous polym erisation, It 
Is important that the water used in any solution, is  
free  from these contaminents. To ensure that a l l  Ions, 
esp ecia lly  iron , are removed, d is t i l le d  water is allowed to 
tr ick le  through a column one metre long packed with an 
acid-base ion-exchange res in , using the procedure 
recommended by Ackroyd and -Kresslman (1950)• Bio-Demlnrolit 
was used fo r  most of the work and'was discarded a fter  the 
passage of 200 l i t r e s .  This was la ter  replaced by

201.
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Bio-Deminrolit F which could be. regenerated a fter 
separation of the acid and base components. Both products 
were purchased from the Permutit Company of London.

2. Perchloric a cid .
Analar perch loric acid was found to  contain su ffic ien t 

trace ions, esp ecia lly  iron , to cause irreproduceable 
resu lts . Vacuum d is t i l la t io n  at 100°C of analar constant 
b o ilin g  perch loric acid was s u ffic ie n t . The fin a l product, 
12 Molar (72$) was stored , in the dark, in a specia l glass 
stoppered bottle  that had previously been cleaned with a 
b o ilin g  n itric /su lph u ric acid solution  and steamed out fo r  
at least one hour.

5a. Ferric perchlorate.
As th is was used in very d ilu te  solution  as a photo­

ca ta lyst, specia l care was taken in Its preparation.
Ferric hydroxide wa3 prepared from analar fe r r ic  alum by 
the method described by Vogel (1951). A double 
precip ita tion  was carried out red issolv ing  the hydroxide 

in perch loric acid  each time.
For la ter  work,, fe r r ic  perchlorate, bought from the 

G. Frederick Smith Chemical Company of Columbus, Ohio, 
was used without further p u rifica tion . Both solutions 
gave id en tica l resu lts .

A stock solution  of 2 x 10"“̂  M in .25 M perchloric
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acid was prepared and kept in the dark in a sp ecia lly  
cleaned volumetric, fla sk . Such a solution was found to  be 
stable fo r  at least two years. More dilute solutions were 
made from this solution when required, and these were 
kept under sim ilar conditions. These d ilu te solutions 
were stable fo r  at least one month a fter which time fresh  
solutions were prepared.

5b. Vanadous perchlorate.
Vanadous perchlorate was prepared by the reduction of 

analar ammonium vanadate in dilute perch loric acid by 
zinc amalgam, a ll  in vacuo.. The ammonium vanadate 
solution was deaerated tw ice, reduced with zinc amalgam, 
the zinc amalgam removed, and the deaeration completed. 
Care was taken not to allow daylight to f a l l  on the mixing 

vessels a fter reduction.
4a. A cry lon itr ile .

A cry lon itr ile , containing s ta b iliz e r , was supplied by 
Lights in two kilogram lo t s . Water was f i r s t  removed by 
cooling the monomer overnight in a stoppered fla sk  at 
-80°G. Most o f the Water which is almost insoluble at 
that temperature .crysta llizes out (Davis and Wiedemann, 
1945). The monomer is  then rapidly decanted through a 
glass wool plug, with minimum contact to a ir , into a 
fla sk  which was then connected to the vacuum lin e . One
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freezing and decantation, i f  carefu lly  carried out, was 
found to be s u ffic ie n t . The monomer wa3 freed from 
dissolved a ir by cooling i t  again to -80®C. Air in the 
liqu id  was then pumped o f f .  The system was isola ted  and 
heated to room temperature, then cooled again to -80°C.
This cycle was repeated at least three times. F inally, 
the monomer, at room temperature, was d is t i l le d  to the 
pot o f the s t i l l  leaving the last 10% of the crude 
monomer in the fla sk . “ The s t i l l  was then iso la ted , the 
monomer warmed to  about 35°C and allowed to re flu x . The 
d is t i l la t io n  apparatus consists o f a 250 ml. fla sk , a 
10-plate vacuum-jacketed column about one metre long, 
packed with Fenske h e lices j a double walled water cooled 
condenser^ and two isolatable  rece ivers.

The d is t i lla t io n  was conducted in the absence of a ir 
with the source at 35°C -  50®G and the receiver at 0*C.

The f ir s t  and last 25$ o f the d is t i l la te  were re jected .
The d is t i l la te  was then exposed to  daylight, allowing 

p a rtia l polymerisation to remove any remaining im purities.
4b. Methyl a cfy la to .
Methyl acrylate was pu rified  by a simple d is t illa t io n  

in vacuo. This procedure was found to  be adequate fo r  the 
simple experiments carried  out with the vanadous in it ia t io n .
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I I .  Apparatus.
1. Vacuum l in e .
A conventional a l l  glass vacuum line was used fo r  the 

deaeration of the solu tions. A high vacuum was obtained 
by a one stage mercury d iffu sion  pump backed by an 
Edwards 150 l i t r e  mechanical pump. Pressures were 
measured on a McLeod gauge which was capable of reading 
pressures of better than 10"4 mm. of mercury.

Tubing of 1 cm. diameter and large bore, good 
quality taps were used to fa c il ita te  the rapid removal of 
residual a ir . A ll the taps and jo in ts on the main line 
were greased with Apiezon M or IT grease.

Liquid a ir traps on either side of the McLeod gauge 
and d iffu sion  pump prevented the d is t i l la t io n  of mercury 
into deaeration flasks and the d is t i l la t io n  of water and 
monomer into the pump3.

2. Deaeration assembly.
2a. The deaeration f la s k .

The deaeration fla sk , shown in the inset of Figure 
201, was a 250 ml. round bottom Pyrex fla sk , modified so 
that the neck was constricted  and connected to  7 mm. 

tubing terminating in a BIO jo in t . About 3/4 of the way 
up the side o f the fla sk , another BIO jo in t was f it te d  so 
that the two arms were p a ra lle l and about 20 cm. long.
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The deaeration fla sk  was f i l l e d  through a small funnel, 
the stem of which extended well down into the neck o f the 
fla sk . A ll glass and quartz vessels were cleaned with a 
b o ilin g  n ltric /su lph u ric acid solution and were then 
steamed out fo r  at least one hour. Chromic acid was 
found to  be unsatisfactory fo r  this purpose, a3 su ffic ien t 
chromic ions were le f t  on the surfaces to in it ia te  
polymerisation.

It was unecessary to reclean the flask  a fter each 
run; the jo in ts were cleaned of p icien  and placed on the 
steamer fo r  at least one hour and then le f t  to dry in the 
oven.

2b. The adapter.
The adapter was a good quality vacuum tap of large 

bore, terminated at one end by a B19 cone which plugged 
into the main vacuum lin e , and at the other by a BIO 
socket which was plciened to the side arm of the deaeration 
fla sk . This adapter was used to fa c il i ta te  cleaning 
which would have been d i f f i c u l t  i f  the tap had been d irectly  
connected to the fla sk .

2c. The quartz c e l l .
The quartz c e l l  served the dual purpose of reaction 

c e l l  and dllatom eter. It  consisted of a short cylinder of 
2 cm. internal depth and 7 cm. radius. The faces o f the
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c a ll  were op tica lly  f la t  and w ell polished. The c e l l  
walls were about 3 mm. th ick  to immunize the e ffe c t  of 
variations of atmospheric pressure on the volume of the 
c e l l  when in vacuo. Out of the side o f the c e l l  projected 
a short BIO socket. I

The quartz c e l l  was cleaned in the usual manner about . 
once a month. Polymer tended to  precip itate  on the face 
nearest the l ig h t , but the e ffe c t  on the ligh t transmission 
was n eg lig ib le . I f  the accumulation seemed large , the 
other face o f the c e l l  was presented to the ligh t during 
the next run.

After each run, the c e l l  was washed well with 
d is t i l le d  water and steamed fo r  one hour. It was then 
allowed to drain in an inverted position  overnight.

2d. The ca p illa ry .
A standard bore Verldia ca p illa ry  of 1.00 mm. diameter 

formed the other part o f the dllatometer and was connected 
to the quartz c e l l  with p ic ien . The other end o f the 
ca p illa ry  was also joined to the central BIO cone of the 
deaeration vessel with p ic ien .

Thus, when the deaeration assembly was connected to 
the vacuum lin e , the fla sk  was upright and the quartz c e l l  
inverted and separated from the deaeration fla sk  by the 

standard ca p illa ry .
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In this way, a solution could be deaerated, the 
assembly iso la ted  from the vacuum line by the tap, 
disconnected, melted, inverted, and the solution  allowed 
to flow  into the quartz c e l l  without passing over any 
greased jo in ts . Picien was found to be completely inert 
to  a solution  containing monomer.

5. Optical bench.
A side view of the op tica l bench is  shown in Figure

201.
5a. The mercury lamp.
The mercury lamp, the u ltra v io le t source o f radiation , 

was provided by the Thermal Syndicate. It  was the medium 
pressure type, capable of operating at 200 V. D.G. The 
arc is  struck by tipping the lamp on its  side and allowing 
liqu id  mercury to touch the top electrode. The lamp 

envelope is made of quartz, and passed radiation down to 
2000A.

An 11 mm. stop was placed d ire c t ly  in front of the 
lamp so as to provide as close an approximation to a point 
source as p o s s ib le .•

The lamp was usually operated at 89 i2V. D.C. and 
2.95 i .0 5  amperesj the power was supplied through a 
current s ta b iliz e r .
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5b. Mercury lamp current s ta b iliz e r .
A diagram of the c ir cu it  is shown in Figure 202.
The princip le of the s ta b iliz e r  is  as fo llow s:
The voltage from the D.C. mains is passed to the 

lamp through a p a ra lle l resistance. One arm of this is an 
18 ohm plus a variable proportion of a 25 ohm fixed  . 
r e s is te r . The bulk of the current through the other arm 
is  carried by three 12E1 valves; some of the current is 

also fed to two con tro llin g  valves.
I f  there is a drop in the voltage of the mains, the 

current through the control c ir cu it  also drops. The 
voltage on the grid o f the 6SJ7 becomes more positive  and 

allows more current to flow  which in turn raises the 
poten tia l of the 6F6 grid and f in a lly  the grids of the 
12E1 valves. Thus more current is allowed to by-pass the 

fix ed  res isters  and the voltage o f the lamp Increases to 
counteract the drop in the mains. For an increase in the 
mains voltage, the procedure is  reversed.

With carefu l adjustment, the output of the lamp w ill 
remain constant fo r  mains fluctuations of ±5 v o lts . Runs 
were not carried out in the daytime in winter when the 
Variations were somewhat greater; experiments wore then 
conducted in the evening.

Fluctuations in the Intensity of the ligh t at' the c e l l



FIG. 2 0 2  C U R R E N T  S T A B I L I Z I N G  C I R C U I T  F O R  M E R C U R Y  L A M P
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were occasionally noted when the fast sector was operated. 
To remove th is beat, the D.C. input was f i lt e r e d  with a 
large inductance-capacitance c ir c u it ,  and condensers were 
placed across the grid of the 6SJ7. No variations could 
be observed at lower sector speeds.

5c. Lens system»
The f i r s t  quartz lens (7 cm. fo ca l length) 18 cm. 

from the lamp stop , brought the ligh t to  a focus as shown 
in the diagram. This .ligh t was then gathered through a 
3 cm. stop by a second quartz lens (10 cm. fo ca l length), 
and passed on as a nearly p a ra lle l beam to  the quartz c e l l  
in the thermostat. The transmitted light.was measured by 
a Q.V.A.39 p h otocell. The two lenses were 19 cm. apart; 

the second lens was 18 cm. from the centre of the quartz 
c e l l .

3d. F ilte r  so lu tion s.
The f i l t e r  solutions were placed d ire ct ly  behind the 

second quartz lens. The f i l t e r  consisted of the follow ing 
solutions separated by 7 cm. quartz p la tes.

1.3 cm. 1 M.NiSO^, 0.04 M CuSÔ  pH about 2.
1.3 cm. 0.008 3i KgCrQ̂ .
1.3 cm. 0.015 M potassium hydrogen phthalate.

It was found that analar grade n ickel sulphate
contained su ffic ien t iron to  be rapidly decomposed at 3130A.
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It was removed along with other in terfering  elements by 
adding pure hydrogen peroxide to the so lu tion , b o ilin g , 
cooling  s lig h t ly , adding dilute sodium hydroxide to  give 
a small permanent p recip ita te , digesting at the boilin g  
point fo r  ten minutes and f i l t e r in g . The addition of a 
small quantity o f copper sulphate improved the s ta b ility  
o f the solution, only s lig h tly  reducing the transmission.

Analar potassium chromate and analar potassium 
hydrogen phthalate were used without further purification#

The nickel sulphate solution  was placed nearest the 
ligh t source and was found to be stable fo r  several 
months# The phthalate and chromate solutions were 
replaced da lly .

This assembly was almost monochromatic fo r  3130A; the 

transmission was as fo llow s:
. A 2970 3020 3130 3340 3650
% T 0 0 38 5# 5 0

Since the 3340A line o f the mercury lamp has only 
about one tenth o f the Intensity of the 3130A l in e , its  
contribution was quite n eg lig ib le .

5 f. The thermostat.
The thermostat was made o f Perspex, 6 mm. th ick .

Light was admitted through 10 cm. quartz plates f it t e d  to  
the tank with rubber gaskets. The internal measurements of
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the tank were 35 cm. long, 9.5 cm. deep and 53 cm. high, 
and i t  was f i l l e d  with about 20 l it r e s  of d is t i l le d  water.

The quartz c e l l ,  placed about 3 cm. from the window 
nearest the l ig h t , was supported in a rubber lined semi­
circu lar saddle fixed  to  the bottom o f the tank. With 
such a deep tank, the dilatometer was completely 
immersed. Readings were taken on a cathetometer, by 
observing the meniscus through the tank side .

The temperature was maintained constant to  0.002°C 
by means of a toluene-mercury regu lator, o f very large 
surface to  volume ra t io . Because o f the necessity of 
good temperature con tro l, a relay c ir cu it  of very short 
time lag was used. A Sunvic relay was found to be 
unsuitable because of its  large time lag . The most 
sa tis fa ctory  relay  was that employing two thyratrons;
800 ma. could be passed without overloading the c ir c u it .
A 250 watt lamp with a series re s is te r  was used a3 the 
heater. The tank water was stirred  by a 24V. B.C. motor 
attached to the top of the tank.

A National Physics Laboratory standard thermometer 
was used to calibrate a Beckmann thermometer. By means of 
a screw on the top of the toluene regu lator, the tank 
could be adjusted to within 0,01°C of any chosen 
temperature between 15#C and 50®C. It  is not advisable
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to  heat Perspex much above 60*0. For the lower 
temperatures, It was sometimes necessary to cool the 
water by means of a copper loop at the back of the tank 
which was fed from a constant head device. About three 
drops a second were su ffic ien t to keep the tank at 15°G 
in the winter. In the summer, the lowest temperature 
attainable was somewhat higher than th is , because the 
temperature of the tap water used in the cooling loop rose 
to  about 17°G,

With the above controls the thyratrons were flick er in g  
on and o f f  about every 15 seconds; no variation of 
temperature could be observed on the Beckmann thermometer.

3g. The p h otocell.

The photocell was connected to a simple spot 
galvanometer and deflection s of the mirror were recorded 

from time to  time. This photocell was sensitive to the 
v is ib le  radiation passed by the f i l t e r  solu tion s, so that 
readings never dropped exactly  to  zero.

5h. Rotating sector .
The rotating sector interrupted the ligh t beam at its  

focus just in front of the second lens. In this way, 
penumbra errors could be kept to a minimum as the beam was 
quite narrow at this spot. \

Two sectors were used. For determination of the
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in tensity  exponent, a high speed sector o f 30 cm. diameter 
from which alternate 90° segments had been cu t, was used. 
The sector rotated at 2000 -  3000 r .p .m ., and was mounted 
on shock absorbers and rubber matting so that the 
vibrations generated at that high speed were not 
transmitted to  the dilatom eter.

For shorter flashing times, a variable speed sector 
was used. This consisted of a high speed motor geared 
down with various chains and sprockets. A frame of 
Meccano supported about 10 axles holding two or three 
sprockets each. Chains of correct length were f it te d  and 
removed from the sprockets. In this way, the rate of 
rotation  of the sector could be altered by tightening 
the set-screw on a sprocket and f it t in g  l t3  chain*.
Flashing times of 0.1 seconds to  25 seconds could be 

obtained with th is arrangement. The sector had a diameter 
of 60 cm. cut in alternate 90° segments so that i f  the 
angular v e lo c ity  wa3 low, the linear v e lo c ity  of the end 
of the sector was re la tiv e ly  high. For flashing tlmo3 of 
30 seconds or greater, the sector was hand operated.

The fast sector was timed by à stroboscope. The slov/ 
sector was timed with a stop watch or by timing the motor 
with the stroboscope and from the gear ra t io s , calculating 
the rate of rotation  of the sector .
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51. Wire gauze.
A wire gauze was used to confirm the value of the 

in tensity  exponent found using the fast sector . The gauze 
was placed immediately a fter  the f i r s t  lens in such a 
position  that the in tensity  wa3 reduced without focussing 
the wire mesh on the c e l l .

The transmission of the gauze was found to  be 
34.0$ fo r  3130A.
I I I .  Experimental Procedure.

1. Preparation and deaeration of so lu tion s.
One hundred m ill i l it r e s  o f solution  were prepared fo r

„ C  *24,

each run. Ten m i l l i l i t r e s . l . e . 8.3 x 10 M F e ^ , 0.12 M
ED 10^', of the concentrated stock solution  were added to a
one hundred m il l i l it r e  volumetric fla sk  and diluted to
volume. The monomer wa3 not added at this stage.

The solution  was then transferred to  the deaeration
fla sk , the adapter and dllatometer piciened on, and the
whole unit connected to  the vacuum lin e .

Vacuum was applied fo r  a second or two in short
bursts before freezin g , to remove most of the residual a ir
The solution was then care fu lly  frozen with a dry ic e -
acetone mixture at -80°G. After freezing the adapter was

-4 'opened u n til a vacuum of not less than 10 mm. of mercury 
was obtained; a "sticky" vacuum was reached a fter  about
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f ifte e n  minutes pumping. The tap of the adapter was then 
closed and the solution warmed to room temperature, then 
refrozen . This cycle was repeated twice more; a good 
vacuum was obtained each time. Two runs, mixed in separate 
fla sk s , were usually prepared and degassed together.

As the runs were deaerated the day before use, they 
were stored overnight at -80°C a fter the third pumping.
In the morning, a “ stick y ” vacuum was again obtained before 
the addition of monomer.

A known volume of monomer was d is t i l le d  in from a
0graduated pipette at O.G, while the remainder of the line 

was isolated  from the pump3. The graduated pipette was 
f i l l e d  by d is t i l la t io n  from the partly  polymerised monomer 
in the stock fla sk . The monomer in the pipette wa3 always 
water white. Froin the volume and known density of the 

monomer, the exact concentration could be calculated.
The deaeration assembly was then disconnected from the 

vacuum line a fter closing  the adapter tap, and the 
solution was melted for  the last time.

2. F illin g  the dllatom eter.
After melting the solution and giving i t  a thorough 

shaking, the whole assembly was carefu lly  tipped over so 
that the solution in the fla sk  ran into the quartz c e l l  
through the ca p illa ry . As the solution did not pass over
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the tap, no grease could enter the system.
The quartz c e l l  f i l l e d  quickly; occasionally vapour 

bubbles formed at the c e l l  end of the ca p illa ry . These 
could generally be removed by shaking; in extreme 
circumstances they could be collapsed by touching the 
cap illary  at that spot with cotton wool that had been 
dipped in the dry ice-acetone mixture.

After a l l  the bubbles had been removed from the 

quartz c e l l  and ca p illa ry , the adapter tap was opened, with 
the assembly s t i l l  in a sloping p os ition , allowing the 
whole system to come to  atmospheric pressure. As long as 

there was plenty of liqu id  at the top o f the ca p illa ry , no 
a ir  reached the main body o f the solution .

The dilatometer was then disconnected from the 
deaeration flask  by heating the p icien  jo in t , and was then 
placed in the thermostat. The length of the dilatometer was 
extended by a BIO join t (as shown In Figure 201) so that 
the c e l l  could be clamped at the tap and r ig id ly  fixed  in 
position .

A small mercury drop was placed at the' top of the 
cap illary  before placing the dilatometer in the tank.
This drop served two purposes. It  prevented any a ir  from 
passing down the cap illa ry  and i t  dampened any vibrations 
at the liqu id  meniscus. Twenty of the 24 -  28 ml. ,.of
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solution  remaining in the deaeration flask  were pipetted 

Into a 25 ml. volumetric fla sk  fo r  a blank analysis.
5. The adjustment o f the meniscus.
When the dllatometer was placed in the thermostat, i t  

was f i l l e d  with solution  to  the bottom of the top jo in t on 
the ca p illa ry . To get the mercury drop into the cap illary  
and su ffic ien t liq u id  removed so that a meniscus could 
be observed, the follow ing procedure was adopted.

A piece o f rubber tubing was placed over the end of 
the tube which was plciened to the top of the ca p illa ry , 
and by means o f suction, the dllatometer was contracted 
su ffic ie n t ly  to push the solution past the drop. On 
release o f the suction , the mercury was pushed down the 
cap illa ry .

Excess mercury and solution  was removed by 
withdrawing i t  through a very fin e  cap illa ry  attached by 
rubber tubing to  the water pump. About 2 mm. was the 
optimum length o f the mercury plug. It was best placed so 
that there was about 1 cm. o f liqu id  above the mercury, A 
liqu id  meniscus was found to be much steadier than the 
meniscus of the drop. I f  the plug had been any shorter 
i t  would have slipped and fa llen  into the solu tion j i f  It 
was much longer, i t  tended to s t ick . The cap illary  was 
gently tapped just before a reading to remove any errors
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of this sort.
Excess liqu id  above the ca p illa ry  was removed by a 

piece o f cotton wool on a wire. Draining in the cap illary  
was stopped by touching the meniscus with a fine piece of 
glass dipped in Teepol. This detergent lowered the 
surface tension and suppressed any tendency of the 
meniscus to creep up the side o f the cap illa ry .

After about twenty minutes, the le v e l of the meniscus 
was follow ed with a cathetometer. Since the solution  was 
generally coo ler than the thermostat, cessation of 
expansion s ig n ifie d  thermal equilibrium . Further 
observations were made to determine i f  there wa3 any dark 
ra te . With good temperature con tro l, a change of 0.01 mm. 
could be detected in this manner.

4 . The illumination and measurement of the ra te .
I f  no dark rate was observed, the solution was 

Illuminated and timing commenced. The general pattern of 
the reaction is  shown below.

4a. Induction period .
The induction period was always less than one minute 

with well deaerated solu tions. The beginning o f the 
contraction coincided with the f ir s t  appearance of polymer.

4b. The period of accelerating ra te .
A period of accelerating rate follow ed fo r  a l l  systems.
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About 50$ of the fu l l  rate was reached In twenty-five 
minutes. For the system 8.3 x 10~6 M Fe3+, 0.012 M HCIO ,̂ 
0.6 M a cry lo n itr ile , at 25°C, the steady rate was reached 
a fter  about two hours. For systems at 25°0 or 30°C, the 
steady rate was observed a fter  36 mgm. of polymer had 
been deposited. The d e flection  of the photocell was then 
about 20$ of the f u l l  d e fle ction . ' At,15®C, the steady rate, 
was reached a fter 40 mgm. o f polymer had been deposited; 

the transmission in this case was about 21$ of the fu l l  
transmission. See Figure 203 fo r  a typ ica l rate curve, 
and Figure 204 fo r  the corresponding transmission o f the 

 ̂ so lu tion .
Only a few representative points are shown on 

Figure 203. Readings were taken every minute at the fu l l  
rates and every two and a half minutes at lower rates.

The numbers indicate the rates observed at corresponding 
points on a graph of much larger sca le ; the straight 
line shows the lim its of lin e a r ity . Deviations which 
are not so apparent here fo r  the build up and f a l l  o f f  of 
the ra te , are much more obvious on the larger sca le .

4c. Steady ra te .

A period of steady rate was then observed in the 
system described above, extending fo r  two hours or until 
about 100 mgm. of polymer were precip itated .
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4d. Period of decreasing ra te .

A period o f decreasing rate then followed*
4e. Rotating sector .
The rotating sector was introduced during the steady 

rate period. The fu l l  ligh t rate was measured Tbefore and 
a fter  the interrupted rate . Five minutes a fter  the 
Introduction of the sector , the rate became steady at the 
lower value.
IV. The Physical Appearance o f the Polymer in Suspension.

Within two or three minutes o f the beginning of an 
irrad ia tion , a th in , homogeneous cloud of polymer could be 
seen in the ligh t beam. As the reaction proceeded more 
polymer was formed and tho cloud became more dense, a3 

indicated in Figure 204. However, a fter  about four hours 
of illum ination in such a system as shown in the above 
fig u re , the polymer could be seen to  sag, taking up a 
parabolic shape when viewed from the side. It did not 
precip itate equally throughout the c e l l j  i t  stuck to the 
parts of both faces which were d ire ctly  exposed to the 
ligh t beam, and settled  in the middle. In the space 
above the sagging polymer, which was s t i l l  exposed to the 
ligh t beam, fresh  polymer could be seen forming. Ho 
defin ite  coagulation o f the polymer could be seen at the 
bottom of the c e l l ,  but i t  was noticeably denser here than
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at the top.
The onset of the decreasing rate was not marked by 

any v is ib le  change in the appearance of the polymer.
For a c e l l  and stem volume of 80 ml. (2 cm. deep by 

7 cm. in diameter), the to ta l illuminated volume was 
62.5 ml. (2 cm. deep by 6 .#  cm. in diameter).
V. Determination of the Hate o f In it ia t io n .

The rate of in it ia tion  o f fe r r ic  sensitized  polymerisation 
was measured from the rate o f formation o f the ferrous ion .

At the end o f an irrad ia tion , the polymer was 
f i l t e r e d  o f f  and 20 ml. of the f i l t r a te  were transferred 
to  a 25 ml. volumetric fla sk . The blank solution obtained 
as described in Section I I . 2, was also analysed to give 
the zero time ferrous concentration.

The follow ing analar reagents were added to  the two 

solutions in s t r ic t  order: 1 ml. 0.2 M ammonium flu or id e ; 
su ffic ie n t  5 M ammonium acetate to give a pH of about 4;
1 ml. of 0,2% o-phenanthroline.

The solutions were then diluted to  volume and the 
optica l density was measured, in 4 cm. c e lls  at 5100A, 
within fifte e n  minutes.

The results fo r  each temperature w ill  be given in the 
next chapter.
VI• The Determination of the Intensity of Illum ination.

Uranyl oxalate was prepared from analar uranyl n itrate



222

and oxalic a cid , and was re crysta llized  from water. A 

solution of 0.005 M an& ^»025 M HgGgÔ . was used;
75 ml. were placed in a 2 cm. deep standard quartz reaction 
c e l l  and exposed with constant s tirr in g  to  radiation of 
3130A fo r  periods of approximately 24 hours. A ll the 
ligh t was absorbed at these concentrations. About 10 $ 
decomposition occurred in th is timej the oxalic acid 
concentration was determined before and a fter  exposure by 
d irect t itra tion  with 0.00985 M KMnÔ  (Parkas and 
M elv ille , 1939).

The amount o f ligh t o f 3130A incident on the c e l l  was 
found to be 1.40 x 10-^5 quanta/second, or 2.32 x 10“  ̂
Nb^/second; these results have an error of ±2$ from three 
determinations. The radiation had 12$ of the intensity  
used by Evans, Santappa and Uri (1951), or s lig h tly  less 
than that used by James.
VII. Standardization of the Capillary.

In order to determine the absolute rates of reaction , 
It was necessary to know the re la tiv e  contraction in the 
ca p illa ry  corresponding to the formation of a certain 
weight of polymer.

The standardization was carried out by weighing the 
Insoluble polymer a fter  a month’ s drying in a vacuum 
dessication over anhydrous magnesium perchlorate.
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At least three determinations were made at each 
temperature, except at 40°C. The overall error in each case 
was about ±2/o. For a cap illary  of 1.00 mm. diameter, the 
results are shown in Table 201;'the value fo r  40°C is 
Interpolated.

Table 201. Standardization of the ca p illa ry .

Temperature 
degrees C.

Vit. o f polymer for 
1 0 .0  mm. contraction

Density of 
Monomer g/ml.

15.0 34.1 mgm. ' 0.811

25.0 30.4 ti 0.800
30.0 29.9 it 0.795
40.0 27.8 ii 0.784
50.0 26.1 tt 0.773

James obtained an average value of 30.5 mgm. fo r  10.0 mm. 
contraction at 25.0°C.

From this contraction fa c to r , the density of the 
polymer can be obtained. A density of 1 . 0 1  g/ml. (error of 
1%) was obtained from a l l  five  temperatures, indicating 
that the variation in the fa ctor  depends only on the 
difference of the density of water at that temperature.
The density of water is  found to vary lin ea rly  with the above 
ca lcu lations. The density of these d ilu te  solutions is
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assumed to be the same as that of water.
Bamford and Jenkins (1953) obtained values of 1.04 

gm./ml. from measurements o f polymer density "by standard 

methods."
V III. Standardization of Dilute Ferric Perchlorate Solutions.

The d ilute fe r r ic  solution was standardized
co lorim etrica lly  as described in Vogel (1951) page 647.
Results were reproduceable within 1% a fter  a period of s ix
months. The ferrous ion content of the solution  was
observed p er iod ica lly  at the same time as measurements
were made fo r  the rate of in it ia tion  and was never greater
than 4/o of the to ta l iron concentration, l . e . fo r
8.3 x 10"D M Fe , the ferrous ion concentration was not

-7greater than 3 x 10  11.
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CHAPTER 3. THE EXISTENCE OP A PHOTOSTATIONARY STATE.

A. VERIFICATION OF THE RATE EQUATION FOR 15°C, 25°C AND 50°C.
From the arguments and data presented In Chapter 1,

It Is seen that the polymerisation o f a cry lon itr ile  In , 
aqueous solution should be a homogeneous photochemical 
reaction  capable o f reaching a steady sta te . The rate of 
reaction  should therefore be describable by Equation IV 

assuming mutual termination to be occurring exclusively .

l . e . -d(m]_) 
dt (IV)

Non-steady states'may arise from several causes:
( l)  the variation o f the rate constants with the degree of 
reaction ; ( i i )  a non-steady state in isola ted  l o c i ;  ( i l l )  

the formation of catalysts or inhibitors during the 
reaction . These e ffe c ts  show themselves in continuously 
accelerating and irreproduceable ra tes; induction periods 
and long a fter  e f fe c ts ; and variable and unusual values 
fo r  the monomer.and Intensity exponents.

None o f these e ffe c ts  were observed at 15°C, 25°C and
30°C.

I .  Reproduceablllty of Observed Rates o f Reaction.
As noted In Chapter 2, Section I I I .4 , the reaction 

accelerated fo r  a re la tiv e ly  long time but a steady rate
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was f in a lly  reached. The resu lts were reproduceablej at 
15°C, fo r  a to ta l o f 26 runs at the same concentrations, 
the average deviation was 5%; at 25°C, fo r  14 runs, the 
average deviation was 4^j at 30°G, fo r  13 runs, the average 
deviation was 6%>* No induction periods were observed in 
well deaerated solu tions.

The exact rates w ill  be given in the next’ chapter.
I I .  The Monomer Exponent.

3+ nFor the Fe system at 3130A and the temperatures 15°C,
25°G and 30°G, the monomer exponent was found to be 1 .0 .
See Figure 301.

■ Deviations from an exponent of 1 .0 are observed at 
monomer concentrations of less than 0.6 M. At low 
concentrations, l . e . 0 .3 M, It was observed that polymer 
was forming so slowly that It precip itated  to  the bottom 

of the c e l l .  After three hours, the transmission o f the 
system had only dropped to about 60% and remained constant, 
Instead of the 2Q%> observed at the steady rates fo r  higher 
concentrations. Hence su ffic ie n t  polymer wa3 not formed to  
Increase the ligh t absorption to a degree found at higher 
concentrations. With less ligh t being absorbed, lower 
rates were observed than would be predicted from an 
exponent of 1 . 0 .

Polymer settled  very slowly at higher concentrations
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a lso , but It was being formed at a su ffic ien t rate to 
maintain constant ligh t absorption. See Chapter 4.

James found a monomer exponent of 1 . 0  fo r  
a cry lon itr ile  at 25°C In itia ted  by Pe2+ (2537A and fu l l  

ligh t) ; Fe^+ (2537A); and I" (2400A) • The lowest 
concentration used in these experiments was 4.5 II; no 
deviations from lin ea rity  were observed.
HI* The Intensity Exponent.

A value of 0.5 was found fo r  aqueous a cry lon itrile  
at a l l  three temperatures. The Intensity was varied by 
means of the fast sector and the wire gauze. The fast 
sector reduced the Intensity 50^, the gauze 66%. The 
results are shown in Figure 302.
IV. The In itia tor  Exponent.

The ra;te of in it ia tion  was varied by changing the
pH of the solu tions. Evans, Santappa and Uri (1951) have
shown that in a Fe system, the photoactive species is  

3+the complex; Fe . Olf”. Using the thermodynamic functions 
evaluated by Rablnowitch and Stockmayer (1942) , the 
exact concentration of this complex was calculated at 
various acid strengths at the three temperatures. An 
exponent of 0.5 was obtained in a ll  cases; see Figure 
303.





504

B. EVIDENCE FOR THE SIMULTANEOUS OCCURRENCE OF HOMOGENEOUS 
AMD HETEROGENEOUS REACTIONS IN TH3 SYSTEM,

The above results supply p a rtia l v e r ifica tion  of the 
homogeneous rate equation* Attempts at further proof have 
led to a reinterpretation  of the mechanism and to a 
reinterpretation of the e ffe c t  played by the polymer 
p a rtic le s .
I .  The Bate of In it ia t io n *

The rate of In itia tion  was determined as described in 
Chapter 2 , Section V. The results are shown fo r  the three 
temperatures in Figures 304, 305 and 306. The graphs ' 
obtained at 15°C and 25°C do not pass through the origin 
as the actual measured op tica l densities are p lotted , the 

value at zero time being due to the in it ia l  ferrous 
concentration and reagent blank. Hence the zero time ■ 
reading is e ffe c t iv e ly  the orig in . The calculation of the 
rates of in itia tion  w ill  be given in Chapter 4.

It  is to be noted from Figs. 304, 305 and 306, that 
the rate of In itia tion  is constant from zero time.
I I .  Burled Centres o f Polymerisation.

Bamford and Jenkins (1953) have shown that
p olyacry lon itrile  pa rtic les  contain propagating centres. 
Observations on the aqueous system show that burled , 
centres are also present.
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1. Photochemical a fter  e f fe c t * *
It w ill  be shown in Chapter 4 , that the lifetim e of a 

growing chain is o f the order of one second In the 
homogeneous phase. Thus, within a minute a fter irradiation  
has ceasod, most of these chains w ill  have disappeared. 
However, a gradual die away of rate is  observed, fa ll in g  
o f f  to about 10 $ of the f u l l  rate in one hour. Dainton, 
James and Kutschke (1953) also observed th is . Assuming 
only mutual termination, they were able to  f i t  a 
th eoretica l curve to the experimental points and evaluated 
the lifetim e o f these buried centres In the dark.

The equation is of the form:
-AVi = A log (1 + Bt)

where B = i ,  and where e = the lifetim e of the burled e
centres. See Equation YII of Chapter 1.

This equation was f it t e d  to 15 die away curves 

measured at 15°C, 25°C and 30°C at various durations of 
exposure. The results are shown In Table 301 fo r  the 
system 8.3 x 10" 6 M Fe3+; 0.6 M a cry lo n itr ile ; 0.003 M 
HC104 at 15°C and 0.012 M HC104 at 25°C and 30°C; 3130A. 
Figure 307 shows a typ ica l die away and its  calculated 
curve•

From the table It can be seen that the lifetim e of 
the centres increases with the duration of exposure u n til
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Table 301. Lifetimes o f Buried Centres.

Temperature Duration of Exposure Lifetime
°G • to Light -  hrs. e , seconds

15°C

25°C

30°C

steady rate 
reached

steady rate 
reached

steady rate 
reached

1 . 0 10 0

2 .0 200

2 . 2 300

r 3 .0 300
\ 3.4 300
1 3.6 300

1 . 0 60
2 .0 10 0

f 2 .8 . 160
3.2 2 10

3.3 170
k3.5 170

r 2 .3 160
3.4 10 0  ??

k3.6 170
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the steady rate is reached. Then the lifetim e is 
e f fe c t iv e ly  independent of the exposure■time*

It is  also to be noted that the average lifetim e 
a fter  the steady rate is reached is greater at 15°G than 
at 25°C and 30°C. This is  l ik e ly  a temperature e f fe c t ,  but 
the lower acid concentration necessary to increase the 
rate of in itia tion  at this temperature may also a ffe c t  it  
in d irectly .

James considered at one time, that th is die away was 
a cooling e f fe c t ;  the heat released on polymerisation would 
maintain the c e l l  at a temperature s lig h tly  above that of 
the bath* On terminating illum ination, the c e l l  slowly 
cooled , resu lting in a contraction*

However, James and Dainton (1953) show that the 
amount of heat released is n eg lig ib le . The heat of 
polymerisation is 17.3 kcal/mole (Tong and Kenyon, 1947); 
the rate of reaction is about 2 x 1 0 " 6 m ole /l. sec“ 1  and the 
volume of the c e l l  is 80 ml. The to ta l decrease in. volume 
to be expected would not exceed a few thousandths of a 
millimetre when the ligh t is turned o f f .  This is quite 
within the experimental error of the microscope readings*

2 . Resurgence o f R eactivity.
A sim ilar experiment to that of Bamford and Jenkins 

(1953) was undertaken. The system 8.3 x 10 ~ 6 M Fe54",
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0*012 M HCIÔ  and 1*0 M a cry lon itr ile  was illum inated, at 
25°C, in a quartz c e l l  in vacuo fo r  three hours. It was 
estimated that 82 mgm. of polymer would form in that time.

The mixture was transferred, s t i l l  in vacuo, to a 
s p ira l, pyrex dilatometer of large surface area (volume 
60 m l.) . This was then placed in a thermostat, in the 
dark, at 50°C. Prom observations of the cessation of 
expansion, thermal equilibrium was found to be established 
in about fiv e  minutes. A rapid rate was observed; the 
resu lts are summarized in Table 302. Zero time refers to 
the start of the readings.

Table 302. Rates observed in a system at 50°G 
from polymer prepared at 25°C.

Time
minutes

Relative Rate 
mm./min.

10 .171
Estimated photo rate

20 .245 at 25°G = 2.59 m ole /l. 3ec 
= 0.17 mm./min.

30 .117
Photo rate that would be observed

50 .087 in the same system at 50°G
= 0.43 mm./min.

90 .072 •
1 2 0 .064

About 1% polymerisation occurred in the two hours of 
observation.
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The rates are seen to reach a peak and then slowly to 
decay.

5. Addition of polymer to a fresh  run.
The system 8.3 x 10” 6 Fe3+, 0.006 M HCIO ,̂ and

0.6 M a cry lon itr ile  was Irradiated, at 25°G in vacuo, in a
quartz c e l l  fo r  two and a half hours. It was estimated that
52 mgm. of polymer would form in that time.

The polymer was then separated from the liqu id  phase
by f i lt r a t io n  under vacuum. This polymer, without
exposure to a ir , was then added to a fresh  solution of

c 3+composition 8.3 x 10 ° M Pe , 0.012 M H0104 and 0.6 M 
a cry lo n itr ile . The whole mixture was placed in a standard 
dllatometer and a run carried out as i f  the polymer were 
not present.

Most o f the pre-prepared polymer settled  to the
bottom of the c e l l  to a depth of about one centimetre and
a h a lf. The remainder of the solution was s lig h tly
clouded from a fine suspension of polymer. Thus the c e l l
contained a mixture of coagulated and suspended polymer.

- 6  , - 1A sligh t dark rate of .14 x 10 mole/1. sec was observed 
before Irradiation . This may be due to two causes:
( i)  an a fter  e ffe c t  as described in Chapter 3, Section I I .1 
or ( i l )  in it ia tion  of polymerisation caused by impurities 
picked up from the large vacuum assembly necessary fo r  the
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separation of polymer. It is  suspected, in this case, 
that the dark rate was caused by im purities. The e ffe c t  on 
the ligh t rate w ill  be neglig ible i f  one estimates the . 
error from the square root o f the difference of the squares 
of the ra te . For a 1 0 $ dark ra te , the error is  only 1 $.

On turning the ligh t on, the transmission of the 
system was found to be only about 50$ of that of a clear 
solu tion . The transmission rapidly dropped and a steady 
rate was observed within one and a half hours, Instead of 
the usual two and a hdlf hours required for  a system of 
th is type. The steady rate observed wa3 1.89 x 10” ® m ole/l. 
sec"1 ; the rate of a system without In it ia l ly  added

6polymer at the same monomer concentration is 1 . 8  x 1 0 "’
/ - 1m ole /l. sec , so the. two rates are the same within 

experimental error. The sligh t increase in rate is  not 
considered to  be s ig n ifica n t.
I I I .  Emulsifying Agents.

1. A cry lon itr ile .
An attempt was made to repeat the experiments of 

Khomikovskli (1948). One per cent sodium stearate, 
purified  by f i l t r a t io n , was added to a system 8.3 x 10” M 
Fa3* , 0.012 M HCIO ,̂ and 0.6 M a cry lo n itr ile . Very low 
rates were observed; see Table 303.

The mixture was quite flu id  and very silk y  in
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Table 303. The polymerisation of a cry lon itr ile  in the 
presence and absence of soap at 25°C and 3130A.

% Soap Absoluta_Bate + g % Transmission
m ole /l. sec“ J‘ x 10  of system

1% .37 at f i r s t ,  .14 a fter 2 hours
1;% .30 at f i r s t ,  .15 a fter  2 hours f̂o

0 1.73 steady rate a fter 2g- hours As in Fig. 204

appearance; the transmission of the c e l l  was very low 
throughout the observations.

2. Methyl methacrylate.
It has been shown that emulsifying agents have a 

profound e ffe c t  on the polymerisation of methyl methacrylate. 
A sim ilar system to that mentioned above was exposed to  

3130A, using methyl methacrylate in place o f a cry lo n itr ile . 
Pure methyl methacrylate was obtained from Dr. K.J. Ivin 
of this laboratory. The results are summarized in Table 
304.

The rate of polymerisation of methyl methacrylate is  
apparently unchanged by the presence of soap, while the 
rate of polymerisation o f a cry lon itr ile  is  reduced to 
about one f i f t h .

The results fo r  methyl methacrylate are contrary to
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Table 304. The polymerisation of methyl methacrylate In 
the presence and absence of soap at 25°G and 3130A.

.. ..MMA 
cone, 

m oles/l.

„  3+Fe
cone.

m oles/l.

HCIO4
cone.

m oles/l.
Soap
cone.

%

Relative 
max. rate 
mm./min.

Tran3 . 
of c e l l  

/«

.14 8.3 x 10” ® .0 0 1 2 1 $ 0.95 1Si

.28 8.3 x 10" 6 .0 1 2 Ifo 0.99 1"a
-6.14 8.3 x 10 .0 0 1 2 - 0.91 sim ilar
— p to

.14 4.2 x 1 0  ° .0 1 2 - 0.44 AN runs

what has been found previously fo r  systems not photo- 
ln lt la ted . Because of the low transmission of the mixture, 
It is f e l t  that the ligh t absorption Is reduced considerably 
below that of a simple, a cry lon itr ile  system in which there 
is no soap. The equivalence of the rates fo r  methyl 
methacrylate in the presence and absence of soap is  
fortu itou s.

Khomikovskll (1948), studying the aqueous persulphate 
catalyzed polymerisation o f a cry lo n itr ile , has shown that 
i t  took a 5$ soap solution to reduce the rate 30$, and an 
8$ soap solution to reduce the rate 50$ at 60°C. From 
this i t  is seen that a 1 $ soap solution would have l i t t l e  
e ffe c t  on the rate at 60°C; and it  might be inferred that
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the same conclusion would hold at 25°C.
In e f fe c t ,  the ligh t absorption is reduced by about 

twenty-five fo ld  (assuming homogeneous kinbtics) and lowers 
the observed a cry lon itr ile  rate by one f i f t h .  Therefore 
the true emulsion rate o f polymerisation of methyl 
methacrylate fo r  an intensity  comparable to  that observed 
in the absence of soap, should be about fiv e  times that 
actually  measured; this is more in line with other 
experimental resu lts .

The rates fo r  the aqueous non-emulsion polymerisation 
of methyl methacrylate were very high, and not steady.
This system is  more complex than that o f a cry lon itr ile  
and would require more study, when photoin itia ted , both in 
the aqueous phase and in emulsion in order to obtain more 
re lia b le  resu lts .
IV. Discussion.

Prom Figures 304, 305 and 306, the rate of in itia tion  
o f the aqueous a cry lon itr ile  system is seen to be constant 
from zero time. This can only mean that the ligh t 

absorption must be e f fe c t iv e ly  constant from a time shortly 
a fter  the illumination is  started and that i t  remains so 
throughout the period of accelerating rate and the period 
of constant ra te .

James, who also found a linear rate of in itia tion
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from zero time, postulates that the acceleration  of rate to 
the steady period is  caused by increasing ligh t absorption 
from increasing polymer formation. I f  this were the case, 
the rate of in itia tion  should also show an Increase.
When the steady rate is reached, the rate of in itia tion  
should then become lin ear. Extrapolation of this linear 
rate would not go through the orig in .

I f  the ligh t absorption is  constant, then what is 
causing the accelerating rate? The accelerating rate must 
be due to the slow establishment of a steady state in the 
buried centres of the polymer p a rt ic le s . A steady state 
in the homogeneous phase is  established shortly  a fter the 
start of the illum ination. A steady rate occurs when 
both systems reach a steady state .

Light absorption is constant at a higher le v e l than 
would be obtained in a clear solu tion . This high leve l of 
absorption is reached shortly a fter the f i r s t  polymer is 
formed.

With increasing polymer formation and coalescence, 
l ig h t , instead of passing through the c e l l ,  is scattered 
in a l l  d irection s. The Increase in ■absorption due to 
scattering i s ,  however, o ffs e t  by the in a b ility  o f the 
lig h t to penetrate very fa r  into the c e l l  before being 
scattered. As more and more polymer is formed, more
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ligh t is  scattered but less can penetrate to  any depth, 
resu lting in constant absorption throughout the reaction .

The rate fa l ls  o f f  at the end of the steady period, 
not because of reactant consumption, but because the 
balance between scattering and absorption is  disturbed. 
In su fficien t ligh t enters the c e l l  to maintain the 
absorption at the high le v e l created by scattering. The 
results show, as illu stra ted  in Figures 203 and 204, that 
the rate fa l ls  o f f  much more rapidly than can be accounted 
fo r  by consumption of reactants. At the end of the steady 
period, 4-g- hours a fter  the s ta r t , less than 3$ of the 
monomer has been consumed. In the next hour, the rate 
drops Q%, In the same period, the in it ia to r  concentration 
w ill  have changed much less than that of the monomer 
concentration.

Further evidence to  support the work of Bamford and 

Jenkins was presented in Section B .I I .1,2 and 3*
The photochemical a fter  e f fe c t  was shown to bo due to 

the propagation and mutual termination of long lived  buried 
rad ica ls . The lifetim e of these burled centres is found 
to be independent of the duration of exposure a fter  the 
steady rate is reached, in ferring that the concentration 
of these radicals has become constant in the period of the 
steady rate. For exposures o f shorter duration, in which



316

less  polymer is  formed, the buried centres must be more 
accessib le to termination, even though they are in lower 
concentration. Hence, i t  appears that the degree of 
coalescence has some bearing on the lifetim e of the buried 
ra d ica ls . Those buried centres formed in the steady rate 
period, being in  the presence o f more coalesced polymer, 
have a longer life tim e .

The burst of a ct iv ity  from polymer prepared at 25°C 
and then observed at 50°G, must be due to the greater 
a cce s s ib ility  of these burled centres at higher 
temperatures. The results observed were not so strik ing  as 
those of Bamford and Jenkins because of the difference of 
environment in the two cases, and the s lig h tly  lower 
temperature of the aqueous system.

The addition of polymer to a fresh run illu stra tes  
that the rate is not increased by the presence of polymer 
as in the case o f systems in which polymer is  swollen by 
monomer. This confirms that the locus of propagation 
fo r  "free  radicals" is in the aqueous phase.

The.effect of emulsifying agents on the aqueous 
polymerisation is not conclusive, but appears to support 
these conclusions.

A lso, the presence of polymer p a rtic les  accelerates 
the attainment of a steady state of buried centres by
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favouring coalescence. The overall resu lt Is that a steady 
rate Is reached in a shorter time than without in it ia l  
polymer. In other respects, the two systems are the same.
V. Conclusions.

From the experiments described above, i t  has been 
proven that buried centres of considerable lifetim e do 
e x is t . The only reasonable Interpretation correlating a 
linear rate of in itia tion  with a gradually accelerating 
rate of reaction is  that ligh t absorption is  constant from 
zero time, and the increasing rate is  due to the slow 
attainment of a steady state in these burled centres. The 
lifetim e of these burled centres is dependent on the 
degree of coalescence but independent of the duration of 
exposure a fter a steady rate is reached.

The e ffe c t  of adding polymer to a run is not to 
increase the ligh t absorption, but to assist in coalescence 
and to accelerate the attainment of a steady state in the 
buried centres.

Therefore, a true steady state does occur in the 
aqueous polymerisation of a cry lo n itr ile . However, the 
steady state is  not simple, but consists of two systems, 
one predominantly homogeneous and the other predominantly 
heterogeneous, both of which contribute to the observed 
ra te . Tho homogeneous reaction may be described a3 that in
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which the growing chains are e ffe c t iv e ly  free and ” ln 

solu tion ” ; the heterogeneous reaction that in which the 
growing chains are buried in polymer partic les  and are 
immobilized.

3+ —The mechanism of the Pe .OH photoin itlated 
polymerisation of a cry lon itr ile  should Include steps fo r  
this heterogeneous propagation and termination. A linear 
mechanism as postulated by James is a lso included.

“ p

34“.OH- .+ tv — OH + Pe2+ 01b.

OH + mx =

“ J + m̂ = mj+ l kP
“ r 

+ Pe
+ ms

2+
* H2°

zz
pr+s ^  Pr + 
mpH + Fe^.QH

kt
kt

Ha + M1 = “ j+ i Kp
Mr + Ms = W  or Pr + Ps Kt

M = trapped centre 
J

= concentration o f the monomer available to 
trapped rad ica ls.

This mechanism w ill  be described by an equation
sim ilar to that assuming homogeneous k in e tics , provided 

2+that the Fe ion concentration is  low l . e .  that there
is  l i t t l e  linear termination. Catalyst and Intensity 
variations w ill s t i l l  give an exponent of 0 .5 , as both 
phases are In itiated  in the same manner. Since the
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monomer exponent Is 1 . 0 , then the monomer concentration 
about the pa rtic les  must be the same as that in the 
homogeneous phase 1 . e .. = m-̂

Thus i t  can be said that Equation IV is v e r if ie d , in 
the form,

-d(m]_)
dt

. _0. 5 /„  3+_tt- x 0. 5 , .1 .0= k l  (Pe .OH ) (m-,) (IVa)

but It Is seen that the rate constants incorporated in k, 
are made up contributiona from both the homogeneous and 
heterogeneous reactions.

Whether the two systems can be separated and whether 
their re la tive  rate constants can be evaluated are the 
subjects o f the next chapter.
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CHAPTER 4.
THE EVALUATION OP THE RATS CONSTANTS ARP ACTIVATION ENERGIES 
OF THE POLYMERISATION OF ACRYLONITRILE IN AQUEOUS SOLUTION

AT 15°C t 25°C AND 30°C.

I . Introduction.
It has been shown in Chapter 3, that the aqueous 

polymerisation of a cry lon itr ile  can be described by the 

equation,

d(m^)
dt

0.5
(Fe^OH- ) (mi)0.5 1 . 0 (IVa)

which Is a form of Equation IV.
It now remains to  attempt an evaluation of the 

separate rate constants. The most convenient method ha3 

been to use a rotating sector to measure the lifetim es of 
the growing chains.
II« Refinements in the Theory o f the Rotating- Sector.

1. Homogeneous systems.
Kutschke (Dainton, James and Kutschke, 1953), working 

in thl3 laboratory, has developed a general solution of the 
rotating sector theory.-

■A simple theory Involving mutual termination only, 
has been presented by Dickinson (1941). Special cases 
have been considered by Rice (1942), Bateman and Gee (1948), 
Matheson et a lia  (1949a) , and Burns and Dainton (1950).
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Case I of Kutschke's treatment involves thermal as 
w ell as photochemical in it ia t io n , and is  not applicable to 

this system*
Case I I ,  which treats a mechanism involving both 

linear and mutual termination in the absence of any thermal 
reaction , can be applied to  the aqueous a cry lon itrile  
system.

Let the subscript c re fer  to continuous illumination 

and a bar re fe r  to intermittent illum ination. Then the 
steady rate

Kc
-d(m]_)

dt V ral )Gc

and the intermittent rate
E = k (mi)?

Therefore, E
R,

= £c =
C

^  rrwhere C = ¿jn ̂  • 
steady rate

intermittent rate

is the experimentally measured ra t io .
The variation of E/Rc with respect to the ra tio  

flashing time to the lifetim e o f the chains b, is 
described by the function p (o ,5 ) shown in d eta il in Table 
401 (Equations VIII and IX ).

The dimensionless quantity Ô may be related to 
functions of more physical sign ifican ce . In continuous 
illum ination, the ra te -o fflin ea r  radical disappearance



Table 401. The Function: The variation of the ratio  o f the interrupted rate to the 
fu l l  ra te , with-respect to  the logarithm of the ra tio  of the flashing 
time to the lifetim e of the chain.

fM j  z - ! ~
J p + l I *  b U- TTiwf

r r~

i  t. h .N L)
CtitL \a + & c«tL

n(oj) ' —

J*L-. (coiL{?ij[c°m) t-CMpiKUiij)
(f~ &) L -

C x H  a(o,J) = _ L _  ¡ U p

plofi) -
t>+\ i + - ¡ - U

b l  +
t

/ i.Cpbte'tL . j)  + f ) _________ __

*  pb +[j>xl>l+ fyicotLb -h^yp

n -  ^^a-tlon o f the dark period 
duration o f the ligh t period

flashing time 
lifetim e of chain V. = 1-6

1  fo r  the sectors used here.

l

’ (IX) 

(XII) 

(X)

(VIII)
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is  = kt '(B)Gc , where (B) = the concentration of the
linear terminating species. The rate of quadratic radical

2disappearance is Vg -  kt (Cc ) . The to ta l rate of 
disappearance of centres is V = Vj + V2 from which i t  can 
be shown that,

y II
26 and

I s  =
1-6

V 1+5 V 1+5 (XIII)

2. A combination of a homogeneous and a heterogeneous 
system.
The long photo a fter e ffe c t  and other phenomena hê ve 

shown that burled centres are also chain ca rr iers .
I f  two photochemical in itia ted  chain carriers are 

independently propagated and terminated within the 3ame 
system, the sector curve w ill  exhibit a plateau fo r  values 
of the flashing time which l ie  between the d ifferen t 
lifetim es o f the two chain ca rr iers . Therefore, from the 
complete mechanism given in the conclusions of Chapter 3, 

the steady to ta l rate in continuous illum ination,

rc = y rai > ° c + y !'V De
where D = and C = ^Tm*.

For intermittent illum ination,
1  = k p im ^ C  + k p iM ^ D

where the bar and the subscript c have the same meaning as
before



404

Therefore the ra tio  of the intermittent rate to the 
continuous rate is now given by,

K _ G° 8 Dc = P(o >5) + gp(o,o) (xy)
rT i+g i+ i

where g = ^  ^V c , which is  independent of the flashing 
lcp r̂al^Gc (xvi)

time, but dependent on the physical condition o f the 
polymer present.

5. Evaluation of the th eoretica l sector curve.
In Equation XIV, p (o ,o ) is  the function describing the 

lifetim e curve of the buried centres assuming mutual 
termination -only; p (o ,5 ) is  the function describing the 
lifetim e curve o f the chain centres in the homogeneous 
phase assuming both linear and mutual termination.

The symbol g may be evaluated from the value T[/Ii 
at the plateau, using Equation XV, and assuming p(o,5) = 
p (°,5 )cio = 0.50 (Equation X I), and p (o ,o) = 0.707 at this 
poin t.

From the value of g so obtained, p (o ,5 )0 can bo 
determined from the intercept of the sector curve at very 
short flashing times, l . e . when b - * 0 ,  by a second 
application o f Equation XV.

It can be shown from Equation XII, th at,
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6 =
(1 - (p + 1)|Q2 (o ,5)0) 

p - (p + 1) (1 - ^ ( 0 ,5 )0)^
(XVII)

Using the above value of p (o ,5 )Q, 5 can be determined.
Prom thi3 value o f 5, p (o ,5 ) can be obtained; p (o ,o ) 

may be sim ilarly  calculated (Equation X). By combining 
these in Equation XV, the th eoretica l sector curve can be 
constructed, f i t t e d  to the experimental points and the 
life t im e s , corresponding to mutual termination, of both the 
homogeneous and heterogeneous chains determined.
I I I .  The Results.

1. The concentrations used were as fo llow s:
At 15°C, 8.30 x 10“ 6M Fe3+, 0.003M HC104 , 0.6011 a cry lo n itr ile .

o 0 3+At 2 5  G, 8.30 x 10" M Fe , 0.012M HC104, 0.601.1 a cry lo n itr ile .
O 0 g  |.

At 30 0, 8.30 x 10" M Fe , 0.012M HC10. ,  0.60M a cry lo n itr ile .4
2+ «-7Fe not greater than 3 x 10 M in a l l  cases.

2. The Illuminated volume.

The illuminated volume of the system wa3 63 ml; the 
to ta l volume of the c e l l  and stem was 80 ml.

5. The rate of polymerisation.
The values o f the re la tive  rates at each temperature 

are shown in Table 402.-
From these, the average rate and average deviation 

can be calculated. This i3 then converted to absolute 
un its.

The absolute rates are calculated from the
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Table 402. The rate of polymerisation.

Temperature Relative Rate
mm./min.

15°G

25°C

30°C

115 .106 Average rate
104 .105 = 0.105 mm./min.
106 .104
104 .105 Average deviation
106 .0924 = .005
105 .121
105 .107 Absolute rate -,
101 .,.108 = 1.80 x 10“ 6 (m oles/l)sec
106 .107
101 .110
101 .110
0998 .102
111 .103
108 .111 Average rate
110 .121 = 0.114 mm./min.
108 .112 Average deviation
112 .115 = .005
117 .112
126 .120 Absolute rate •,
114 .116 = 1.73 x 10"G(m oles/l)3eo
147 .128 Average rate
137 .132 -  0.135 mm./min.
146 .132 Average deviation
144 .123 = .006
139 .137
134 .131 Absolute rate,. -,
129 = 2.01 x 10"G (mole3/l) sec
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shrinkage factors given in Table 201 of Chapter 2, and the 
known illuminated volume.

4. The rate of in it ia t io n .
I f  D is  the Increase in the measured op tica l density 

of the colorim etric solutions corresponding to a time t 
in minutes, then ,

= 25.0125_.80i _.D = x - I  D
dt 20 11100 63 60 t

The results are summarized in Table 403.

Table 403. The rate of in it ia t io n .

Tgrap. D/t min“ '1’ Absolute rate 
(mole/1 )sec

1 + 5 
1 - 5

dOH „  Q,(mole/1) . 
dt sec“ 1

15 3.16 x 10" 4 1 .8 8  x 1 0 “ 10 1.41 - 1 02.65 x 10

25 2 .2 0  x 10 “ 4 1.31 x 10“10 1.05 1.38 x 10”10

3°
-42.68 X 10

- 1 0
1.59 x 10 1.57 2.50 x 10 ~ 10

The values in column 2 are obtained from Figures 304,
305, and 306.

The Equation,
d (OH) _ n = 1+5 dFe2+

dt ~ ^ 1 -5 ’ dt
also follow s from Kutschke’ s treatment. This is  to allow
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fo r  the consumption o f Fe In a linear termination step»
The constant >6 is  derived from the intercept as described 
in Section I I . 3. The evaluation is  given in the next 
section .

5. The sector curves.
The experimental ra tios  and the calculated sector 

curves are shown in Figures 401, 402 and 403, fo r  the 
systems described above.

The p lotted  ratios are obtained by Interrupting the 
ligh t during the steady rate period and then measuring 
the reduced ra te . I f  there was a variation in the steady 
rate in that time, the average steady rate was used, in the 
r a t io . The points given at log  = 13.0 are those 
obtained from the wire gauze. The ra tio  that would be 
obtained using the fast sector , to give the same value of 
the intensity exponent, is  p lotted . The points at 

log  -  3.7 are from the fast sector running at 3000 r.p.m.
At least fiv e  minutes were required fo r  the rate to  

f a l l  to the lower value.

From the experimental ra t io s , i t  i 3 seen that the
Intensity exponent, evaluated from very short flashing
tim es, is s lig h tly  greater than 0 .5 . Thi3 e f fe c t  is not
.marked at 25°C, but is  prominent at 15°C and 30°0. For
1?/R = 0.707, the in tensity  exponent is 0.50j fo rc

2+
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H/Rc = 0.68, n = 0.55. This variation  is within the 
experimental error o f the calculation  of the intensity 
exponent as in Figure 302, but it  does play an important 
part in the derivation o f the sector curve.

Jame3 (1952) has shown that at high concentrations,
ferrous ion acts as a linear terminator in a manner
illu stra ted  in the mechanism presented in Chapter 3 , page
318. A linear terminating step leads to  an intensity
exponent at some intermediate value between 0.50 and 1 . 0 ,
depending on the ferrous concentration. For ferrous ion
concentrations of not greater than 5 x 10“  ̂ M, James
found an intensity  exponent of 0.51 at 25°C. Figure 402
shows that th i3  is  a lso  true in th is  work at 25°C, where

-7■the ferrous concentration is not greater than 3 x 10  M.
No explanation can be offered fo r  the deviations at 

15°C or 30°C, other than to  say th at, fo r  the lower acid 
concentration and temperature in the f i r s t  case, and fo r  
the higher temperature in the second case, the above 
lim its on the ferrous concentration may not hold.

The experimental Intercepts and plateaux, and the 
constants calculated from them by Equations XIV and XVI 
are shown in Table 404.

Table 405 gives the th eoretica l values of H/K0 

calculated from these constants.
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Table 404. Derivation o f the sector curve constants.

Tgnp. Intercept Plateau o o> o g i  % linear
termination

15 0.687 0.630 0.661 1.30 .169 29

‘ 25 0.704 0.618 0.700 1.32 .0244 5
30 0.678 0.625 0.646 1.16 . 2 2 1 36

Table 405. Theoretical sector curves.

Log b.
15°G E/Ro calculated

25°C 30°G

2 .0 0 0 0.687 0.704 0.678
1 .0 0 0 0.687 0.704 0.678

1.477 0 .6 8 6 0.703 0.677
0 .0 0 0 0.679 0.698 0.669

0.301 0 .6 66 0 .6 8 8 0.655

0.602 0.650 0.674 0.638
1 .0 0 0 0.633 0.652 0.623

1.778 0.620 0.627 0.606
2 .0 0 0 0.611 0.618 0.594
2.301 0.598' 0.612 0.574

2.602 0.578 0.600 0.548
3 .0 0 0 0.550 0.579 0.517
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The th eoretica l curves and experimental points were 

f it t e d  together and the points at which log  b = 0 were 
compared with the actual flashing times. While the 
results at long flashing times are not very re lia b le , some 
estimate can be made of the lifetim es of the buried 

chains.
6 . The lifetim e of the growing chains.
I f  subscripts 1 and 2 refer to cases o f linear and 

mutual termination resp ective ly , the related lifetim es are 

connected by the expressions:

= 1 - 6  -r .
25

1  _ 1  . 1  . 
T  "  T, + To;

/y _ 1-6
^  -  I ? 6 , T 2

where'T is the overall lifetim e o f the growing chain.
The lifetim e of the buried centres, e , can be 

determined approximately, from the lower half o f the 

sector curve. The results are tabulated in Table 406.

Table 406. Lifetimes o f the growing chains.

T© mp • 
° c

Log ^
secs. 'Tlsecs •

TT
secs •

e sector e from
curve die aways seconds

15 0.40 2.51 6.17 1.78 10 0 300
25 0.04 1 . 1 0 2 2 .0 1.05 10 0 170
30 0.28 1.19 3.37 1 . 2 2 60 170
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IV. Evaluation of the Hate Constants and Activation Energies 
1. The activation  energy of polym erisation, Ep -  yE^. 

Since the concentration of the in it ia tin g  complex 
varies with the temperature, two arbitrary concentrations, 
near those actaully used, were chosen. At these 
concentrations, the absolute rate at each temperature 
could, be calculated. The logarithms of the absolute rate 
against the recip roca l of the absolute temperature are 

p lotted  in Figure 404. Both give a reasonable, straight 
l in e . The activation  energy, E = E -  -¿E, , has a valueP u *
of 4 .8 t0 .2  kcal/mole fo r  both concentrations.
, 2 . Rate constants of propagation and termination at

15°Ci 25°C and 30°C.

Assuming the existence of a photostationary sta te , the 
rate constants may be evaluated from the follow ing 
equations:

-d(m]_)
dt

kp(mi)Cs;
1

-d(mn)/dt 1  1
V SS --------------- ; kt = ---------- ; k. » = ----------
9 r .Q .(mi) . Q.T.Tg (B) .T^

where Cs = the concentration of the growing chains under 
steady illum ination.

Q = rate, of formation o f 'u n it  chains per unit volume. 
(B) = the concentration of the lin early  terminating 

species.
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Substituting the values given in Tables 402, 403 and
-7406, and since (m̂ ) = 0.60 M, and letting(E) = 3 x 10 M, 

the follow ing rate constants are obtained. The to ta l 
rate is used fo r  -dim -^/dt. James* values at 25°C are also 
quoted.

Table 407. The rate constants from the to ta l rate.

Tgmp.. ^  - 1  (l/m ole)sec
kt , 

(l/m ole)sec ±
t̂*

(l/m ole)sec"^ V “ t :

15 6 .6 x 1 0 3 *8.5 x 10 8 5
------------- ----------
x 1 0 0.23

25 2 .0 x 10 4 6.3 x 1 0 9 2 x 1 0 5 0.25
James' 
values

6.4 x 1 0 5 9.3 x 1 0 8 1 . 1 X 105 0 . 2 1

30 1 . 1 x 1 0 4 1.7 x 1 0 9 J. 10 x 1 0 5 0.26

The logarithms of these values are p lotted  against 
the reciproca l of the absolute temperature in Figure 405 
(kp overall) and Figure 406.

The points do not f a l l  on a straight lin e . Only by 

incorporating James* results can an approximation be 
obtained. This gives a value to  the activation  energy of 
propagation of 6±2 kcal/mole and a frequency factor of 
about 10®. The p lot fo r  the rate constant of mutual 
termination is no better. The values in this case are 7i2
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kcal/mole for  the energy of activation  and a frequency
14fa ctor  of about 10 • The lim its of accuracy, of the

activation  energies are only estimated; the actual errors . 
are probably much greater.

Since there is l i t t l e  linear termination in this 
system, the values of kj.’ w ill  a lso have a large error.
For this reason, they are not p lotted .

An attempt could be made to  evaluate the rate constants 
of the buried centres from their life t im es , assuming that 
the monomer concentration was the same about the buried 
rad ica l as in solu tion . However, i t  is f e l t  that there 
are too many errors to  give results of any value.
V. Discussion.

It can be calcu lated, from Equations XIV and XVI, that 
over 50$ of the rate is  carried by the burled centres 
(Table 408). I f  this is the case, then only the rate 
associated with the homogeneous polymerisation can be used 
fo r  calculating the homogeneous rate constants.

A correction  should also be made to  Q, the rate of 
formation of unit chains per unit volume, but it  is  not 
known what proportion of the ligh t goes to  In itia te  chains 
that w ill  e ffe c t iv e ly  remain ” ln solu tion ” . This rate 
cannot be divided with the data available here. A lso, i t  
is  naive to assume that the homogeneous system Is d istin ct
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from the heterogeneous system. A chain may start growing 
” in solu tion ” , and at some point in its  growth become 
occluded, thus bedoming a heterogeneous centre.

I f  k is  recalculated using only the homogeneous rate h* ■ ■
of polym erisation, other factors remaining unchanged, 
lower lim iting values can be obtained. See Table 408.

For the same reason, the values of are only 
lim iting values. However, k^', .^although inaccurate, w ill 
be rea l. Since an equation assuming mutual termination 
exclu sively , gives a good f i t  fo r  the die away of buried 
centres, i t  can be inferred that there is l i t t l e  linear 
termination in the buried rad ica ls . Hence,- the values 
used to  calculate kj.' re fe r  to the homogeneous phase only. "

The same corrections are applied to James’ resu lts .

Table 408. The lower lim it of the values o f the 
propagation rate constant.

Temp Total rate 
°G (m oles/l) 

sec"I
Fraction Homo, rate
of rate in (m oles/l)
homo, phase sec"**-

15 1.80 X 10“ 6 • 0.43 7.8 x 10" 7 2.9 x 103
Ci ■ m

25 1.73 X 10 0.43 7.5 x 10" 7 8 .6  x 103

James’ - 6  - 7 3
values 2.18 x 10 0.76 1 .7  x 10 4.9 x 10

2 .0 1  x 1 0 ~ 6 9.3 x 10” 7 5 .1 x  10330 0.46
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These values are plotted  a3 k  ̂ homogeneous, in Figure
405. They give an activation  energy of 7Ì2 kcal/m ole, and

9a frequency fa ctor of about 1 0  which is  within the 
experimental error of the f ir s t  determination. Again the 
errors are estimated and are probably larger than quoted.

I f  we assume that the proportion of the reaction 
carried by the buried centres is  the same at the three 
temperatures, then while the rate constants are only 
lim iting values, the activation  energies may s t i l l  be 
roughly correct. The experimental resu lts seem to  bear 
th is out (Table 408, column 5, and the homogeneous p lot 
of Figure 405).

As has been shown in Chapter 1 Section E, few rate
constants or activation  energies have been evaluated fo r

. *systems sim ilar to a cry lo n itr ile . The ra tio  k^/k^a agrees 
w ell with the work of James and Evans, Santappa and 
Uri (1951). Except fo r  the resu lts of Burnett and 

M elville (1950) on vinylidene ch loride, the activation  
energy of propagation in rad ica l polymerisation systems 
is  generally between 2 and 7 kcal/m ole; and the activation  
energies of mutual termination are between 0 and 5 
kcal/m ole. The former agrees with calculated from this 
work, but the termination activation  energies are generally 
smaller than calculated here. However, the value of
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7  kcal/mole fo r  probably includes a contribution from 
the buried centres.

The frequency factors of propagation are of the same 
order as those in other polym erisations, but the frequency 
fa ctor  of termination is perhaps high, in common with, but 
not as high as, the values of Burnett and M elville (1950). 
The cause of the high resu lt is lik e ly  the same in both 

cases.
The value Ep -  -|-Et = 4.8 kcal/mole is comparable to  

those reported in the literatu re and may be a rea l value, 
as pointed out above.

Table 406 compares the lifetim es o f the burled 
centres, measured from the sector curve, with those from 
the die away equation. It is to be noted that the 
lifetim es measured in the illuminated system are shorter 
than those in the dark. This is probably due to termination 
between chains ” in solu tion ” with buried centres in the 
polymer p a rtic le s . The lifetim e again appears to decrease 
with Increasing temperature.

Further evidence fo r  the steady state in the polymer 
partic le  is  provided by observation■of the time required 
fo r  the rate fo r  to ta l illum ination to f a l l  to the rate 
fo r  Interrupted illum ination. I f  the chains were 
completely homogeneous with a lifetim e o f one second, the



418

rate would f a l l  to the lower rate almost instantaneously* 

Observations show, however, that at least fiv e  minutes are 
required before the reduced rate becomes steady.
VI* Conclusions.

From the evaluation of the constants of tho theoretica l/
sector curve i t  can be seen that more than half of the 
rate is carried by the buried centres. Hence, in order to 
evaluate rate constants, the rate must be partitioned 
between the homogeneous and heterogeneous systems.
However i t  is  not possible to do th is with the rate of 
in it ia tion  (the rate o f formation o f chains per unit 
volume) as i t  is not known how many chains remain "in 
solution" throughout, nor when a homogeneous chain becomes 
a heterogeneous chain. Therefore, the evaluation o f the 
rate constants, using the homogeneous portion of the ra te , 

but the overall rate of in it ia t io n , w ill  only lead to the 
lower lim it o f these values. The results are summarized 
in Table 409.

The activation  energies may have rea l values, however, 
i f  the proportion of the homogeneous rate is the same at 
the three temperatures considered. , The frequency factors 
are less re lia b le .
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Table 409. Limiting values of the rate constants.

Temp.
°C (l/m ole)sec (l/m ole)sec

kt '
(l/m ole) sec“ ’

15 2.9 x 105 8.5 x 108
55 x 10

25 8 .6  x 1 0 3 6.3 x 109
5

2 x 1 0

30 5.1 x 105
91.7 x 10 1 0  x 1 0 5

The resu lts may be. summarized as fo llow s:
E = 7+2 kcal/mole A = 109P p
Et = 7Î2 kcal/mole At = 1 0 14

Ep -  -g-Ê. = 4 .8Î0 .2  kcal/mole

It is seen that a mathematical analysis of the 

sector curve does predict that a large proportion of the , 
rate is carried by the burled centres in the coalesced 
polymer p a rtic le s . Since steady rates are observed, this 
confirms that a steady state is established in the buried 
radicals and confirms, in general, the conclusions of 
Chapter 3.

Therefore the polymerisation o f a cry lon itr ile  in 
aqueous solution is capable of reaching a steady state . 
This steady state is not simple as i t  is composed of a 
homogeneous and a heterogeneous contribution.



3.30 3.35 3.45
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Calculations of the experimental resu lts obtained in 
such a system, lead to the lower limits o f the values of 
the rate constants of propagation and mutual termination 
in the homogeneous phase.

Calculations on the heterogeneous system involve too
many untried assumptions to be of value.

The activation  energies obtained from these constants
may be rea l. The frequency factors are also lower
lim iting  values. The results fo r  and Ap are in general
agreement with those in the lite ra tu re : those fo r  Kt
and are somewhat higher than those reported.
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CHAPTER 5. SOME RESULTS AT 40°C AND 50°C.

1» Introduction.
In order to get as accurate values of the activation 

energy as p oss ib le , i t  Is necessary to  do measurements at 
widely separated temperatures. With th is end in view,.an 
aqueous a cry lon itr ile  system was exposed’ to irradiation  at

O '40 C. However, strange resu lts were observed. The system 

would not polymerise at low monomer concentrations, but 
polymerised exceedingly,.quickly at high monomer 
concentrations. The intensity  and In itia tor  exponents 
remained the same.
I I . The Intensity Exponent.

o oA value of 0.5 wa3 found at both 40 C and 50 G fo r  the 
system 8 .3  x 10”  ̂ M Fe^*, 0.012 M HGIÔ  and a constant 

monomer concentration. Both the fa st sector and a wire 
gauze were used as In Chapter 3, Section A .III .
I I I .  The In itia tor  Exponent.

The rate of in itia tion  was again changed by varying 
the pH of the solu tion . The monomer concentration wa3 

kept constant at each-temperature. The few resu lts that 
were obtained show that an exponent of 0.5 is probably 
correct. See Figure 502.
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IV. The Monomer Exponent.
oThe rate of polymerisation at 40 G was Investigated 

over the complete range of monomer concentrations 
available in aqueous solution . The In itia tor  concentration 
was 'kept constant. The results are shown in Figure 503*
The points seem to f a l l  on a straight line which does not 
pass through the orig in . It is  to be noted that there Is 
no discontinuity in the results as was the case at the 
lower temperatures (Figure 301).

The intercept on the monomer axis is sim ilar to 
that observed by Dainton and Ivin (1950), which lead to 
an explanation in terms of the ce llin g  temperature of the 
reaction . See Chapter 1, Section B .I I .6 . The co ilin g  
temperature Is

rn _ AH _ AH ,
Tc -  3 3  " ¿ ggn a b -g p - whon AG “ ° -

The standard state refers to unit concentration; the 
monomer is  assumed to behave Ideally . AH and AS re fer  
to the prevailing monomer concentration.

Hence the ce ilin g  temperature depends on the monomer 
concentration and Is lower at low monomer concentrations.

It was thought at one time, that the resu lts , shown 
in Figure 503, were due to a ce ilin g  temperature e f fe c t ,  
but the follow ing calculations show that this is not 
lik e ly  true.
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Prom the table of entropies given in Dainton and 

Ivin (1950) , i t  can be seen that the entropy of 
polymerisation of v iny l monomers in solution is about 
-28 cal/degree.m ole. The heat of polymerisation of 
a cry lon itr ile  has been measured by Tong and Kenyon (1947) 
as -17*3 kcal/m ole. The heat of solution  of a cry lon itr ile  
in water can be estimated from the so lu b ility  data of 
Davis and Wiedemann (1945) a3 about 3.5 kcal/m ole. At 
40°C, the intercept is at a monomer concentration of
0.3 M.

With this data, an estimate of the ce ilin g  
temperature can be made.

Tc
-17,300 + 5,500 
2 .8  + 2.301og(0.3)

0.4,000
-30 470°Absolute 

2 0 0 °C •

Therefore, i t  appears that the observed phenomenum is not 

due to a ce ilin g  temperature e f fe c t .
Similar experiments were carried out at 50°C. A 

straight line with a steeper slope, but the same 
in tercept, was obtained (Figure 504). I f  there was a 
true ce ilin g  temperature e f fe c t ,  the intercept would 
have been sh ifted  to  a higher monomer concentration.

The logarithm of the rate was p lotted  against the 
logarithm of the monomer concentration to  see i f  there 
was any change in the monomer exponent (Figure 505).
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The monomer exponent could then be calculated from the 
slope. The value at 40°C Is 1 .6 ; at 50°G i t  is  2 .2.
The results at low monomer concentrations do not f a l l  on 
the straight l in e , but they are subject to  the largest 
error.

Khomikovskil and Medvedev (1948) found a monomer 
exponent of 2.44 at 60°G fo r  a persulphate in itia ted  
system. Cooper (1955) found a monomer exponent of 2.0 
at 25°G fo r  a cry lon itr ile  in itia ted  in aqueous solution 
by dlazonium s a lts .

Matheson (1945) has shown that monomer exponents of 

up to 1.5 are possible without postulating a monomer- 
in it ia to r  complex. Monomer-monomer Interaction w ill 
predict an exponent of 2 .0 . However, no probable 
mechanism has been devised as yet fo r  an exponent greater 

than 2 .0 . It is even more d i f f ic u lt  to  correlate a 
change of monomer exponent from 1.0 to  greater than 2.0 
without any change in the in it ia to r  or in tensity  
exponent.

These unusual resu lts must be due to  some 
heterogeneous e f fe c t .
V. The Physical Appearance of the Polymer.

At monomer concentrations of less than 0.4 M
«

polymer was formed so slowly that i t  precip itated  to  the
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bottom of the c e l l ,  as was the case fo r  low monomer 
concentrations at 15°G, 25°C and 30°G. (See Chapter 3, 
Section A .I I I ) .  P recipitation  of polymer was more marked 
fo r  higher concentrations at 40°G and 50°G than at- the 
lower temperatures. The polymer became thread-like in 
appearance; v e rt ica l filaments seemed to form in the c e l l .  
The transmission through the c e l l  was measured as before. 
It was found to  be high at low monomer concentrations, 
but appeared to be normal above 0.4 LI a cry lo n itr ile .
VI. The Rate of In it ia t io n .

The rate of in it ia tion  was determined as at the 
other temperatures; the solutions were analysed 
co lorim etrica lly  fo r  the rate of increase of ferrous 

concentration. The increase in op tica l density at various 
monomer concentrations 1.3 ' 3hown in Figures 506 and 507. 
The results p lotted  at short exposure times were those 
of the monomer concentration of 0.9 M or greater, l . e . 
those runs that reached a steady state quickly. In 
general, the duration of exposure Increases with 
decreasing monomer concentration.

The rate of In itia tion  at 15°G, 25°G and 30°G was 
determined at a constant monomor concentration of 0.6 M.

Most of the results seem to f a l l  on a straight line 
not through the orig in . A few results at short exposure
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times f a l l  below th is line and can be extrapolated to the 
origin  which must be a point on these graphs.
VII. The E ffect of Soap on A cry lon itrile  at 40°C.

One per cent sodium stearate was added to  the system
m  6 3"h8.3 x 10 M Pe , 0.012 M HCIÔ  at monomer concentrations 

of about 0.8 M. The results are shown in Table 501. Low 
ra tes , as compared to systems in the absence of soap, were 
observed. The rates were not reproduceable, and were very 
sensitive to im purities.

Table 501. The e f fe c t  of soap on a cry lon itr ile  at 40°C.

Bate _ 
(m ole/l) sec” 1

A crylon itrile
concentration

Rate in the 
absence of soap 

(m ole/l)see”!

4 .0  x 10"7 0.79 m ole/l. 38 x 10“ 7

3.5 x 10”7 0.81 m ole /l. 40 x 10"7

7.3 x 10“ 7 0.84 m ole/l. -742 x 10
-712.0 x 10 0.79 m ole/l. 38 x 10~7

The rate determining fa ctor  was not thought to  be 
a chemical e ffe c t  of the soap on the propagation step, 
but rather a physical e ffe c t  o f the soap on the absorbed 
ligh t in ten sity .. The transmission of the system 
containing soap was of the order of which is  the 
same as a sim ilar system at 25°C.
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ITo experiments were carried out using methyl 
methacrylate at th is temperature.

o 0VIII* Lifetime of Buried Centres at 40 G and 50 C.
Equations, assuming mutual termination only, were 

f it t e d  to  seven die away curves at these two temperatures 
fo r  the system 8.5 x 10“ 6 M Fe°+, 0.012 M HCIO .̂ The 
results are summarized in Table 502. A steady rate had 
been reached in each case.

Table 502. Lifetimes of the buried centres.

Temp.
°G

Monomer 
cone, m ole /l.

e from the die 
away -  seconds

40 .33 150
.49 300
.58 240
.59 150

.78 240

50 .46 860 ??
.51 750 ??

These lifetim es are, in general, longer than those 
observed at the lower temperatures, even though it  was 
shown that at 30°C the buried centres had a shorter
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lifetim e than those at 15°C.
IX. Discussion.

It Is almost Impossible to derive a reaction 
mechanism of polymerisation in which the in it ia to r  and 
intensity  exponents are 0.5 while the monomer exponent 
is variable and is greater than 1 .0 . However, i f  one 
considers the reaction from a physical point of view, a 
plausible explanation is possib le .

It was observed at 25°C In Figure 301, that the 
monomer exponent was 1 .0 . This exponent depended on an 
extrapolation of results at monomer concentrations 
greater than 0.5 M. At lower monomer concentrations, the 
rate was lower than expected, due to  precip itation  of 
the polymer and the reduction in the intensity  of the 
light absorbed.

At monomer concentrations greater than 0.6 M, the 
lev e l of the absorbed ligh t Intensity is Increased and 
kept constant by the presence of large quantities of 
polymer. At low concentrations, the polymer forms too 
slowly to build up and maintain a su ffic ien t bulk to  
keep the ligh t of absorption at th is high le v e l.

At 40°G and 50°G, this may be the case over the 
whole range of monomer concentrations available In aqueous 

solutions. In other words, the rate of ligh t absorption
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and hence the rate of in it ia t io n , is dependent on the 
monomer concentration over the whole range, rather than 
only up to  0.6 M as at the lower temperatures. The 
graphs shown in Figures 503 and 504 correspond, therefore, 
to  the dotted lines o f Figure 301. This explanation w ill 
account fo r  an Increasing monomer exponent with 
increasing temperature. At higher temperatures, the 
monomer w ill precip itate more rapid ly ; the rate of 
precip ita tion  w ill depend on the d ifference in density 
between the monomer and the polymer. It was shown in 
Chapter 1, that the polymer density was constant up to  
50°C. The density of the solution decreases with 
increasing temperatures.

The results of Khomikovskii and Medvedev, while not
a ffected  by changing light in tensity , may be explained by

othe high rate of precip itation  at 60 C.
Further evidence in favour of this heterogeneous 

e ffe c t  is  found in Figures 506 and 507. Points 
corresponding to a high monomer concentration l . e . those of 
short duration of exposure, f a l l  on a line through the 
orig in , while those of lower monomer concentration f a l l  
below this lin e . The overall e ffe c t  is a d iscontinuity.
The results would best be described by a curve starting 
at the orig in . The rate of In itia tion  would be a
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line from the origin to  the points corresponding to  the 
various monomer concentrations.

At a constant monomer concentration, the points 
would f a l l  on a straight line through the origin fo r  
various durations of exposure, but the slope of this line 
would increase with increasing monomer concentration. For 
systems at 15°C, 25°C and 50°C, the rate of in it ia tion  is 
constant and a normal monomer exponent o f 1.0 is  found at
a l l  concentrations above 0.5 M a cry lo n itr ile .

* ■»
The longer lifetim es observed in the buried polymer 

pa rtic les  may be due to increased coagulation brought 
about by the less stable polymer p a rtic le s . Even though 
the polymer molecules may have more kinetic energy at 
these temperatures, they may be occluded to a higher 
degree than at 30°G.
X. Conclusions.

I f  the above postulates are correct, a monomer
o oexponent of 1.0 would be obtained at 40 G and 50 G i f  the 

polymer suspension wa3 stable. The high and v a r ia b le . 
monomer exponents measured in this system are, therefore, 

only apparent values because of the.changing rate of 
in it ia tion  with monomer concentration; and the changing 
rate of precip itation  of polymer with temperature.



Since an Intensity exponent and an in itia tion  

exponent of 0,5 are found, the reaction is probably 
describable by Equation IVa, but the system is again 
complex.
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