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TRACER STUDIES OP REACTION MECHANISMS: 

THE PHOTOLYSIS OP ACETONE LABELLED WITH 1 4C. 

I n v e s t i g a t i o n s of the primary photochemical process 
and the r e a c t i o n of r a d i c a l s formed on p h o t o l y s i s 
of acetone i n t h e presence of oxygen and i o d i n e . 
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1. INTRODUCTION 

The p h o t o l y s i s of acetone has "been the subject o f a 
great number of i n v e s t i g a t i o n s i n many l a b o r a t o r i e s dur
i n g the l a s t t h i r t y or so years. I n t e r e s t has r e s u l t e d 
t o a great extent through i t p r o v i d i n g a most convenient 
source of methyl r a d i c a l s , and i n the past few years much 
work has "been c a r r i e d out en-methyl r a d i c a l r e a c t i o n s using 
the p h o t o l y s i s of acetone as t h e i r means of p r o d u c t i o n ^ 1 } 
I n pure acetone, the quantum y i e l d of acetone decomposi
t i o n , $ has been c o n c l u s i v e l y shown t o l i e close t o 
u n i t y at temperatures above 100°C,^2^ and be unaffected 
by increase i n temperature above t h i s p o i n t over a consi
derable range. I t i s thus p o s s i b l e t o o b t a i n and main
t a i n r e p r o d u c i b l e and c o n t r o l l a b l e r a t e s at which methyl 
r a d i c a l s may be formed by due a t t e n t i o n t o the concentra
t i o n of acetone vapour i r r a d i a t e d , and t o the i n t e n s i t y 
of u l t r a - v i o l e t r a d i a t i o n i n c i d e n t upon i t . 

The r e a c t i o n i s n o t , however, as simple as has o f t e n 
been supposed, the primary process i n v o l v i n g formation o f 
a c e t y l r a d i c a l s i n a d d i t i o n t o the sought-after methyls. 
Though a c e t y l r a d i c a l s do t o a greater or less e r degree 
r e s u l t i n f o r m a t i o n of more methyl r a d i c a l s , (depending 
on other circumstances) t h e i r existence can and does 

Mil 
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lead t o complications i n the form of secondary r e a c t i o n s . 
I n p a r t i c u l a r , the exact course of the primary process 
must "be known since i t cannot "be assumed w i t h o u t e x p e r i 
mental j u s t i f i c a t i o n t h a t i t w i l l remain u n a f f e c t e d "by 
a d d i t i o n o f f o r e i g n molecules. Indeed, as has "been dem-
onstrated "by M a r t i n and S u t t o n v ; i n t h i s l a b o r a t o r y and 

(4) 

by workers v ' elsewhere, I o d i n e has a profound e f f e c t on 
the primary process, reducing t o a value w e l l below 
t h a t found i n i t s absence.. More r e c e n t l y , Hoare^ 4 7^ has 
shown t h a t carbon dioxide and n i t r o g e n can b r i n g about 
changes i n the primary quantum y i e l d . 

The i d e a l which should be the u l t i m a t e goal of any 
worker i n t h i s f i e l d i s t o be i n a p o s i t i o n t o be able t o 
p r e d i c t v/hat course r e a c t i o n s would take upon a d d i t i o n of 
any substance. This would r e q u i r e a very considerable 
amount of knowledge, comparatively l i t t l e o f which i s , as 
y e t , a v a i l a b l e . With t h i s i d e a l i n mind, i t has been the 
aim of t h i s present i n v e s t i g a t i o n t o extend the work a l 
ready c a r r i e d out In t h i s d i r e c t i o n i n these l a b o r a t o r i e s . 
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2. THE PHOTOLYSIS OP ACETONE: 

A REVIEW 

(A) THE PRIMARY PROCESS 
Papers de a l i n g w i t h the p h o t o l y s i s o f acetone alone 

are l e g i o n . Several good reviews are a v a i l a b l e - ones 

and by s t e a c i e v '. I t i s t h e r e f o r e not intended t o 
attempt a comprehensive review here of t h i s p a r t i c u l a r 
aspect of the f i e l d . The primary process w i l l , however, 
be discussed i n so f a r as i t i s necessary t o understand 
the systems - those where i o d i n e and/or oxygen have been 
added - which have been s t u d i e d i n t h i s i n v e s t i g a t i o n . 

I t may c o n f i d e n t l y be st a t e d t h a t the primary process, 
f o l l o w i n g absorption of a quantum of r a d i a t i o n , hv) , 
( r e a c t i o n ( 1 ) ) e n t a i l s the r u p t u r e o f a carbon-carbon 
l i n k a g e t o form an a c e t y l r a d i c a l and a methyl r a d i c a l 
( r e a c t i o n ( 2 ) ) . 

CHgCOCHg + ho • CHgCOCHg* (1) 

The p o s s i b i l i t y o f a non-free r a d i c a l s p l i t has been 
suggested by several workers (see f o r i n s t a n c e ^ 6 ^ ) : 

which are worthy of p a r t i c u l a r mention are those by Davis 
( 1 

(5) 

CHgCOCHg* * CHg' + "COCHg (2) 

CHgCOCHg* * C2 I%. + 0 0 (3) 
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However, there has now accumulated a considerable mass of 
evidence t o disprove i t as a r e a c t i o n o f any importance. 

(7) 

For i n s t a n c e , Benson and Falterman^ ', p h o t o l y s i n g 1+1 
mixtures o f acetone and f u l l y deuterated acetone, CDgCOCDg,. 
found t h a t mass spectrometric analyses of the ethane formed 
agreed w i t h i n 2$ w i t h the r e s u l t s p r e d i c t e d on the ba s i s 
of a t o t a l l y f r e e r a d i c a l s p l i t . The ethane was, of 
course, formed by the secondary r e a c t i o n : 

CH3* + CH3* > CgUg (4) 

More evidence is. given by the p h o t o l y s i s of acetone, 
i n the presence o f i o d i n e v when no detectable amounts 
of ethane were formed. These are but two o f the many 
arguments i n favour of d i s c a r d i n g r e a c t i o n ( 3 ) . 

A f u r t h e r p ossible primary r e a c t i o n may be represented 
by ( 5 ) : 

CHgCOCHg* > 2CH3' + CO (5) 

Thi s , however, can be i n t e r p r e t e d as the succession o f 
re a c t i o n (6) below upon r e a c t i o n ( 2 ) . 

CH3CO* > CH3* + CO (6) 

Photolysis o f acetone-iodine m i x t u r e s v ;, where iodine 
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acts as a very e f f i c i e n t r a d i c a l " t r a p " , has shown t h a t 
r e a c t i o n (5) i s c e r t a i n l y n e g l i g i b l e at temperatures i n 
the region o f 100-120°C. This i s i n d i c a t e d by extremely 
low. y i e l d s of carbon monoxide r e l a t i v e t o those found 
under c o n d i t i o n s i d e n t i c a l except f o r the absence o f i o d i n e . 

A primary s p l i t which may be mentioned here, ( 7 ) , 
i s held responsible f o r occurrence o f hydrogen when U.V. 
of short wavelength (below 200o£.) i s used. ̂ 1 , 8 ̂  

CH3COCH3* * CH3C0CB2* + H* (7) 

The f o l l o w i n g r e a c t i o n s , (8) t o (15) i n c l u s i v e , f o l l o w 
i n g on r e a c t i o n s ( 4 ) , (6) and (7) (above), have been put 
forward t o account f o r the products which have been i s o l a 
t e d. These are carbon monoxide, methane, ethane, b i a c e t y l , 
b i a c e t o n y l , methyl e t h y l ketone and acetone (re-formed by 
(12)). Hydrogen has been detected as discussed above 
( r e a c t i o n s ( 7 ) and (13)), and there i s evidence f o r the 
for m a t i o n o f ethylene and ketene a t high temperatures. 
(Above 250°C). 

CH3' + CHgCoCHg • CH 4 +'CHgCOCFg (8) 

2 *C0CH3 (COGH 3) 2 (9) 
2 •CHgCOCHg * (CH gC0CH 3) 2 (10) 
CH3" + "CHgCOCHg » CgHgCOCHg (11) 
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CHg' + "C0CH3 > GHfgCOCUg (12) 
H* + ff*(+M) > Ifg(+M) (13) 
•CHg.COCHs > CHgCO + 'CH?3 (14) 
CgHgCOCHg > CgH^ + CHgCHO (15) 

Several p o i n t s are of s u f f i c i e n t importance t o "be 
discussed here, and these can he conveniently summarised 
under the e f f e c t s of temperature, pressure and wavelength 
of absorbed r a d i a t i o n . 

Temperature; 
Several d i s t i n c t trends can he recognised. d , 

which, on absorption o f r a d i a t i o n i n the bonded r e g i o n of 
o 

wavelength of about 3130A* l i e s around 0.3 at room tempera
t u r e , r i s e s t o a value very close t o u n i t y a t temperatures 
i n excess of 100°C. This value i s maintained over a con
siderable range t o 300°C^ 1 9^, or even t o 400°C^ 2 0^. 
Ethane i s a major product a t 25°C. As the temperature, 
r i s e s , $ _, „ decreases i n favour o f i n c r e a s i n g y i e l d s o f 
methane, the r e s u l t of competition between r e a c t i o n s (4) 
and ( 8 ) . This i s p a r t i c u l a r l y evident at temperatures 
above 100°C. Formation of b i a c e t y l , a major product a t 
25°C i s n e g l i g i b l e above 100°C. This i s due t o removal 
of a c e t y l r a d i c a l s by r e a c t i o n (6) before recombination 
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can take place ( 9 ) . The in c r e a s i n g importance of reac
t i o n (6) as temperature r i s e s i s i l l u s t r a t e d "by the increase 
i n £ Q which reaches a value o f almost u n i t y at temper

atures i n the v i c i n i t y of 100°C. 

The v a r i a t i o n o f ^ d i s of p a r t i c u l a r importance. 
Re-formation of acetone v i a (12) has o f t e n "been used t o 
exp l a i n the way i n which i t f a l l s o f f a t temperatures "below 
100°C. I t i s , however, q u i t e probable t h a t another 
f a c t o r , which should not be overlooked, i s the p o s s i b i l i t y 
of c o l l i s i o n a l d e a c t i v a t i o n o f the e x c i t e d acetone molecule 
CHgCOCHg*. A f u r t h e r e f f e c t i s t h a t due t o re v e r s i o n of 
CHgCOCHg* t o the ground s t a t e w i t h the emission of l i g h t — 
t h a t i s , fluorescence. The l a t t e r , however, i s of com
p a r a t i v e l y l i t t l e importance judging from the absolute 
f l u o r e s c e n t e f f i c i e n c y data which i s a v a i l a b l e . 

Pressure; 

When the pressure o f acetone i s increased a t tempera
tu r e s below 100°C, an i n i t i a l sharp decrease i n ̂  d i s 
observed, the curve l e v e l l i n g out t o a n e a r l y constant 
value as the pressure i s f u r t h e r increased. At a l l tem
peratures i t tends t o , or very near t o , u n i t y as the 
acetone pressure tends t o zero. As the temperature merexses 

^decreases i n magnitude u n t i l , at temperatures i n excess 
of 100°C, i t has become n e g l i g i b l e . This forms e x t r a 
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evidence f o r c o l l i s i o n a l d e a c t i v a t i o n of e x c i t e d acetone 
molecules. 

Wavelength of e x c i t i n g r a d i a t i o n : 
The above remarks were made w i t h p a r t i c u l a r reference 

t o e x c i t a t i o n "by u.V. of wavelength 313o£. The same 
q u a l i t a t i v e r e s u l t s are found f o r l i g h t of shorter wave
le n g t h s , down t o the p o i n t ( i n the region of \ about 
SOOOA) where other primary processes begin t o be important. 
L i t t l e work has been done at these very short wavelengths 
and, since the present i n v e s t i g a t i o n was confined t o 

o 
i r r a d i a t i o n s a t 3130A, the e f f e c t s of s h o r t e r wavelength 
l i g h t w i l l not be considered f u r t h e r . 



2. (B) PHOTOLYSIS OF ACETONE IN THE PRESENCE OF IODINE 

I t i s e s s e n t i a l t o the understanding of r e s u l t s o f 
the acetone-iodine-oxygen system (used i n t h i s i n v e s t i g a 
t i o n ) t o have a cl e a r knowledge of the acetone-iodine 
system. As i t produces r e s u l t s which show i n t e r e s t i n g 
comparisons w i t h those from i n v e s t i g a t i o n s of the 
fluorescence o f acetone, i t i s convenient t o consider the 
acetone-iodine system f i r e t o 

The e a r l i e s t work on t h i s system i s due t o G o r i n ^ 8 ^ 9 ) , 
Subsequent i n v e s t i g a t i o n s have been made by Benson and 
F o r b e s ^ 1 0 ) , M a r t i n and S u t t o n ^ 3 ) , and P i t t s and B l a c e t ^ 4 ^ . 

The work o f Gorin i s open t o numerous doubts and 
obj e c t i o n s . His assumed value of 0.17 f o r $ at 80-

co 
100°C i s low by a f a c t o r of about 4 t o 5 on recent 
estimates. I n consequence h i s estimates o f methyl i o d i d e 
and a c e t y l i o d i d e quantum y i e l d s are low, and r e c a l c u l a 
t i o n gives improbably h i g h values f o r $ CH3I o f 4 *° 5* 
Carbon monoxide y i e l d s are higher than those reported i n 
l a t e r work and, i n a d d i t i o n , consistancy i s poor. His 
experimental techniques have yet t o be reproduced and the 
whole work i s o f questionable r e l i a b i l i t y and value. 

The work o f Benson and F o r b e s ^ 1 0 ) , d e s p i t e some 
ra t h e r e r r a t i c r e s u l t s , served t o e s t a b l i s h some important 
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f a c t s . They recognised the absence of b i a c e t y l and o f 
ethane from the r e a c t i o n p r o d u c t s ) y i e l d s o f carbon 
monoxide reported are very h i g h i n comparison w i t h l a t e r 
work. I n common w i t h a l l other workers since G-orin, 
insuperable d i f f i c u l t i e s were encountered when attempts 
were made t o analyse f o r a c e t y l i o d i d e . I t i s notev/orthy 
t h a t they t r i e d and f a i l e d t o reproduce G-orin 1 s a c e t y l 
i o d i d e method. 

I n general, techniques used i n both these i n v e s t i g a 
t i o n s were i n f e r i o r t o those used by l a t e r workers. For 
the purpose o f t h i s d i s c u s s i o n , use w i l l o n l y be made o f 
the r e s u l t s of P i t t s and B l a c e t , and Ma r t i n and Sutton. 
Whilst d i f f e r e n t a n a l y t i c a l techniques were used i n each 
of these two l a t t e r i n v e s t i g a t i o n s , admirable agreement 
was reached i n r e s u l t s where a d i r e c t comparison i s 
po s s i b l e . The f o l l o w i n g i s a summary of the r e s u l t s from 
the two papers: 
(a) Products i s o l a t e d consisted p r i n c i p a l l y of methyl 
i o d i d e , a c e t y l i o d i d e and, t o a smaller e x t e n t , carbon 
monoxide. Only traces of methane were detected and then 
only a t the highest temperature (177°C) and shortest 
wavelength (2654A1) used. No ethane was detected. 
(b) No r e l i a b l e q u a n t i t a t i v e data on a c e t y l i o d i d e could 
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"be obtained. Experiments with known amounts of acetyl 
iodide showed that i t decomposed rapidly i n contact with 
mercury and v/as sensitive to v i s i b l e l i g h t . In view of 
the near absence of carbon monoxide and the complete 
absence of b i a c e t y l , y i e l d s of acetyl iodide close to 
those found for methyl iodide would be expected. 
(c) Carbon monoxide yields were very small, <J) ̂ Q being 
generally of the order of 0.01 or l e s s . Yields showed 
a steady r i s e with temperature whilst increase i n either 
acetone or iodine pressure decreased $ c o » which increased 
as the wavelength of the absorbed radiation decreased. 
(d) Methyl iodide y i e l d s showed generally similar trends, 
to those shown by ^ The sharp decrease with 
increase i n acetone pressure was p a r t i c u l a r l y noticeable. 

Discussion of the data: 
The variation of C Q with changes of temperature 

and frequency of absorbed radiation can be explained as a 
case of competition between two reactions between acetyl 
decomposition (6) ( E & c t « 18 k.cal./mole^ 1^) and reaction 
with iodine (16 (a, b ) ) 

CHgCO* + Ig • CHgCOI + I * (16 ( a ) ) 
CHgCO" + 1° > CHgCOI (16 (b)) 
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I t I s evident, from examination of product quantum 
y i e l d s , that ^ d i s subject to some var i a t i o n "but i s 
considerably l e s s than unity. Assuming that methyl 
iodide can a r i s e from acetyl r a d i c a l s only as a r e s u l t of 
prior decomposition of the r a d i c a l v i a ( 6 ) , then: 

d ~ CH 3I CO 

^ c 0 i s i n general l e s s than 1% of the corresponding 
value of ^ c H g l ' I * i s therefore possible, within the 
l i m i t s set "by experimental error, to write: 

Mechanism; Martin and Sutton 
P i t t s and Blacet obtained r e s u l t s under only four 

separate sets of conditions. Only temperature (80*c.to 
177°C) was varied to a marked extent. I n the absence of 
s u f f i c i e n t data no mechanism was postulated, and i t was 
l e f t to Martin and Sutton to provide a theory to f i t the 
accumulated evidence. 

In the photolysis of acetone vapour, absorption of a 
quantum of radiation forms, i n i t i a l l y , a highly excited 
state of acetone which, i n the absence of molecules other 
than acetone, undergoes rapid decomposition to the extent 
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of almost 100$ at temperatures above 100°C. 

A + h\> * A1 ( l a ) 

I t i s postulated that t h i s e l e c t r o n i c a l l y excited 
state, A*, i s susceptible to p a r t i a l deactivation by iodine 
(reaction (17)) i n competition with decomposition v i a 
(2(a ) ) 

A1 + I 2 * A" + I g (or 21) (17) 
A1 • CH3* + °C0CH3 ( 2 ( a ) ) 

A" i s a second e l e c t r o n i c a l l y excited state which, whilst 
having l o s t some of energy gained i n i t s i n i t i a l excita
tion, s t i l l retains s u f f i c i e n t to decompose into free r a d i 
c a l s (Reaction 2(b)): 

A" CH3* + °C0CH3 (2(b)) 

A" can then disappear by two routes:- either by decomposi
tion as above ( 2 ( b ) ) , or by deactivation by c o l l i s i o n with 
either acetone or iodine (Reaction (18)): 

A" + M > A + M (18) 

This scheme may be summed up graphically: 
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I 2 I s or A 

A + h» • A1 *r A" > A 

CH 3° + "COGHg 

I t should "be noticed that no c o l l i s i o n a l deactivation of 
A' "by acetone molecules i s suggested. 

The following scheme of reactions i s postulated as 
the means "by which the r a d i c a l s disappear. Reactions 
(16) and (19) are presumed f a s t enough to quench secondary 
reactions of the ra d i c a l s concerned. 

CH«CO* + Ir> > CH,COI + I * (16(a)) 
3 2 3 ( 1 6 ) 

CHgCO* + I * > CHgCOI (16(h)) 
GH-" + I„ > CE,r + I ' (19(a)) 

3 2 3 ( 1 9 ) 

CHg* + I > CH 3I (19(^)) 
I * + I * + M > I2 + M (20) 

In order to explain the appearance of carton monoxide 
(though i n small amounts) reaction (6) i s included i n the 
scheme, competing rather unfavourably with (16) as the 
mode of removal of acetyl r a d i c a l s . This i s preferred to 
a direct intra-molecular s p l i t ( 3 ) , since no ethane has 
"been detected i n t h i s system. Accordingly, and since 
"biacetyl i s also absent, reactions ( 4 ) , (9) and (12) have 
"been disregarded. By the usual steady state treatment f o r 
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A1 and A", the following k i n e t i c equation was produced: 

K 2(a) 
CH I k l 7 C I 2 ^ CO 

QLL 
18 

(21) 

Test of t h i s equation, assuming equal e f f i c i e n c i e s 
for iodine and acetone as the deactivating molecule M, 
and using the 'best f i t 1 values of ^ 2 ( a ) and k 2(b) , 

shows excellent agreement over the range of ( Y CE I ~ I CO ̂  
3 

values experimentally available. 

Alternative mechanism: 
An alternative scheme, modifying that reproduced 

above, i s possible, as proposed by Brown(^). The funda
mental change i s the r e v e r s a l of the species supposed 
responsible for deactivating A' and A". I f A' i s 
supposed susceptible to deactivation by both iodine and 
acetone, an equation, (24), i s derived which i s k i n e t i -
c a l l y similar to (21) and which s t i l l f i t s the experimental 

data. Reactions (17) and (18) are replaced by (22) and 
(23) respectively: 

A' + M 

A" + I S 

•» A" + M 

•> A + Ig(or 21*) 
(22) 

(23) 



16 

Reaction (24) appears i n place of (21): 

This revised scheme has two a t t r a c t i v e features to 
commend i t s inclusion i n preference to the e a r l i e r 
mechanism; 
( i ) Both excited states would s t i l l be present i n the 
absence of iodine. The p a r t i c u l a r importance of t h i s 
point w i l l be appreciated when the fluorescence of ace
tone i s discussed (Section ( c ) of t h i s chapter). 
( i i ) I t can s t i l l be assumed that the reaction (25) has 
some probability of occurrence. (of necessity very much 
l e s s than (23)):: 

A" + A > 2A (25) 

Thus the behaviour of £ i n pure acetone at temperatures 
below 100°c can be provided with a q u a l i t a t i v e explana
tion. As the temperature i s lowered, reaction (25) 
would compete more and more favourably against r a d i c a l 
formation (reaction 2(b) for the species A". 

Some additional comments from the Martin and Sutton 
paper are of s u f f i c i e n t i n t e r e s t to j u s t i f y discussion 
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here: 
(1) A point of some dispute has "been the p o s s i b i l i t y 

and r e l a t i v e importance of reaction ( 5 ) , where i t 
has been assumed that a f r a c t i o n of the acetyl rad
i c a l s formed i n reaction (2) carry over s u f f i c i e n t 
excess energy to decompose, v i a reaction ( 6 ) , 
before other reactions of the acetyl r a d i c a l can 
occur. I n most systems i t i s not possible to give 
a direct estimate of the extent of t h i s reaction. 

(12 ̂  
Noyes and Dorfmanv ' suggest a value of 0.07 for 
acetone at 130 mm pressure at 25°C, photolysed by 
3130A* radiation. Assuming that the r a d i c a l s a r i s 
ing from A* are equivalent to those formed i n the 
photolysis of pure acetone without added reagents, 
Martin and Sutton were able to set an upper l i m i t 
of 1% to the f r a c t i o n of acetyl r a d i c a l s decompos
ing i n t h i s way. This was done by extrapolating 
the r a t i o ^ cc/ § (CH I ) t o i n f i n i t e acetone 
pressure. The quantity ^ ^ , that i s to say, 
the quantum y i e l d of methyl iodide originating from 
decomposition of A', i s given by the expression: 

-1 
(26) 
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No estimate could be made for the shorter wave-
o 

length used (2537A) because of lack of s u f f i c i e n t 
information. 

( i i ) Two experiments were carried out using large quanti
t i e s of carbon dioxide - 1 9 . 4 cm, added to 1 9 . 4 cm of 
acetone. Photolysis was carried out by i r r a d i a t i o n 
with U.V. of wavelength 313oX (Temperature 120°c). 
A s l i g h t decrease i n CP to 0 . 9 3 + 0 . 0 3 was observed. 

-L CO ~ 
This, however, represents a negligible decrease 
compared with that produced by a much smaller amount 
of iodine. 

( i i i ) Some experiments were performed using v i s i b l e l i g h t 
i n addition to U.V. of wavelength 3130A\ I r r a d i a 
tion with v i s i b l e l i g h t alone gave no appreciable 
amounts of products, but with the mixed l i g h t , the 
v i s i b l e component of which was s u f f i c i e n t to produce 
an iodine atom concentration 1000 times that i n a 
normal photolysis, a s l i g h t increase i n I ^ ^ was 

*• 3 
detected. The authors attributed t h i s to a reaction 
between iodine atoms and one of the excited acetone 
intermediates which, i t was concluded, must have a 

— 5 
l i f e t i m e of at l e a s t 10 sec. on t h i s evidence 

—5 
they suggest A" has a minimum li f e t i m e of 10 sec. 
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) Assuming that each c o l l i s i o n between A' and Ig is, 
eff e c t i v e i n promoting reaction (17), then, making a 
reasonable estimate for the c o l l i s i o n diameter for 
t h i s reaction, an estimate was made of \c ̂  and hence 
the h a l f l i f e of A' by spontaneous decomposition. 
The estimate of 4 x 10 sec. was close enough^ to 
prompt i d e n t i f i c a t i o n of A* with the f i r s t excited 
state i n the fluorescence mechanism of Groh, Luckey 
and Noyes.v ' 
Positive i d e n t i f i c a t i o n of the authors' A" with the 

second excited state of the fluorescence scheme was 
not possible because of requirements with regard to 
th i s l a t t e r state. Nor could i t be i d e n t i f i e d with 
that postulated by Spence and Wild i n the direct 
photolysis of acetone.( 4 0) A suggestion was made 
that A" might be a complex aggregate of acetone and 
iodine. I f , however, we accept the revised iodine 
mechanism of Brown then such a state would seem un
l i k e l y . I t may well be that the fluorescence 
mechanism i s incorrect, at l e a s t i n i t s requirements 
for the second, longer l i v e d , state. Further d i s 
cussion on t h i s point w i l l be l e f t for the next 
section. 
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2. (C) STUDIES OP THE FLUORESCENCE OF ACETONE 
The property of acetone of exhibiting fluorescence 

when ir r a d i a t e d with u l t r a - v i o l e t radiation has. "been 
known for more than 25 years, and i t s importance as a 
process i n competition with decomposition into free; r a d i 
c a l s has long "been recognised. I t has "been the subject 
of numerous investigations but only the two most recent 
need be discussed i n d e t a i l here. They are due to 
Luckey and Noyes^ 1 4^, and Groh, Luckey and Noyes^ 1 3^, and 
contain a useful and complete bibliography to e a r l i e r work, 
most of which i s , however, covered or amended by these two 
investigations. Their r e s u l t s were obtained on the 'blue* 
fluorescence - the 'green' fluorescence so well known i s 
generally recognised to be due to b i a c e t y l , ( 1 5 ) ( 1 6 ) a 

fact which confused many e a r l i e r workers. 
The following i s a summary of the main f a c t s from 

these papers: 

(a) The fluorescence i s complex, as shown by f l a s h 
excitation. Decay does not occur i n a simple fash
ion, but i s composed of a very f a s t decay from a 
state of estimated h a l f - l i f e 8 x 10" 8 sec (at 25°C), 
followed by a slower decoy which follows an exponen
t i a l pattern. The state responsible for t h i s 
slower decay was estimated to have a li f e t i m e of 2 x 
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10 sec at 25 C, and "bad, at t h i s temperature, a 
demonstrable structure. The fluorescence e f f i c i e n c y 
of the l a t t e r state was some 5 to 10 times that of 
the former at 25°C. Their absolute values were each 
l e s s than 1$. 

(b) The spectrum of the fluorescence covers a band from 
about 3800& to 4700A*. I t shows a broad maximum 
which at 25°C l i e s about 4550A\ The position of 
t h i s maximum i s s e n s i t i v e to changes i n temperature 
and to the addition of certa i n foreign gases. 

(c) E f f e c t s of temperature, acetone pressure, intensity 
and frequency of absorbed radiation, and addition of 
foreign gases have been studied. 

( i ) Temperature; 
Both excited states are susceptible to temperature 

changes. Whereas, however, the longer l i v e d state i s very 
quickly quenched by increase of temperature over the range 
25 to 100°c, the shorter l i v e d state i s r e l a t i v e l y i n 
s e n s itive to such variations, and, i n f a c t , p e r s i s t s , 
through at reduced ef f i c i e n c y at temperatures, i n the 
region of 100°C. About 100°C the structure hitherto 
observed i s undetectable, which i s therefore e n t i r e l y due 
to the longer-lived state. 
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The position of the maximum i n the fluorescence 
o o 0 

spectrum moves from about 4550A at 25 C to about 4300A 
at 150°C.^ 1 4^ This can be attributed to quenching of the 
longer-lived state. 

( i i ) I ntensity of absorbed radiation; 
I t has been noted that the h a l f l i f e of the fluores-

(17 ) 
cence decreases on increase of the absorbed i n t e n s i t y . v ' 
No information i s available as to any difference of effect 
on the two states. 
( i i i ) Wavelength of absorbed radiation; 

Acetone absorbs U.V. radiation over the range from 
o o 3400A to below 2000A. I t has been shown q u a l i t a t i v e l y 

that the e f f i c i e n c y i s somewhat diminished as wavelength 
i s decreased. No difference i n the spectral d i s t r i b u t i o n 
was observed. 

( i v ) Acetone pressure; 
The fluorescent e f f i c i e n c y of both states i s diminished 

by increase i n acetone pressure at constant temperature 
and absorbed intensity. A Stern-Volmer^ 4 8^ relationship 
i s obeyed, that i s , the inverse efficiency, , i s d i r e c t l y 
proportional to acetone pressure. 
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(v) Foreign gases: 
Addition of hydrogen and nitrogen had no effect. 

Oxygen and n i t r i c oxide produced i d e n t i c a l e f f e c t s , "both 
q u a l i t a t i v e l y and quantitatively. The long-lived state 
was quenched completely whilst the shorter-lived state 
was unaffected. 

( v i ) The intensity of the fluorescence from the shorter-
l i v e d state was independent of the rate at which the longer 
l i v e d state was removed. The l a t t e r i s not formed 
reversibly from the former, though t h i s cannot be said to 
discount i r r e v e r s i b l e formation. 

( v i i ) I t has been suggested that the longer l i v e d state 
may be a t r i p l e t . v / v / This i s supported by i t s . 
properties of being quenched by increase i n temperature, 
and by introduction of paramagnetic molecules. 

MECHANISM: 
Groh, Luckey and Noyes put forward the following 

scheme. . They wrote the i n i t i a l steps: 

A + kv> v A X (27) 

A X • D (28) 

(where D represents free r a d i c a l dissociation products) 
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A X + A > A * + A (29) 
A X + A • A** + A (30) 

The step A x + 0 g ? (31) 
was not Included on the grounds that i t was not required 
to explain the fa c t s - reactions (29) and (30) must "be 
fast reactions, and the mole fr a c t i o n of oxygen i n the 
experiments was always low. These authors went onto 
postulate the following secondary reactions: 

A* > A + hi; * (32) 
A* + A > 2A (33) 
A*(+A) > D(+ A) (34) 
A** • A + do ** (35) 
A** + 0 2 » A + Og, (36) 
A** + A > 2A (37) 

The reaction: A**(+A) • D(+ A) (38) 
was ignored on the grounds that, whilst i t cannot he 
excluded as a p o s s i b i l i t y , A** i s always present i n small 
amounts. This, however, cannot be allowed to pass with-

an 
out some comment since i t i s easr assumption made by the 
authors and not an experimentally observed f a c t . The 
concentration of A** i s of considerable i n t e r e s t and 
importance i n other systems - where iodine and oxygen are 
added, and a r e l i a b l e knowledge of i t s r e l a t i v e value 
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would "be very useful. I t may "be noted that, at 25°C 
and i n the absence of foreign gases, the fluorescence 
efficiency of A** i s some f i v e times tha.t of A*. However, 
without further knowledge of r e l a t i v e amounts of A* and 
A** produced such information i s of l i t t l e use, save for 
indicating that A** cannot be written off as a state 
without quantitative significance. 

Reactions ( 3 9 ) and ( 4 0 ) , below, are ignored by t h i s 
mechanism, presumably on account of th e i r assumption 
that A** i s always present i n small amounts. 

A** + 0 G • D + Og ( 3 9 ) 

A** + Og *• X (oxygenated products?) ( 4 0 ) 

In a l a t e r paper, Marcotte and Noyesv 1 found that 
oxygen did not a l t e r $ d» and produced t h i s evidence 
i n support of their assumption that concentrations of 
A** were always small. As w i l l be seen from l a t e r 
discussion, (section (D) of t h i s chapter), t h e i r measure
ments being limited to low oxygen pressures do not form 
conclusive proflf of the constancy of ^ & . 

This scheme i s a t t r a c t i v e i n that i t produces a 
k i n e t i c equation for the o v e r a l l fluorescent efficiency 
which i s of the correct form. 
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Alternative Schemes; 
In a system as complex as t h i s i t w i l l he readily 

appreciated that there may well he more than one 
mechanism which w i l l agree with the experimental evidence 
and predict k i n e t i c equations of the correct form. 

One of the features of the fluorescence, not so f a r 
explained, i s the structure observed i n fluorescence from 
the long-lived state. The bands are evenly separated -

/OOV «i 

estimated**" at 122 + 10 to 15 cm. , L i t t l e attention 
has been turned to t h i s aspect so f a r . A possible ex
planation i s that fluorescence occurs from a number of 
different vibrational energy l e v e l s of the electronic 
l e v e l , designated by A**, to a similar set of energy l e v e l s 
of the (elect r o n i c ) ground state of acetone. 

I t i s d i f f i c u l t to asses the extent to which reac
tion (28) occurs; 

A X > D (28) 

I t i s generally supposed that before s u f f i c i e n t time has 
elapsed for the absorbed energy to di s t r i b u t e i t s e l f into 
the appropriate vibrational modes necessary to effect 
bond rupture, a number of c o l l i s i o n s with other acetone 
molecules w i l l have occurred s u f f i c i e n t to deactivate A x 
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producing the state designated v ' "by A*. This d i f f e r s 
from A i n either vibrational energy content, alone, or i n 
"both that and the l e v e l of electronic excitation. The 
true picture may "be more complicated than t h i s i n that 
decomposition (34) might occur from a number of states: 
intermediate "between A x and A*. The fact that there i s 
a large energy difference (about 30800 cm."1) "between the 
low frequency l i m i t i n absorption and the high frequency 
l i m i t of the fluorescence spectrum has "been taken to 
suggest that there i s a difference of l e v e l of electronic 
excitation "between A and the states responsible for 
fluorescence. i t would therefore appear that one 
single c o l l i s i o n (without implying every c o l l i s i o n ) would 
"be s u f f i c i e n t to "bring about t h i s change, i f different 
energy l e v e l s are involved. 

Population of numerous vibrational l e v e l s of A* i s 
l i k e l y , according to normal s t a t i s t i c a l d i s t r i b u t i o n . 
Together with similar d i s t r i b u t i o n of the vibrational 
l e v e l s reached after emission of fluorescent radiation, 
t h i s could explain the spread of the fluorescence spectrum. 
Such a wide band as i s covered by the fluorescence from 
A* can be interpreted as a ser i e s of bands, unresolvable 
by present techniques. Indeed the bands due to fluores
cence from A** are only f a i n t l y discernable, though, at 
the maximum, the fluorescence efficiency of t h i s state .is 
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at least f i v e times as large as that from A*. 
Of alternative schemes, the following i s perhaps 

the most a t t r a c t i v e , p a r t i c u l a r l y i n that i t agrees with 
the revised acetone-iodine mechanism (Section (B) of t h i s 
chapter). The "basic difference from the scheme of G-roh, 
Luckey and Noyesv ' i s that reaction (30) i s replaced "by 
(41), below, as the means of production of A**.: 

A* + A > A** + A (41) 

In order not to vi o l a t e experimentally established f a c t s , 
t h i s must be accepted as an i r r e v e r s i b l e reaction. I n 
i t s favour i s the point that agrees, q u a l i t a t i v e l y , at 
l e a s t , with the observed decrease i n fluorescent e f f i c i e n c y 
of A* as acetone pressure increases:. The p o s s i b i l i t y of 
large concentrations of A** must be admitted, as muBt be 
the inclusion of reaction (38). I<t does, however, 
complicate the k i n e t i c expressions for fluorescent e f f i c -

right form i t would be v i r t u a l l y impossible to derive 

t h i s theory coiild be made. 
A further alternative, also k i n e t i c a l l y similar to 

the above modification, replaces reactions (29) and (30) 
by (42) and (43) respectively: 

iencies and for Though these are s t i l l of the 

any useful q u a l i t i e s from them, by use of which a te s t of 
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A X > A* (42) 
A X + A > A** (43) 

Reaction (42) represents the re s u l t of transfer of vibra
t i o n a l energy from A x "by normal c o l l i s i o n s with (unexcited) 
acetone molecules. Reaction (43) represents the forma
tion of a different electronic state (by a s p e c i f i c A x - A 
c o l l i s i o n ) , a state which has already been suggested may 
be a t r i p l e t . 

The fate of A** i s open to some debate. Assuming 
that i t s concentration can be gjuite large - of the same 
order as that of A*, i t should make an appreciable contri
bution to the photochemistry. Reactions, which i t may be 
supposed to take part i n , can be summarised: 

0 2 or l p ; or A 

The main doubt concerns the r e l a t i v e contributions of 
the three possible reactions ((36), (39) and (40)) i n 
which oxygen i s concerned. I t i s i n the reaction product 
that,these reactions d i f f e r . I f d i s maintained at 
unity i n the presence of oxygen, a condition s t i l l i n 
doubt beyond 300 microns pressure of oxygen, then reactions 
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(39) and (40) must take the major share. Choice "between 
(39) and (40) i s d i f f i c u l t . Recourse to the acetone-
iodine-oxygen system suggests that (39) i s the more l i k e l y 
since oxygenated products are formed to very l i t t l e 
extent compared with iodinated products. There i s , 
however, the further aspect that, i n competition with 
reaction (38), neither (39) nor (40) may he of any import
ance as a means by which A** disappears from the sphere 
of reaction. indeed, i t i s doubtful why A** should he 
more l i k e l y to decompose into r a d i c a l s a f t e r f i r s t l osing 
energy to oxygen molecules., ( i t w i l l be remembered that 
the energy of A** above the ground state A cannot be much 
in excess of that required for breakage of a carbon-carbon 
bond). The course of these reactions may be supposed 
to involve assistance by the oxygen molecule i n r e d i s t r i 
buting the excess energy within the acetone molecule to 
enable bond rupture to occur. such a reaction would 
appear, at f i r s t sight, to be l e s s e f f i c i e n t than (36). 

The fate of A** would, therefore, seem to be shared 
by reactions (36) and (38), with reactions (35) and (37) 
playing a part which increases as temperature decreases, 
below the region of 100°C. 

I t must be emphasised that much of the foregoing i s 
highly speculative. Without more information on these 
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reactions, no more than p o s s i b i l i t i e s can he shown. 
Comparisons with photochemical work would he of great 

use i n elucidating the course of the primary process. I t 
i s unfortunate that there i s , as yet, so l i t t l e evidence 
of any value from the photo-oxidation of acetone. The 
acetone-oxygen system (discussed i n the next section) s t i l l 
lacks a sat i s f a c t o r y room-temperature mechanism, and those 
put forward at higher temperatures are f a r from satisfa c t o r y . 
Conclusions which can he drawn are qu a l i t a t i v e rather than 
quantitative. Much l e s s accuracy can he claimed for the 
photo-oxidation mechanisms than for the fluorescence. 

The position with regard to iodine i s more encouraging. 
Whilst the photochemistry i s f a i r l y complete ( i n comparison 
with other acetone systems), no work has, as, yet, been 
attempted on the fluorescence of acetone i n the presence 
of iodine. I f we accept the modified iodine mechanism, 
immediate comparison may be made between t h i s and fluores
cence scheme of Groh, Luckey and Noyes, modified by 
inclusion of reaction (41) or (43) for (30). I t seems 
very probable that A* and A* are i d e n t i c a l , and, on 
comparing h a l f - l i v e s and properties, i t i s tempting to 
identify A** with A". The main doubt must l i e with the 
long l i v e d states i n each system. 
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2(D) PHOTOLYSIS OF ACETONE IN THE PRESENCE OF OXYGEN 
( 23 ) 

The f i r s t paper on t h i s aspect v ' was published by 
Marcotte and Noyes i n 1951. Since then a succession of 
publications ha$fc appeared, most of the work having been 
carried out i n Noyes 1s laboratory. Following the work 
of Marcotte and Noyes, i t appeared that the reaction of 
oxygen with r a d i c a l s produced i n the photolysis of acetone 
might be a r e l a t i v e l y simple process* Subsequent 
investigations have shown many of the o r i g i n a l ideas to 
be f a l s e , and the position at the outset of t h i s i n v e s t i 
gation was already very complex, and, from the point of 
view of mechanisms which have been advanced, one which i s 
anything but sati s f a c t o r y . 

( 23 ̂  ( 24 ̂  The f i r s t v ' and second v ' papers, both by the 
same authors can, for the purposes of t h i s review, be 
discussed together. Their main findings, for the tempera
ture range 120 to 225°C, using acetone at 132t7 mm pressure, 
may be summarised as under: 

(a) Ethane was absent over the whole range of temperature 
used, even when the oxygen pressure was as low as 0.01 mm. 

(b) Methane i s formed but only at very low oxygen press
ures. Production i s favoured by elevation of temperature, 
but increase i n oxygen pressure invariably effects a 
rapid decrease. The oxygen pressure required to prevent 
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methane formation e n t i r e l y r i s e s from about 0,05 mm 
at 120°C to more than 0.2 mm at 200°C. As oxygen 
pressure decreases below these values, d) reaches 
values i n the region of unity, and, i n some cases, i n 
excess of t h i s figure. 

(c) The quantum consumption of oxygen _Q stays 
approximately constant at about 4 over the whole range 
of oxygen pressures studied (0.018 to about 2 mm). 
There i s however some doubt, p a r t i c u l a r l y at the higher 
pressures, whether t h i s i s r e a l l y constant, a doubt 
which cannot be resolved because of the very considerable 
spread of r e s u l t s . 

(d) Carbon Monoxide; The largest values observed were 
^ CQ - about 3 at very low oxygen pressures (about 

0.04 mm). This compares with C Q = 1 i n the absence 
of oxygen, i n f e r r i n g a very sharp r i s e to the maximum 
which must occur very near to p Q =0. Values of 

(J) c 0 decrease as JSQ i s raised, u n t i l a nearly con
stant value i s reached at oxygen pressures i n excess of 
about 1 mm. This high oxygen pressure value of § C Q 

i s l e s s than unity at 120°C but increases with increase 
i n temperature. I t i s not possible to ascertain 
whether the maximum value attained by £ at the 
oxygen pressure which produces i t , are temperature depen-
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dent. Prom graphic representation of the r e s u l t s , i t 
can readily "be seen that C Q f a l l s much more rapidly 
from the maximum at lower temperatures within this: 
range than at the higher ones. 

(e) Carbon Dioxide; Rising from a value of zero at 
zero oxygen pressure, ^ C Q reaches a maximum value 
which appears to "be approximately constant at 1„9 over 
the whole range of temperature. As temperature r i s e s 
the maximum "becomes noticeably broader. 

( f ) Comparison of the carbon monoxide and carbon dioxide 
y i e l d s shows that up to an oxygen pressure of about 
0.3 mm the sum of ̂  C Q ) and ^/Q0 * s approximately constant 

2 
at about 3, the former f a l l i n g while the l a t t e r i s 
r i s i n g . 

(g) Over the pressure range where methane i s formed, the 
sum of » ^ CO a n d ^ CO i s a l w a y s i n e x c e s s of 

4 2' 
3. This i s c l e a r indication that more than one acetone 
molecule i s being consumed! per quantum of radiation 
adsorbed. 

Photo-oxidation at room temperature; 
A small amount of work was carried out at 25°C and 

at 131 mm pressure of acetone. The p r i n c i p a l r e s u l t s 
may be summarised: 
( i ) A l l y i e l d s were low i n comparison with those at 
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the higher temperature range studied. 
was approximately constant, independent of •0 2 

variations i n oxygen pressure, at a value of about 0.5. 
( i i i ) No ethane or methane was detected over the oxygen 

pressure range studied (0.02 to 0.25 mm). 
was reduced by introduction of oxygen, reach-( i v ) £ CO 

ing an approximately constant l e v e l at the higher oxygen 

C Q was, i n a l l cases studied, higher than <j> 
pressures, 

(v) 

Whilst the above evidence has been claimed by the 
authors, i t must be r e a l i s e d that only four different 
oxygen pressures were used. Experimental error shown by 
the spread of the quoted values makes any inferences made 
from the apparent trends open to some doubt. 

Mechanism: 
The following series of reactions was proposed by 

Marcotte and Noyes: 
Quantum Y i e l d 

CH3C0CH3 + ijs^P * CH3* + 'COCHg (8) 
"COC&g > CO + "CH3 ac (6) 
•COCH, + 0 o • ? (neither CO nor T 

3 8 C0 2) 0-<*)<]> (45) 
CHg* + CHgCOClg * CB 4 # 'CHgCOCHg + (8) 
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OTgCOCHg* + Og » CHgCOOH + HCO* ,5(i+<x)$ (46) 
CH3* + O g • HCO" + ffgO ^|-#; (47) 

HCO' + Og * COg + 'OH 6-*)6+°0$ (48) 
HCO* > H* + CO K6+o0£ (49) 

H* + Og » HOg' Y ( 5°) 
The constant e* represents the f r a c t i o n of acetyl 

r a d i c a l s which dissociate, /i the fr a c t i o n of methyl r a d i 
c a l s following reaction ( 8 ) , and ̂  the fra c t i o n of formyl 
ra d i c a l s which dissociate. 

Discussion: 
Several pieces of evidence are profferred to show that 
>̂ d does not deviate from unity. C Q reaches a value 

of 3 at very low oxygen pressures which, i t i s suggested, 
indicates that each acetyl r a d i c a l formed ("by reaction 
(2)) d issociates v i a ( 6 ) , and "both methyl r a d i c a l s are 
oxidised to carbon monoxide. A serious omtfission i s . made 
here - that of neglecting the presence of methane which 
must obviously r e s u l t from the methyl group, and almost 
cer t a i n l y from a methyl r a d i c a l formed i n ( 2 ) . Whilst 
the largest observed values of ̂  C Q were approximately 3, 
there s t i l l e x i s t s the p o s s i b i l i t y of finding s t i l l 
larger values i n the region of oxygen pressure between the 
lowest studied and zero, a region which was experimentally 
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inaccessible. One point which i s beyond a l l reasonable 
doubt i s that oxygen i n these small proportions does not 
show the deactivating properties exhibited by iodine. 

A further argument of Marcotte and Noyes concerns the 
effect of oxygen on the fluorescence. They suppose that 
increase of temperature, rather than admission of oxygen, 
i s responsible for the reduction i n fluorescence. I t 
i s d i f f i c u l t i f not quite impossible to decide which of 
the two possible factors i s responsible when both are 
operative. Many of the y i e l d s quoted are large, s u f f i c i e n t 
i n themselves to discount the presence of any strong 
deactivating agent. Such r e s u l t s are, however at very 
low oxygen pressures and the few r e s u l t s produced by 
Marcotte and Noyes which are at "appreciable" oxygen press
ures (of the order of 2 mm pressure) are s u f f i c i e n t i n 
themselves to suggest that a case could be put for oxygen 
taking over as the more important e f f e c t . 

Some observations were made on the consumption of 
oxygen per quantum absorbed, . On the basis of the 
published data i t was deduced that; 

(J _ Q g » (3 * * 0 I (51(a)) 

I f oc = 31, then ^ ^ 0 becomes equal to 4 - as 
observed experimentally. However,, OL i s not always equal 
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to unity. As shown by the v a r i a t i o n of C Q i t can be 
much l e s s . A variation of ^ i Q from 3 to 4 could be 
expected, larger than that which i s i n fact observed. 
Equation (51(a)) could, therefore, not be upheld and 
reaction (45) was therefore discredited. The authors, 
i n their second paper, assumed as a substitute that a 
sequence of events i s started which causes two molecules 
of oxygen to disappear. J u s t i f i c a t i o n f or t h i s i s 
found i n the fact that i t f i t s experimental r e s u l t s i n 
predicting oxygen consumption as (51(b)).: 

$ = 4 $ (51(D)) 

Low temperature mechanism 
A scheme was advanced i n the e a r l i e r paper v ' to 

account for the photo-oxidation at room temperature. The 
high temperature mechanism was quite unacceptable i n that 
i t pEiodtotod negative values of . I n addition to the 
likelihood of peroxide formation, other reactions not 
important at the higher temperatures are l i k e l y at 25°C. 

(23} 
Marcotte and Noyesv ' assumed that a l l the carbon monoxide 
arose from dissociation of acetyl r a d i c a l s , and that a l l 
the carbon dioxide from reaction of acetyl r a d i c a l s with 
oxygen, v i a (45(a)) below: 

CH3CO* + 0 2 > C0 2 + (CH 30) (45(a)) 
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(24) This reaction was abandoned i n the second paper v ' since 
i t did not f i t i n with the authors' proposed mechanism 
for high temperatures. 

Upon such assumptions i t i s surprising that values of 
^ d and were predicted which agree well with the 
observed data, well within the apparent experimental 
error. 

INVESTIGATION BY HOARE 
The next work published on t h i s subject appeared i n 

(25) 

1953, the r e s u l t of some investigations by Hoare v 

working i n Noyes's laboratory. He aimed at correlating 
work performed on the photolysis of the systems acetone-
oxygen, formaldehyde-oxygen and acetone-formaldehyde, with 
investigations on the photolysis of the t e r t i a r y mixture 
acetone-formaldehyde-oxygen. 

Hoare's work on the acetone-oxygen system, performed 
with acetone at a pressure of 131 mm, at 1 2 0 ° c , agreed 
e s s e n t i a l l y with the work of Marcotte and Noyes. I t 
emphasized the fact that whilst the sum of ^ C Q and ̂  C Q 

remains approximately constant over the range of oxygen 
pressure from 15 to 300 microns, increase beyond t h i s 
range brings about a gradual decrease u n t i l a value of 
about unity i s reached at an oxygen pressure of 5 mm. 
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Products were analysed mass-spectrometrically and were 
found to contain carbon monoxide, carbon dioxide, methane, 
formaldehyde, acetaldehyde, a c e t i c acid, methanol and 
water, with possibly a l i t t l e methyl formate. No formic 
acid was detected, neither was ethane. Formaldehyde 
was usually found i n quantities approaching or exceeding 
unit quantum y i e l d . This l a s t piece of information i s 
p a r t i c u l a r l y interesting i n that i t would appear to con
f l i c t with Noyes's scheme for the acetyl and methyl 
r a d i c a l s ending up as carbon monoxide or carbon dioxide. 
I t i s unfortunate that no quantitative data were published 
but such were soon forthcoming i n a paper by C h r i s t i e . 

D i f f i c u l t i e s were encountered i n the analysis of 
formaldehyde. Some contamination of the carbon dioxide 
f r a c t i o n with formaldehyde was experienced, and vice-versa. 
Trouble was also encountered from the rapid polymerisation 
which formaldehyde undergoes when i t comes into contact 
with very cold surfaces. 

The p r i n c i p l e object of Hoare's investigation was to 
discover v/hether the formyl r a d i c a l , HCO*, i s an i n t e r 
mediate i n the acetone-oxygen system. The r e s u l t s are 
complicated by formaldehyde being i t s e l f sensitive to 
photolysis under the conditions used (U.V. of wavelength 
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3130A\ temperature of 120-200°C). As a r e s u l t of h i s 
investigations, Hoare affirmed that i n the ser i e s of 
reactions ( 4 7 ( a ) ) , (48(h)), and (49(a)) below, (equivalent 
to (47), (48) and (49) of the Marcotte and Noyes 
mechanism^ 2 4^) 3 R" i s not the formyl r a d i c a l : 

CH3* + Og > R* (47(a)) 
R" + Og, > COg (48(b)) 

R 8 > CO (49(a)) 
(each i n one or more steps). 

I n the photo-oxidation of formaldehyde v ' the 
primary process; has been i d e n t i f i e d with f a i r certainty 
as a disso c i a t i o n into hydrogen atoms and formyl r a d i c a l s : 

HCHO + hv> * H* + 'CHO (52;) 

In that system, the formyl r a d i c a l must be intermediate 
i n the formation of both carbon monoxide and carbon 
dioxide. Hoare's chief argument i n h i s denial that R" 
may be id e n t i f i e d as HCO*, was that no s i m i l a r i t y existed 
between the COg/CO r a t i o s i n t h i s system and the photo-
oxidation of acetone. Indeed, i t may be noted that 
i n other photo-oxidation systems which undoubtedly involve 
formation of methyl r a d i c a l s , COg/CO r a t i o s are found 
which are different again. R e l i a b i l i t y of t h i s argument 
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i s f e l t to "be questionable since oxidation of methyl 
r a d i c a l s , stepwise or otherwise, need not "be the only 
route "by which carbon dioxide or carbon monoxide i s 
formed. The acetone-oxygen system i s "by f a r the most 
complex of these systems and has an e s s e n t i a l difference -
that of involving acetyl r a d i c a l s dn addition to methyl 
r a d i c a l s . I t can be l o g i c a l l y inferred that the formyl 
radi c a l i s not the only r a d i c a l intermediate i n the for
mation of carbon monoxide and carbon dioxide but i t i s 
d i f f i c u l t to see how t h i s can be taken to show that i t 
po s i t i v e l y does not act i n t h i s way to any extent. In 
view of the complexity of t h i s system, i t would seem 
probable that such r e l a t i v e l y simple molecules, as carbon 
monoxide and carbon dioxide could be produced i n a number 
of ways. :, 

Some further points are to be noted concerning the 
acetone-formaldehyde-oxygen system. i n p a r t i c u l a r , 

As t h i s excess i s decreased (either by increasing the 
oxygen pressure or decreasing that of formaldehyde), values 
intermediate between 2 and 4 were observed. <j> C Q 

increases to a value of about unity on increasing the 

f a l l s to a minimum value of about 2 an addition of 
a sufficient^ of formaldehyde. ( |> Q: p a b Q u t 1 0 j l ) 
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P CH D: ^0. r a t * ° *° a 1 ; )ou* 10:1, and under s i m i l a r 
conditions, <j> c 0 decreased to quite low values compared 
with those found i n the absence of formaldehyde. These 
r e s u l t s apply s p e c i f i c a l l y to 120°C and though somewhat 
similar trends were observed at 200°C, the r e s u l t s at 
t h i s higher temperature are less, r e l i a b l e because 
corrections were necessary. These were caused by 
chain photo-oxidation of acetone and of formaldehyde, 
effe c t s which become appreciable at t h i s temperature. 

Hoare attempted to explain these f a c t s by considering 
competition for a ra d i c a l R1 between formaldehyde and 
oxygen. The identity of R* was unspecified but i t was 
tentatively suggested as possibly being the acetonyl 
r a d i c a l . 

R« + Og » C0 8 (53) 
R1 + CHgO > no COj no C0 g (54) 

Evidence for (54) had already been found^ 5^ i n the 
acetone-formaldehyde system. Reaction (55) was put 
forward to explain the increase i n carbon monoxide: 

CHgCO' + CEgO * CHgCHO + ECO* (55) 

This reaction, as an alternati v e to (45) and i n addition 
(54), competing favourably with (53), was c i t e d as res-
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ponsible for the f a l l of oxygen consumption. 
The position as a r e s u l t of t h i s work was l i t t l e 

c learer. Evidence which cannot "be held to "be conclusive 
suggested that the formyl r a d i c a l was not an important 
intermediate i n carbon dioxide formation,, Enough 
support was available for the "belief that the acetonyl 
r a d i c a l plays some rol e . L i t t l e progress had "been made 
i n the elucidation of the fate of the acetyl r a d i c a l . 

INVESTIGATION BY CHRISTIE 
A further contribution from Noyes's laboratory, 

published i n 1954 by Miss: M.I. C h r i s t i e ^ 2 6 ) , was directed 
at a quantitative assessment of formaldehyde. A pressure 
of 131 mm acetone was employed throughout and two tempera
tures were used, 120°C and 175°C. 

Formaldehyde was analysed by two separate c o l o r i -
metric methods which used, b a s i c a l l y , phenyl hydrazine and 
p-hydroxy-biphenyl, respectively, for the development of 
the colour reaction. Estimation of acetaldehyde using 
the p-hydroxy-biphenyl method was also undertaken. i t 
was only detected at very low oxygen pressures, the 
largest amount found being a quantum y i e l d of 0.3. 

The way i n which ^ QJJ Q v a r i e d with oxygen pressure 
was si m i l a r at both temperatures, though the actual values. 
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were d i f f e r e n t . Yields roBe very sharply to a maximum 
at an oxygen pressure of the order of tenths of a m i l l i 
metre (0.2 mm at 120°C, 0.4 mm at 175°C; approximately). 
They then f e l l off, i n i t i a l l y very sharply, reaching 
values at oxygen pressures of the order of 1 mm which 
were p r a c t i c a l l y unaltered,* by further increase i n 
oxygen pressure. The high oxygen pressure value was 
higher at 175°G than at 120°C yet the maximum value was 
hardly affected "by temperature. 

An in t e r e s t i n g innovation was the use of acetone 
labelled with the radioactive "*"4C isotope on the methyl 

14 12 14 
carbons: CH 3 CO CEfg. By use of t h i s material an 
estimate of an acid was made. (This was presumed to he 

/OR) 

acetic acid on the qua l i t a t i v e evidence of Hoare v ' ) . 
Those reaction products which were not v o l a t i l e at -100°C 
were condensed into "barium hydroxide solution i n company 
with unused acetone. Acetone and water were removed 
"by evaporation to dryness followed "by i g n i t i o n at 450°C. 
I t was stated that r e s u l t s ( d e t a i l s of which were not 
published) indicated quantum y i e l d s of acetic acid of 
"at l e a s t unity". There i s an objection to t h i s method, 
which l i e s i n the danger (apparently not r e a l i s e d "by t h i s 
author) of polymerising acetone and so contaminating any 
barium acetate l e f t i n the residue a f t e r evaporation. 
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In view of t h i s the r e s u l t s must he viewed with some 
caution. 

Results of further experiments were reported where 
an estimate of the radioactive content of the carbon 
dioxide was made, from which was calculated the extent 
to which carbon dioxide resulted from the methyl section 
of the acetone molecule. Results were again only semi
quantitative and though quoted as indicating that most 
i f not a l l of the carbon dioxide was radioactive, no 
actual values were given. R e l i a b i l i t y of t h i s result 
was undermined by the observation that an impurity i n 

the radioactive acetone caused r e s u l t s of C Q to be 
2 

higher than when inactive material was used. i n view 
of t h i s , both carbon dioxide and acetic acid results; must 
be viewed with some caution* 
Mechanism; 

The scheme advanced by Marcotte and Noyesv ' was 
amended to the following: 

CHgCOCHg + hi> 
CHgCO* 
CH3* +CH3C0CH3 

+ CHg' + °COCH,, 
» CH 3' + CO 
» CH4+CH3C0CHa" 

Quantum 
Y i e l d 

§ ( 2 ) 

oc £ ( 6 ) 
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Quantum 
Yi e l d 

C I V + °2 + C ^ 0 0 0 ^ > ^2° + H2° + mcR
2COCaz 

(1-/3)0**)$ (56) 
+ O p * X 0 + < * ) § (46(a)) CHgCOCHg T Vg 

X » HCO' + CHgCOOH ^'+*)$ (46(b)) 
HCO" + Og > CO + HOg" J (48(a)) 
HOg* > iHgO + fO g ( 6 7 ) 
X + Og > COg + *OH + CHgCOOH 

'OH > iHgO + iOg ( l - Y j ( l * * ) $ (59) 
CHgCO° + Og, 9 Y (l-oC) | (45(b)) 

Reactions (57) and (59) were tentative suggestions primarily 
made to explain the observed absence of peroxides. By 
consideration of the various values which can be assumed 
for OL , /3 and )f , a successful explanation of the 
factu a l data was claimed. One notable exception to t h i s 
i s i n the case of formaldehyde. The above mechanism 
predicts an upper l i m i t of 2 whilst the highest; value 
observed was 2.5. 

Writing of (56) i n the above form was; not meant to 
infer a one-step reaction according to that equation.. 
Rather, i t was suggested that t h i s reaction i s complex and 
may proceed by either of the following sequences: 
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( i ) CH3* + O g • CHgO + 'OH (56(a)) 
'OH + CH3C0CH3 > CHgGOCHg* + HgO (56(13)) 

or ( i i ) CH 3 + Og > GHgOg" (56(c)) 
CHgOg* + CH3COCH3 • CHgCOCHg* + CH30gH (56(d)) 

CH30gH > CHgO + HgO (56(e)) 

Suppositions along these l i n e s cannot "be wholly j u s t i f i e d 
"by experimental data and are somewhat speculative. I t 
was noted i n support of 56(a) that t h i s reaction has often 
"been postulated i n methyl r a d i c a l - oxygen reactions. 
Whilst no evidence i s available to show that hydroxyl 
r a d i c a l s abstract hydrogen from acetone, i t was suggested 
as a l i k e l y reaction i n view of the strongly exothermic 
nature of reaction 56(a). (About 50 k.cal/mole^ 5 2^) was 
suggested). A hydroxyl r a d i c a l formed i n t h i s way would 
thus carry over considerable excess energy. On the other 
hand, methyl hydroperoxide has been isolated from the 

(53) 
mercury-photosensitized oxidation of methanev ' at room 
temperature. This i s considered as j u s t i f y i n g Its 
inclusion as a possible intermediate at higher temperatures. 
Methyl glyoxal has been suggested as a possible intermediate 
i n the oxidation of acetonyl r a d i c a l s produced i n photo-
oxidation of l i q u i d a c e t o n e i f t h i s were also true 
of t h i s system, then X could be replaced by. CHgpOCHO + "OH. 
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Whilst i t i s possible to f i t the v a r i a t i o n of many 
of the products into the scheme which w„as advanced, t h i s 
"by no means constitutes a s a t i s f a c t o r y proof of the 
mechanism. Indeed, as has already been discussed, the 
position with regard to formaldehyde i s unsatisfactory 
and the proposed scheme does nothing to elucidate the 
position with regard to the acetyl r a d i c a l . I t i s 
curious how use i s made of methyl radicals i n an attempt 
to explain the major reaction products, to the almost 
complete exclusion of the acetyl r a d i c a l . I f ac = 1 
over the whole range of oxygen pressure, t h i s might be 
reasonable but t h i s i s d e f i n i t e l y not so - as shown by 

i n t h i s matter u n t i l we can i d e n t i f y the actual reaction 
products: 

INVESTIGATIONS Off BROWN: 

divided into two sections; photolysis of the system 
acetone-oxygen, and photolysis of the system acetone-
iodine- oxygen. Whilst the l a t t e r belongs-, more to the 
acetone-iodine section (B) of t h i s chapter than to t h i s 
section, i t i s more convenient to discuss the whole here. 

low values of * CO* Reactions such as (45) cannot help 

This work (11) , undertaken i n t h i s laboratory, can be 
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Many of the techniques which Brown used i n t h i s work have 
"been adopted for use i n th i s investigation and w i l l "be 
described i n Chapter ( 4 ) . I n p a r t i c u l a r , use was made 

14 
of acetone labelled with C on the methyl carbons, a 
device which proved to be very useful i n analysis of 
the products. The findings of t h i s investigation can be 
summarised; 
(a) Acetone-Oxygen system 

Analyses were made for carbon monoxide and carbon 
dioxide, with p a r t i c u l a r reference to the proportion of 
each coming from the carbonyl and from the methyl carbon 
atoms. This was estimated by s p e c i f i c a c t i v i t y measure-

14 
ments, C-labelled acetone being photolysed. pressures 
of acetone used ranged from 32 to 129 mm at 120°C, 37 and 
72 mm at 175°C. 
( i ) Carbon Monoxide; 

The majority came from the methyl group. Whilst 
the proportion decreased with increasing oxygen pressure 
at 63 and 32 mm of acetone (120°C), the reverse was 
observed at 129 mm (120°C) and at both pressures, used 
(37 and 72 mm) at 175°C. No generalisation can thus be 
drawn-likewise no effect was evident on varying acetone 
pressure at constant oxygen pressure. 
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( i i ) Carbon Dioxide: 
This was to a large extent inactive and indicated 

that around 90% came from the carbonyl carbon atom. 
Part, i f not a l l , of the r a d i o a c t i v i t y observed i n t h i s 
f r a c t i o n was thought to be due to contamination by 
formaldehyde which would mean that even l e s s than 10% had 
i t s origin i n the methyl group. 

( i i i ) The sum# of 9 nn, a*1*1 T «r> f o r methyl and carbonyl 
sources was noted. At 120°C the methyl contribution 
varied l i t t l e from a mean value of 0 .35, change i n neither 
oxygen nor acetone having any appreciable e f f e c t . This, 
however, i s not true at 175 °C. Whilst increase of 

oxygen pressure at 72 mm of acetone had l i t t l e effect, at 

2 
37 mm a noticeable decrease of the value of $ __. + $ 
occurred. The contribution from the carbonyl carbon i s 
p a r t i c u l a r l y interesting i n that under a l l conditions 
studied values i n excess of unity were observed. The 
largest value found was 2.06 at 1 7 5 ° c , 37 mm of acetone, 
0.48 mm of oxygen. The significance of these r e s u l t s 
i s that they show greater consumption of carbonyl carbon 
atoms than can be supplied from the acetyl radicals: 
formed i n the primary process. This indicates that a 
secondary reaction i s occurring involving the consumption 
of acetone. 
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I t i s unfortunate that these r e s u l t s l a y on the 
higher pressure side ( i n terms of oxygen pressure used) 
of Marcotte and Noyes 1s experimental conditions. Hence 
very l i t t l e overlap was obtained. 

An attempt was made to analyse for a c e t i c acid 
using, as b a s i s , the method adopted by C h r i s t i e . I t was, 
however, abandoned, very high and i n c o n s i s t e n t blanks 
being obtained which made the method of very doubtful 
r e l i a b i l i t y . 

(b) Acetone-Iodine-Oxygen System; 
One temperature, only, was used (120°C), and atten

tion was centred almost e n t i r e l y on acetone at 32 mm 
pressure. 

( i ) Carbon Monoxide and carbon Dioxide 
Yie l d s were very much lower than these found i n the 

absence of iodine. L i t t l e v ariation was noted i n the 
few sets of data available but, as found i n the acetone-
oxygen system most of the carbon monoxide came from methyl 
groups whilst most of the carbon dioxide came from 
carbonyl groups. 

( i i ) Methyl Iodide; 

Yields were almost i d e n t i c a l with those found at 

the same acetone and iodine pressures i n the absence of 
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oxygen. At low iodine pressures (constant oxygen 
pressure), ^ C H j values rose but l e v e l l e d out at the 

3 

lowest iodine pressures employed (0.15 and 0.30 mm). 

Mechanism; 

Recognising the comparative lack of detailed data 
on established products and of complete absence of 
information on other products such as ace t i c acid on which 
firm f a i t h could be placed, no attempt was made to formu
l a t e a Rigorous mechanism. However, much useful informa
tion has emerged. 

I t i s obvious from the above r e s u l t s on inactive carbon 
monoxide and carbon dioxide that primary dissociation 
(reaction ( 2)) alone i s not s u f f i c i e n t to s a t i s f y the 
magnitude of both carbon dioxide and carbon monoxide 
yi e l d s . A mechanism i s needed which includes an addition
a l scheme whereby carbomyl groups produce carbon monoxide 
and carbon dioxide, though p r i n c i p a l l y the l a t t e r . (The 
carbon monoxide of carbonyl or i g i n can e a s i l y be 
accommodated by reaction ( 6 ) ) . Three alternatives were 
considered: 
(a) Production of acetyl r a d i c a l s from an unidentified 

source. These would then follow the same course of 
reactions as acetyl r a d i c a l s formed i n the primary process. 
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(b) Decomposition of acetonyl radicals (formed "by 
secondary reactions of the ra d i c a l s from the primary 
process or of intermediates i n th e i r subsequent 
reactions). Then either: 

( i ) Acetyl r a d i c a l s could he formed v i a (60) or (61) 
which would react as those whose origin l i e s i n the p r i 
mary process. 

CHgCOCHg* * CH3C0" + 'CHg0 (60) 
CH3C0CHg* + 0 g • CHgCO* + CHgOg (61) 

or ( i i ) Acetonyl r a d i c a l s , formed as described above, 
could react with oxygen forming, amongst other possible 
products, carbon dioxide from the carbonyl section of the 
molecule, without intermediate formation of acetyl r a d i c a l s . 
This l a s t course was considered to be the most l i k e l y 
and the following scheme of reactions, (68) and (63), 
were suggested: 

CHgCOCHg" + Og > CHgO + 'CHgCOOH (62) 
"CHgCOOH » CE 3* + COg (63) 

This i s a t t r a c t i v e i n that i t forms an additional 
source of formaldehyde. As has been seen i n previous 
discussion, observed formaldehyde yi e l d s are too high to 
be explained on the basis of formation from methyl r a d i c a l s 
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formed i n reactions (2) and ( 6 ) . Secondary production 
of methyl r a d i c a l s (63) does not necessarily constitute 
an objection. Provided that the formation of acetonyl 
ra d i c a l s does not exceed one per quantum of l i g h t 
absorbed then successive methyl r a d i c a l formation v i a 
reactions (56), (62) and (63) becomes, a convergent s e r i e s 
and no branched chain c h a r a c t e r i s t i c s would be expected. 

Reactions (46(a)) and (46(b)), followed by (49), 
were suggested as the scheme by which most of the carbon 
monoxide was formed, the re s t being due to acetyl r a d i c a l 
dissociation ( 6 ) . 

CH3C0CH2* + Og • X (46(a)) 
X • HCO* + CHgCOOH (46(b)) 

HCO* >> E' + GO (49) 

Reaction 45(a) i s considered as a source of "in a c t i v e " 
carbon dioxide (that i s , of carbonyl o r i g i n ) . 

CTLjCO* + Og y CH30* + COg (45(a)) 

Reaction (64) was then supposed to remove methoxy radicals:: 

CHgO' + 0 g ; > CH 0 + HOg* (64) 

I t should be noted that reaction (64) i s quite unnecessary 
(25) 

unless methanol be proved absent. Hoarev ' claimed to 
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have detected i t "but gave no indication of i t s quantita
t i v e significance. 

Acetone-Iodine-Oxygen System 
The r e s u l t s from t h i s system were discussed i n some 

d e t a i l . Due to experimental d i f f i c u l t i e s no acetyl 
iodide measurements were attempted and in t e r e s t was 
confined to reactions of the methyl r a d i c a l . 

Overwhelming evidence i s available to show that react
ion of methyl radicals with iodine i s very much faster than 
with oxygen. This was based to a large extent on compari
son of inactive carbon monoxide yields i n t h i s system and 
those i n the acetone-oxygen system, though the few 
formaldehyde measurements made bore out the findings from 
those of carbon monoxide. I t was suggested that whilst 
reaction of methyl r a d i c a l s with iodine i s more e f f i c i e n t 
than reaction of methyl r a d i c a l s with oxygen, i t i s not 
i t s e l f very e f f i c i e n t compared with a reaction such as 
the recombination of methyl r a d i c a l s ( 4 ) , which i s 
believed to be effective at at every collision;. 

CH3* + CH3* > CgH6 (4) 

The position regarding the acetyl r a d i c a l i s f a r 
l e s s s a t i s f a c t o r y . With l i t t l e experimental data on 
which to base conclusions, these must be viewed with some 
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caution. Since the carbon monoxide yi e l d s of methyl 
origin were si m i l a r to the carbon dioxide y i e l d s of carbonyl 
origin, i t was suggested that both came from the same ra d i 
c a l - that i s , acetyl. Carbon monoxide y i e l d s from 
methyl o r i g i n being l e s s than formaldehyde y i e l d s , i t was 
considered that the former did not come from the methyl 
r a d i c a l . There seems l i t t l e j u s t i f i c a t i o n for the l a t t e r 
suggestion since the tv/o e n t i t i e s are not formed i n the 
same reaction. In any case, i n the acetone-oxygen sys
tem formaldehyde yields are, with the possible exception 
of very low oxygen pressures, always higher than carbon 
monoxide of methyl origin, and often greater by a consider
able margin. 

One of the most int e r e s t i n g aspects of t h i s work i s 
the way i n which methyl iodide y i e l d s vary and the conclu
sions which can be drawn with regard to the primary process. 
As iodine pressure i s decreased at constant oxygen pressure, 
yi e l d s of oxidation products increase and increases 
The assumption was made that: 

CH«0 CH*I-

( j n n i s negligible by comparison being of the same 
magnitude as or l e s s than experimental error on <p CHgl^' 
(b , increases but the s i g n i f i c a n t point i s that i t s rate 
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of increase as iodine pressure i s reduced i s apparently-
greater than i n comparable acetone-iodine system conditions -
i n the absence of oxygen. 

The scheme suggested to account for t h i s phenomenon 
i s one of competition for the second excited state of 
acetone A**. I t was suggested that oxygen effects forma
tion of r a d i c a l s , contrasting with deactivation to 
unexcited acetone by iodine. This however i s followed 
by iodine removing the majority of the extra r a d i c a l s so 
formed. 

INVESTIGATIONS BY DUNN1 AND KUTSCHKE 
Following the work of C h r i s t i e ^ 2 ^ and i n p a r t i c u l a r 

her assertion that a l l the carbon dioxide had i t s origin 
128^ 

i n the methyl carbon atoms, Dunn and Kutschke v ' decided 
to check t h i s by a completely independent method. They 
photolysed acetone i n the presence of oxygen enriched with 

18 18 the 0 isotope to the extent of 2.83$ 0. (This 
compares with 0.34$ i n natural oxygen), Mass spectrometric 
assay was performed on the carbon monoxide and carbon dioxide 
produced. 

Their experiments are i n substantial agreement with 
Brown's carbon dioxide r e s u l t s . Exact comparison i s i n 
many cases the r e s u l t of some extrapolation as the conditions 
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only r a r e l y coincided i n a l l respects. Their r e s u l t s 
suggest t h a t the degree of contamination of the carbon 
d i o x i d e f r a c t i o n "by formaldehyde i n the work of Brown was 
very small, (No such i n t e r f e r e n c e would assert i t s e l f 
i n mass-spectrometric analyses). 

o,re 

The data on carbon monoxide ss not q u i t e so reassuring. 
The f r a c t i o n from the carbonyl group was found t o decrease 
t o zero at an oxygen pressure of 0.5 mm at 120°C, whereas 
Brown found a small "but d e f i n i t e amount ( ip n n = 0.04) 

*" O U (co i rbonyl ) 

even at 1.68 mm. Brown's work may "be the one at f a u l t 
since the value ohserved was close t o experimental e r r o r . 
A f u r t h e r p o s s i b i l i t y i s t h a t t h i s apparent c o n t r i b u t i o n 
from the carbonyl group i s due t o an isotope e f f e c t i n the 

12 14 methyl group r e a c t i o n s , CH3 r e a c t i n g f a s t e r than CHgl 
On the other hand the l i m i t of s e n s i t i v i t y of Dunn and 
Kutschke's measurements i s not known. The carbon 
monoxide r e s u l t s do, however, lend f u r t h e r evidence t o 
u n d e r l i n e the extent t o which the a c e t y l r a d i c a l i s s t a b l e , 
even at temperatures as high as 175°, and the p a r t i t 
must p l a y i n the p h o t o - o x i d a t i o n of acetone. 

SUMMARY 
The p o s i t i o n at t h i s stage, summing up the work so 

f a r published, and t h a t of Brown i n a d d i t i o n , i s not one 
which lends i t s e l f t o a c l e a r e x p o s i t i o n of course o f 
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r e a c t i o n s i n the system. Much of the evidence c o n f l i c t s , 
which i s a l l the more r e g r e t t a b l e when t o he ahle t o 
p r e d i c t mechanisms w i t h confidence a great deal more i s 
r e q u i r e d . Such mechanisms as have "been put forward 
appear t o c o n s i s t of much spe c u l a t i o n round a comparatively 
small core o f established p r i n c i p l e s . This i s unavoidable 
when t h e r e i s such a dearth of evidence on which r e a c t i o n 
schemes can be based. 

There would seem to be good evidence f o r methyl 
a c e t y l and acetonyl r a d i c a l s being of major importance, 
responsible f o r the f o r m a t i o n of products. Evidence on 
these products i s s t i l l f a r from complete, b u t , so f a r , 
p r i n c i p & J a t t e n t i o n has been p a i d t o r e a c t i o n s of the 
methyl r a d i c a l . The a c e t y l r a d i c a l has on many occasions 
been almost ignored, though i t has been established t h a t 
i t has a.part t o play i n t h i s system at temperatures a t 
l e a s t as h i g h as 175°C. I t does n o t , as has been 
thought, decompose e n t i r e l y i n t o methyl r a d i c a l s and 
carbon monoxide. The importance o f the acetonyl has 
only r e c e n t l y been f u l l y r e a l i s e d . I t may e a s i l y t u r n 
out t o be of key importance i n the e l u c i d a t i o n of t h i s 
complex system. 
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3. AIMS OF THE PRESENT INVESTIGATION 
The p o s i t i o n at the outset o f t h i s i n v e s t i g a t i o n 

w i l l he evident from the previous chapter. The simple 
p i c t u r e r e s u l t i n g from e a r l i e r work had been shown t o he 
f a l s e , and i t was q u i t e c l e a r t h a t a considerable amount 
of i n f o r m a t i o n had s t i l l t o be gleaned before r e l i a b l e 
mechanisms of the acetone-oxygen system could be put 
forward. i n f o r m a t i o n on many po s s i b l e products of the 
photo-oxidation was l a c k i n g and q u a n t i t a t i v e data on 
many established products was f a r from complete. Photo
l y s i s of the acetone-iodine-oxygen had been shown by Brown 
t o be a u s e f u l approach.! More r e s u l t s were, however, 
necessary before a serious s t a r t could be made on the 
e l u c i d a t i o n o f the complete course o f r e a c t i o n s . 

The aims of the present i n v e s t i g a t i o n can then, be 
summarised: 
(a) The study o f the p h o t o l y s i s of the acetone-oxygen 

system w i t h p a r t i c u l a r reference t o a n a l y s i s of products 
such as formaldehyde, a c e t i c a c i d , methanol, etc. on 
which i n f o r m a t i o n was e i t h e r p a r t i c u l a r l y l a c k i n g or 
of d o u b t f u l r e l i a b i l i t y . 

( b ) Extension o f the acetone-iodine-oxygen work o f 
Brown i n i t i a l l y along the l i n e s of analj&s developed by 
him. I n p a r t i c u l a r data on methyl i o d i d e and formalde-

! 
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hyde needed augmentation, 
(e) A study of the e f f e c t of iodine on the fluorescence 

of acetone was planned. Whilst i t was "believed t h a t 
i o d i n e had a profound e f f e c t on the primary process i n 
the photochemistry of acetone, no i n f o r m a t i o n was 
a v a i l a b l e as t o i t s e f f e c t on the fluorescence. Using 
t h i s approach, i t was hoped t h a t some progress might "be 
made i n e l u c i d a t i n g the primary photochemical process 
of acetone. i n a d d i t i o n i t seemed probahle t h a t a 
choice "between the proposed mechanisms f o r the acetone-
iodi n e system could "be made. 
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4. EXPERIMENTAL TECHNIQUES 

(A) PREPARATION OP SAMPLES FOR IRRADIATION 
Along w i t h many of the "basic experimental and analy

t i c a l techniques used i n t h i s i n v e s t i g a t i o n , the procedure 
(11) 

adopted here f o l l o w s t h a t evolved "by Brown v ' c l o s e l y . 
The m a t e r i a l s used - acetone, oxygen and i o d i n e , t h e i r 
p r o d u c t i o n , p u r i f i c a t i o n and storage, w i l l "be discussed 
f i r s t , f o l l o w e d "by the method adopted f o r production of 
an homogeneous sample of acetone, i o d i n e and oxygen i n 
the vapour phase, s u i t a b l e f o r i r r a d i a t i o n . 
Acetone; 

'AnalaR' grade acetone was d r i e d and d i s t i l l e d 
through a column packed w i t h g l a s s h e l i c e s , the middle 
t h i r d , o n l y , "being r e t a i n e d . Both magnesium per c h l o r a t e 
('Anhydrone') and anhydrous magnesium sulphate were used 
as d r y i n g agents. Samples of i d e n t i c a l p u r i t y fas 
measured "by the r e a c t i v i t y t o potassium permanganate and 
by t h e i r r e f r a c t i v e index) were produced "by each, so 
magnesium sulphate was normally used, "being safer t o handle. 
Reaction o f the p u r i f i e d m a t e r i a l w i t h potassium permanganate 
was very slow - slower than t h a t of the o r i g i n a l m a t e r i a l . 

This may be taken t o i n d i c a t e absence of unsaturated com
pounds. 
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Trotman-Dickenson and S t e a c i e ^ 5 0 ^ have found no 
d i f f e r e n c e "between r e p u r i f i e d and normal a n a l y t i c a l grade 
acetone, t h e i r conclusions "being "based on the r e s u l t s 
of photolyses w i t h such m a t e r i a l s . However, f o r the 
experiments i n v o l v e d i n t h i s i n v e s t i g a t i o n , acetone was 
p u r i f i e d t o make q u i t e sure of a good degree- of p u r i t y . 
Acetone was s t o r e d i n a blackened r e s e r v o i r (R^ i n the 
apparatus shown i n f i g u r e 2 ) , i s o l a t e d by means of a 
mercury c u t - o f f . I t was introduced by d i s t i l l a t i o n i n 
vacuo and before use was v i g o r o u s l y degassed by pumping 
on the sample h e l d at a temperature of -78°c. ( D r i k o l d -
acetone-ethanol m i x t u r e ) . For the normal s i z e of sample 
p u r i f i e d (30 m l ) , pumping was r e q u i r e d f o r (0 t o 15 hours 
t o produce the desired degree, of p u r i f i c a t i o n . By t h i s 
means the amount of permanent gases was reduced to below 
detectable l i m i t s , and the content of gases v o l a t i l e at 
-140°C ( l a r g e l y carbon d i o x i d e ) was reduced t o a very low 
l e v e l . This l e v e l amounted t o about 10 gm. mol. per 
0.08 ml of acetone. (The volume of l i q u i d acetone r e q u i r e d 
f o r a normal i r r a d i a t i o n ) . 

Radioactive Acetone; 
14 

Acetone l a b e l l e d w i t h C on the methyl groups o n l y , 
14 12 14 
CH3 CO CH3, was obtained from the Radiochemical Centre, 

Amersham, i n amounts of 100 m i c r o c u r i e s . S p e c i f i c 
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a c t i v i t y was h i g h , 30 t o 40 m i l l i c u r i e s per gram, and 
f o r work described here t h i s was reduced t o about 40 
microcuries per gram by d i l u t i o n w i t h acetone p u r i f i e d as" 
described above. 

The r a d i o a c t i v e acetone was found t o c o n t a i n an 
i m p u r i t y which was not e a s i l y removed. I t was of very 
low v o l a t i l i t y a t -196°C b u t , being v o l a t i l e a t -150°C, 
i t contaminated the carbon d i o x i d e f r a c t i o n i n the a n a l y s i s 

f ' l l ) 
of products - as found by Brown x I t c o n s t i t u t e d 
only about 1% of the acetone a c t i v i t y but compared w i t h 
t h a t o f the carbon d i o x i d e produced i n the p h o t o - o x i d a t i o n , 
i t represented an embarrassingly lar g e amount. Removal 
was e f f e c t e d by pumping on the d i l u t e d r a d i o a c t i v e - l a b e l l e d 
acetone, as stored ready f o r use, at -78°C. This was 
c a r r i e d out f o r periods o f about 5 minutes at approximately 
d a i l y i n t e r v a l s over a p e r i o d o f 6 t o 8 weeks. I n t h i s 
way the l e v e l of the i m p u r i t y was reduced t o a s u i t a b l y 
low level.To quote one p a r t i c u l a r example, i t was reduced 
t o 19 counts per minute i n a sample of acetone s u f f i c i e n t 
t o f i l l the r e a c t i o n vessel f o r a normal p h o t o l y s i s 
experiment. At t h i s temperature, l i t t l e d e p l e t i o n o f 
the acetone was experienced, and f o r a small s a c r i f i c e 
( l e s s than 10% of the impure m a t e r i a l ) the i m p u r i t y was 
e f f e c t i v e l y removed. 
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A discussion of i n v e s t i g a t i o n s t o i d e n t i f y t h i s 
i m p u r i t y w i l l "be found i n s e c t i o n (D) of t h i s chapter. 

Oxygen; 
The method used f o r production o f known amounts o f 

(11) 

high p u r i t y oxygen was t h a t of Brown v Potassium 
c h l o r a t e s o l u t i o n (from 'AnalaR' grade m a t e r i a l ) was 
weighed i n t o a pyrex thimble and evaporated t o dryness 
i n an oven a t 80°C- aided "by a net of hot compressed a i r , 
i n t h i s way i t was possible t o dispense the very small 
amounts r e q u i r e d ( o f the order of a few m i l l i g r a m s ) t o 
a good degree o f accuracy ( b e t t e r than 1 per c e n t ) . At 
the same time, i t was prepared i n a t h i n f i l m , i n which 
form i t was i d e a l l y s u i t a b l e f o r i t s subsequent decomposi
t i o n . I t was then dusted w i t h s l i g h t l y moist f e r r i c 
oxide which acted as a c a t a l y s t f o r the decomposition, 

o ( 55 ) 
At a temperature reputed t o be only 110 Cv r e a c t i o n 
proceeded smoothly, i n vacuo, according t o the f o l l o w i n g 
equation; 

KC10 3 *> 0 g + ? (65) 

I t i s notable t h a t r e a c t i o n proceeds w i t h the 
prod u c t i o n o f only 1 molecule of oxygen per molecule of 
potassium c h l o r a t e , i n c o n t r a s t t o the f i g u r e of 1% f o r the 



IODINE 

To HIGH 
VACUUM 

tl 

FIGURE I 
IODINE SAMPLE 

p. w PREPARATION 
PALLADOUS 



67 

normal high temperature decomposition: 

KC10 3 > l^Og + KC1 (66) 

However, recourse t o strong h e a t i n g was avoided "by t h i s 
method which was a l l the more d e s i r a b l e since the 
c a t a l y s t contained oxygen. 

I n the course of the h e a t i n g , a yel l o w v o l a t i l e 
m a t e r i a l was produced along w i t h the oxygen. This, 
together w i t h any traces of moisture was separated from 
the oxygen by passing through a t r a p immersed i n l i q u i d 
n i t r o g e n . 

Iodine; 
Production and storage of small ( m i l l i g r a m ) q u a n t i t i e s 

of pure i o d i n e posed a manipulative problem of some magni
tude. Contact w i t h mercury ( l i q u i d or vapour), and w i t h 
tap-grease, must at a l l times be avoided. To t h i s end, 
samples were prepared f o r storage i n p h i a l s u s i n g the 
apparatus shown i n f i g u r e 1. This was reconstructed f o r 
each sample (and consequently f o r each i o d i n e r u n ) , a time-
consuming procedure but one which was s a t i s f a c t o r y i n a l l 
other respects* 

Palladous i o d i d e was used as a source of i o d i n e . I t 
was prepared by p r e c i p i t a t i o n from a 1 per cent s o l u t i o n 
of palladous c h l o r i d e (Johnson, Matthey and Co. Ltd.) i n 
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1 per cent aqueous h y d r o c h l o r i c acid. Potassium i o d i d e 
(AnalaR grade) was added as a 1 per cent aqueous s o l u t i o n 
u n t i l no f u r t h e r p r e c i p i t a t e d palladous i o d i d e was allowed 
t o stand f o r 24 hours "before removal "by c e n t r i f u g i n g . 
A f t e r several washings w i t h warm very d i l u t e h y d r o c h l o r i c 
aci d (ahout ^Q^Q1)* i t was d r i e d i n an oven at 110°C and 
stored i n a dark, well-stoppered " b o t t l e . 

Approximately 10 mgm. Pdlg w&s r e q u i r e d t o produce 
a pressure of 1 mm of i o d i n e i n the r e a c t i o n vessel. 
(Measured at 120°C - the usual working temperature). The 
re q u i r e d amount was weighed out i n the thimble 'A' 
( f i g u r e 1 ) , which was subsequently sealed i n p o s i t i o n . 
The apparatus was pumped down t o a hard vacuum (MacLeod 
gauge " s t i c k i n g " ) , and a f t e r the two c o n s t r i c t i o n s and 
02 had "been warmed near t o c o l l a p s i n g p o i n t , ( t o de-gas 
the s u r f a c e ) , was sealed. U n t i l t h i s p o i n t , the U-tu"be 
U was cooled i n l i q u i d n i t r o g e n t o prevent e n t r y of mercury 
vapour. The palladous i o d i d e was decomposed "by heating 
at A, the i o d i n e "being condensed out at B "by immersion i n 
l i q u i d n i t r o g e n . Cg was then sealed and the p h i a l drawn 
o f f . P r o v i s i o n of a ccj&se (no. 1) s i n t e r S ensured t h a t 
f l a k e s of palladium could not "be c a r r i e d through t o B 
w i t h the i o d i n e . 
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Experimental procedure i n prep a r i n g a Sample f o r I r r a d i a t i o n 
The procedure f o r p r e p a r a t i o n of a sample of acetone, 

oxygen and i o d i n e , s u i t a b l e f o r i r r a d i a t i o n w i l l be 
described i n f u l l . The amended procedure when e i t h e r 
i o d i n e or oxygen (or both) was omitted from the i r r a d i a 
t i o n mixture w i l l then be obvious. Reference w i l l be 
made, i n the f i r s t instance, t o f i g u r e 2. 

The r e a c t i o n vessel was scrupulously cleaned before 
each i r r a d i a t i o n . I t was steeped ( i n t e r n a l l y ) w i t h a 
chromic-sulphuric acid m i x t u r e . Complete washing from 
t h i s mixture was e s s e n t i a l and was e f f e c t e d by about 
f i f t e e n successive washings w i t h p o r t i o n s of 150 t o 200 ml 
d i s t i l l e d water, p a r t i c u l a r a t t e n t i o n being p a i d t o the 
side-arm s e c t i o n . The apparatus t o the r i g h t of the U 
tube U-L i n f i g u r e 2 was then assembled (having been 
p r e v i o u s l y f a b r i c a t e d i n sections) w i t h the io d i n e and 
potassium c h l o r a t e - f e r r i c oxide samples prepared as des
c r i b e d above. The a i r and water i n the system was 
pumped out and, when a "sticking"vacuum had been a t t a i n e d , 
the system was i s o l a t e d from the main vacuum l i n e by 
r a i s i n g the mercury f l o a t valves Vg, Vg. 

Acetone was allowed t o evaporate i n t o the system, 
i n a c t i v e m a t e r i a l from r e s e r v o i r Rj_ or r a d i o a c t i v e m a t e r i a l 
Rg. Prom a knowledge of the volumes o f the various 
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sections of the f i l l i n g system and the r e a c t i o n vessel, 
the amount needed could "be c a l c u l a t e d . The whole volume 
of the r e a c t i o n vessel and the f i l l i n g system (about 
800 ml) needed t o be f i l l e d t o a pressure of about 19.7 mm 
at normal room temperature t o produce a pressure of 32 mm 
at 120°C when contained i n the r e a c t i o n vessel (664 m l ) . 
The pressure could be measured t o + 0.5^S by means o f a 
m i l l i m e t r e scale behind the manometer, aided by use of 
a pocket magnifying glass. The acetone was then q u i c k l y 
condensed i n t o the side-arm at T and the valve closed. 
( I t had been h e l d open, p r e v i o u s l y , by use of a magnet). 
The u-tube U 1, packed w i t h gold f o i l was immersed i n 
l i q u i d n i t r o g e n , as soon as a l l the acetone had condensed 
at T, i n order t o prevent e n t r y of mercury past t h i s 
p o i n t . C o n s t r i c t i o n Cg was then sealed. 

Iodine was next i n t r o d u c e d . The t h i n glass seal at 
X ( f i g u r e 1) was broken by dropping on i t a heavy plunger 
made of s o f t i r o n encased i n gl a s s . The i o d i n e was thus 
allowed t o evaporate i n t o the system and was condensed 
out on tfihe lower end of the r e a c t i o n vessel cooled w i t h 
l i q u i d n i t r o g e n . 

Once the t r a n s f e r of i o d i n e was complete, the U tube 
Ug ( f i g u r e 2) was immersed i n l i q u i d n i t r o g e n and the 
potassium c h l o r a t e decomposed by warming w i t h a gas 
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flame. The unwanted decomposition products stayed 
behind at C and Ug, and the oxygen d i f f u s e d over t h a t 
p a r t of the system s t i l l open t o C. (That i s , the sec
t i o n t o the r i g h t of Cg i n f i g u r e 2 ) . A f t e r a l l o w i n g 
s u f f i c i e n t time f o r the oxygen t o d i f f u s e evenly through 
t h i s volume, the r e a c t i o n vessel was removed by s e a l i n g 
c o n s t r i c t i o n C 4 and drawing o f f at t h i s p o i n t . 

Special a t t e n t i o n was p a i d t o the way i n which the 
reactants were allov/ed t o warm up when i o d i n e present. 
Then, the i o d i n e was warmed up f i r s t and not u n t i l the 
whole of the r e a c t i o n vessel had a t t a i n e d room temperature 
was the acetone allowed t o thaw. So as t o reduce the 
p o s s i b i l i t y of io d i n e and acetone r e a c t i n g , the acetone 
was made t o push i t s way past valve v^. This obviated 
the p o s s i b i l i t y of io d i n e condensing i n the c o l d acetone 
at T as could have happened i f v 1 had been h e l d open. 

The r e a c t i o n vessel was then cleaned e x t e r n a l l y , 
the main o b j e c t being t o remove grease which fluoresces 
under the a c t i o n of u l t r a - v i o l e t l i g h t . Weak "Teepol" 
s o l u t i o n was followed by r i n s i n g i n d i s t i l l e d water, the 
r e a c t i o n vessel f i n a l l y being d r i e d and p o l i s h e d . I t 
was then ready f o r t r a n s f e r t o the i r r a d i a t i o n oven. 

I t w i l l be noted t h a t , c o n t r a r y t o Brown's 
procedure, i t was found unnecessary t o pump on the sample 
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of acetone at -140°C. Blanks on the acetone as used 
showed t h a t the amount of i m p u r i t y v o l a t i l e a t -196°C 
was e f f e c t i v e l y n i l and the amount v o l a t i l e a t -140°C 
was so low as t o he l e s s than the experimental e r r o r on 
the carbon d i o x i d e f r a c t i o n which i t would contaminate* 
This was only possible f o l l o w i n g c a r e f u l degassing of the 
acetone at the time of i t s ; t r a n s f e r t o the r e s e r v o i r . 
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4. (B) IRRADIATION 
The scheme of the apparatus i s shown i n f i g u r e 3. 

This p a r t o f the a p p a r a t u s was reconstructed before 
commencing t h i s s e r i e s of i n v e s t i g a t i o n s and some d e t a i l s 
w i l l "be mentioned here. The foundation was an o p t i c a l 
"bench made from 1 inch diameter round m i l d s t e e l "bars 
mounted 6 inches apart. This formed the " t r a c k " f o r a 
number of " c h a i r s " (shown i n f i g u r e s 4 ( a ) ( b ) ) on which 
v/ere mounted the various sections of the i r r a d i a t i o n and 
o p t i c a l apparatus, together w i t h the furnace and measuring 
p h o t o c e l l . i n t h i s way, r i g i d i t y and accuracy of the 
mounting could "be ensured t o q u i t e close l i m i t s . I n 
a d d i t i o n , the r e l a t i v e separations of various p a r t s of 
the apparatus could be a l t e r e d , the exact p o s i t i o n s being 
accurately r e p r o d u c i b l e . These c h a i r s were made from 
m i l d s t e e l , channel section (3 i n s xr l£ i n s ) . 

A B.T.H. type ME/D medium pressure mercury arc 
burner was used as the source o f u l t r a - v i o l e t r a d i a t i o n . 
I t was mounted on a 'chair' of the above-mentioned design 
and enclosed by i t s p r o t e c t i v e s t e e l casing from which the 
Wood's glass window had been removed. I t was operated 
from l a b o r a t o r y ISO v o l t D.C. supply w i t h a heavy duty 
rheostat i n s e r i e s . Though r a t e d as a 250 watt lamp 
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i t u s u a l l y d i s s i p a t e d about 140 watts under these condi
t i o n s (3.5 t o 4.0 amps at 40 t o 35 v o l t s ) . The s l i g h t 
v a r i a t i o n s i n the current and voltage which were observed 
had no detectable e f f e c t on the output of r a d i a t i o n of 
the wavelength used, namely 3 1 3 o £ . 

The o p t i c a l system f o l l o w s the p a t t e r n o f t h a t 
(29) 

proposed "by Kasha v The aim was t o produce a p a r a l l e l 
"beam of monochromatic r a d i a t i o n of wavelength 3130&. The 
spectrum of the lamp used was: r i c h i n such r a d i a t i o n , due 
t o a strong group of emission l i n e s i n t h a t r e g i o n . A 
200 ml sp h e r i c a l quartz f l a s k f i l l e d w i t h n i c k e l sulphate 
s o l u t i o n (50 gra N i S 0 4 / l i t r e ) , placed at a s u i t a b l e distance 
from the lamp (found "by t r i a l and e r r o r ) , produced a 
n e a r l y p a r a l l e l "beam. The s h u t t e r was placed "behind t h i s 
f l a s k (on the f a r side from the lamp) and was immediately 
i n f r o n t o f the f i l t e r system. This consisted o f three 
p a r t s : 
(a) A di s c shaped quartz c e l l , 10 mm "between plane 

p o l i s h e d faces c o n t a i n i n g potassium chromate s o l u t i o n 
(0.48 gm KgCrO^/litre) t o which sodium hydroxide 
(0.40 gm NaOH/litre) had "been added. The purpose of 
the sodium hydroxide was t o prevent dichromate f o r m a t i o n . 

(b) A 2 mm t h i c k p l a t e of f i l t e r type 0X7 (Chance Bros.Ltd.) 
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( c ) A c e l l c o n t a i n i n g potassium I f c i p h t h a l a t e (5 gm 
C 6H 4 ( C 0 0 K ) 2 / l i t r e ) "between a 2 mm p l a t e of 0X7 g l a s s 
at the l e a d i n g end and a quartz o p t i c a l ' f l a t ' at the 
other. (The "body of t h i s c e l l was made from ' T u f n o l ' ) . 
The e f f e c t i v e diameter of each component was 6 cm. 

The absorption spectrum of each component was p l o t t e d 
using measurements obtained w i t h a 'Unicam' type SP500 

spectrophotometer, and are reproduced i n f i g u r e 5 . The 
l i n e s of importance "between 3 4 0 o £ and 3000A1 i n the spectrum 
of the lamp used are (a^ a group o f l i n e s about 3022&; 

(b) a f u r t h e r group about 3130A*; ( c ) a s i n g l e l i n e a t 
3342iL The r e l a t i v e i n t e n s i t i e s o f each c o n t r i b u t i o n 
are about 0.4: 1 .0: 0 . 1 . I n a d d i t i o n t h e r e i s a small 
amount of continllum which amounts t o about o n e - f i f t h the 
i n t e n s i t y of the 3130A* group. With the above f i l t e r 
system absorption i s more than 99,9% at 3022&, 92% at 
3130A1, (where transmission i s at a maximum), and about 
99.8% at 3342A*. I t w i l l thus be seen t h a t the beam a f t e r 
passage through t h i s system i s very n e a r l y monochromatic. 
The only wavelengths present other than the 3130& group 
are close t o t h i s wavelength (from continium) and are of 
r e l a t i v e l y l i t t l e magnitude. 

This degree of p u r i t y (over 97$) has only been 
a t t a i n e d at the expense of i n t e n s i t y , more than 90% of the 
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a v a i l a b l e l i g h t of the desired wavelength "being l o s t i n 
the process. The i n t e n s i t y of the beam does compare 
q u i t e favourably w i t h t h a t o f other workers. I n these 
experiments ( f o r acetone at 32 mm, 120°C) absorbed 

12 12 — 1 i n t e n s i t y v a r i e d from 46x 10 t o 2 x 10 quanta, ml 
sec" 1 . (The e f f i c i e n c y of the lamp decreased slowly 
on use over a long p e r i o d ) . 

The furnace was o f a c y l i n d r i c a l shape, some 40 cm 
long by 16 cm i n t e r n a l diameter. Heating was provided 
by a michrome element wound u n i f o r m l y round the i n s u l a t e d 
s h e l l , f e d by 240 v o l t s A.C. ( l a b o r a t o r y s t a b i l i s e d supply) 
v i a a 'Sunvic* type TYB Energy Regulator. I t was h e a v i l y 
lagged t o keep heat losses t o a minimum, and was mounted 
on two " c h a i r s " . Temperature could always be maintained 
w i t h i n 1°C of the re q u i r e d value (120°C) and, though never 
needed, i t was poss i b l e t o reach temperatures as h i g h as 
220°C w i t h t h i s equipment. The ends o f the furnace were 
closed w i t h 3/16" t h i c k asbestos sheet. Quartz o p t i c a l 
' f l a t s ' were set i n t o e i t h e r end through which passed the 
U.V. beam. The rear end was so constructed t h a t the 
r e a c t i o n vessel could be introduced and withdrawn q u i c k l y -
i n a matter of seconds. The r e a c t i o n vessel l a y horizon
t a l l y on two glass covered s t e e l bars and was e f f e c t i v e l y 
f i l l e d by the U.V. beam. 
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The t r a n s m i t t e d "beam was absorbed "by a selenium 
"ba r r i e r - l a y e r type p h o t o c e l l (Evans E l e c t r o Selenium L t d ) 
placed hard up against the r e a r face of the furnace. This 
type of c e l l r e q u i r e s no a p p l i e d v o l t a g e f o r i t s operation 
and f o r use here i t was connected d i r e c t l y across a 
'Unipivot* microammeter. (Basic movement 111 ohms). I t 
has "been shown e x p e r i m e n t a l l y ^ 1 1 ^ t h a t the magnitude of 
the c u r r e n t from t h i s c e l l hears a l i n e a r r e l a t i o n s h i p 
t o the amount of energy i n c i d e n t up i t provided t h a t the 
resistance i n the c i r c u i t was "below 200 ohms. The 
p h o t o c e l l was r i g i d l y mounted on a c h a i r f r e e t o s l i d e 
along the o p t i c a l "bench. I t was pushed up against the 
furnace end such t h a t i t was ahout 1 mm from i t yet i n 
an accurately reproducible p o s i t i o n . The lamp and o p t i c a l 
system "being enclosed i n an almost l i g h t t i g h t enclosure, 
the p h o t o c e l l measure only r a d i a t i o n which had f i r s t 
t r a v e l l e d through the r e a c t i o n vessel. The r e a c t i o n 
vessel was of pure fused quartz (The Thermal Syndicate, 
L t d . ) I t was a c y l i n d e r , 24 cm long and 6 cm ( e x t e r n a l ) 
diameter, w i t h plane polished ends. I t s volume was 
655 ml. A side-arm connected t o i t "by a quartz-pyrex 
graded seal (G.S., f i g u r e 2) included a c o l d f i n g e r (CP.) 
whose importance l a y i n c a l i b r a t i o n runs. Connection t o 
the a n a l y t i c a l apparatus was f a c i l i t a t e d "by means of a 
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B14 j o i n t , t h i s o u t l e t being closed by a t h i n glass seal. 

IRRADIATION PROCEDURE 
Before each run the f i l t e r s o l u t i o n s were examined 

being e i t h e r topped up w i t h d i s t i l l e d water or replaced, 
as necessary. The potassium chromate and n i c k e l sulphate 
s o l u t i o n s r e q u i r e d only very occasional replacement 
w h i l s t the potassium b i p h t h a l a t e q u i c k l y d e t e r i o r a t e d and 
was replaced about every 7 days or a f t e r 40 minutes 
i r r a d i a t i o n - whichever was the sooner. 

The lamp was s t a r t e d through a l a r g e r e s i s t a n c e , 
which was s t e a d i l y reduced over a p e r i o d of 10 t o 15 
minutes t o about 20 ohms - the s e t t i n g at which the lamp 
was allowed t o run d u r i n g the i r r a d i a t i o n . At l e a s t 
one hour was allowed f o r warming up, by which time the 
beam was of constant i n t e n s i t y as shown by the p h o t o c e l l 
current i n the subsequent run. O v e r a l l f l u c t u a t i o n s 
( u s u a l l y i n the form of a slow d r i f t ) never amounted t o 
more than 5$ i n a 15 minute run - the longest run normally 
used. The average i n t e n s i t y of the t r a n s m i t t e d beam 
could be c a l c u l a t e d from frequent r e g u l a r readings of the 
p h o t o c e l l c u r r e n t * 

I n normal runs the lamp was switched o f f immediately 
a f t e r the end of the run. The r e a c t i o n vessel was then 
removed, allowed t o cool and t r a n s f e r r e d t o the a n a l y t i c a l 
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apparatus. I n c a l i b r a t i o n runs, however, a f u r t h e r 
o p e r a t i o n was necessary before the lamp was extinguished, 
t h i s being a measurement of the i n t e n s i t y of the beam 
i n c i d e n t on the r e a c t i o n v e s s e l . Following c l o s i n g of 
the s h u t t e r at the end of the i r r a d i a t i o n the r e a c t i o n 
vessel was p a r t i a l l y removed from the furnace t o expose 
the cold f i n g e r . I t s oaitents were fr o z e n out at t h i s 
p o i n t w i t h l i q u i d n i t r o g e n , the r e a c t i o n vessel speedily 
replaced and the end b u i l t up again. This operation 
could be completed i n less, than two minutes. With the 
contents t e m p o r a r i l y f r o z e n out and, t h e r e f o r e , a vacuum 
i n the r e a c t i o n vessel, the s h u t t e r was re-opened l o n g 
enough f o r the required reading t o be made. (Normally 
only a few seconds). Speed of operation was e s s e n t i a l 
here; p a r t i a l l y t o ensure t h a t the r e a c t i o n vessel was 
f r e e from acetone vapour but also t o reduce poss i b l e 
e r r o r due t o the beam i n t e n s i t y having changed du r i n g the 
i n t e r v e n i n g p e r i o d . 
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4 . (C) ANALYSIS 

(a) P r e l i m i n a r y Operations 
A f t e r removal from the i r r a d i a t i o n furnace the 

r e a c t i o n vessel was allowed t o cool before being connected 
t o the apparatus shown i n f i g u r e 6. The s e c t i o n thus 
f i l l e d w i t h a i r (bounded by taps. T g, Tg f T 4, Tg and the 
break-seal X on the r e a c t i o n vessel) was evacuated u n t i l 
a " s t i c k i n g " vacuum was a t t a i n e d . The s p i r a l B and t r a p 
D were then immersed i n l i q u i d n i t r o g e n and, a f t e r a 
lapse of several minutes t o ensure complete c h i l l i n g , tap 
T g was closed ( T 3 , T^ and T g being already closed) and the 
break-seal opened by dropping a magnetically operated 
plunger. The condensible products and unused acetone 
were condensed out i n the s p i r a l , t r a p D c o l l e c t i n g any 
which got through. ( i n the e a r l i e r experiments, only the 
t r a p D was used, the s p i r a l being incorporated when h i g h 
oxygen pressures (about 2 mm) were f i r s t used). I t was 
important t o ensure t h a t condensible m a t e r i a l was removed 
e f f i c i e n t l y as i t reached the c o l d zone since, oneehaving 
passed i t , i t would d i f f u s e back very slowly through the 
atmosphere of gases (carbon monoxide, and oxygen when used) 
non-condensible at l i q u i d n i t r o g e n temperature. I o d i n e , 
when used, was removed before i t could reach the s p i r a l 
by absorption on s i l v e r powder supported on glass wool 
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(Column E). 

(t>) E x t r a c t i o n of "permanent" gases: Carbon Monoxide 
Analysis 
I n runs where oxygen was present, the gases v o l a t i l e 

at -196°C consisted of carbon monoxide and oxygen, as 
also when p h o t o l y s i s had "been performed i n the presence 
of i o d i n e . I n c a l i b r a t i o n runs methane and carbon 
monoxide were the 'permanent' gases, v o l a t i l e a t -196°C. 

Iodine pentoxide, I2°5» w a s used f o r the estimation 
of carbon monoxide. At a temperature of 150°C r e a c t i o n 
f o l l o w s the equation (67) below and i s q u i t e s p e c i f i c 
f o r carbon monoxide; 

I2°5 + 5 0 0 * J2 + 5 C 0 2 ( 6 ? ) 

I n the apparatus shown i n f i g u r e 6, the U-tube 
Ug was packed w i t h granules of i o d i n e pentoxide. Each 
end was packed w i t h p l ug of s i l v e r gauze and s i l v e r w i r e 
t o absorb the io d i n e l i b e r a t e d . The temperature of the 
U-tube was maintained w i t h i n 1°C of 150°C by immersing i t 
i n a bath of a s i l i c o n e f l u i d (Midland S i l i c o n e s L t d , 
MS 550) heated by a h o t p l a t e which was c o n t r o l l e d by a 
Sunvic Energy Regulator (Type TYB). Reaction was q u i t e 
f a s t w i t h the small q u a n t i t i e s of carbon monoxide t o be 
oxidised - of the order of 1 x 10" g. mol. or l e s s . 



82 

Certain precautions had t o "be taken t o ensure speedy 
o x i d a t i o n . I n a d d i t i o n t o p u r e l y manipulative ones, 
p a r t i c u l a r l y slow passageof the gas through the U-tube, 
the c o n d i t i o n of the surface o f the iodi n e pentoxide was 
found t o "be of the utmost importance. I t appeared t h a t 
whenever i t was exposed t o a i r ( o c c a s i o n a l l y i n e v i t a b l e 
when taps had t o be re-greased) i t adsorbed something which 
could only be removed by h e a t i n g t o 190°C or above and 
pumping on i t f o r a considerable time. I n p r a c t i c e , 
whenever such treatment was necessary, pumping was con
t i n u e d f o r 12 t o 18 hours by which time a " s t i c k i n g " 
vacuum could be maintained, c o n t r a r y t o the c o n d i t i o n at 
the beginning of t h i s p e r i o d when considerable q u a n t i t i e s 
of a gas non-condensible at -196°C could be removed. I n 
view of t h i s evidence, i t seems l i k e l y t h a t the adsorbed 
m a t e r i a l was oxygen and/or n i t r o g e n , and disproves any 
p o s s i b i l i t y of decomposition being responsible. I t i s 
to be noted t h a t the manufacturers recommend strong 
heating before use. 

The sequence of manipulations of t h i s f r a c t i o n de
pended on whether or not oxygen was present. 

( i ) i n the absence of oxygen the amount of gases v o l a t i l e 
at -196°C was very small (about 10~ 6 g. mol, being 
p r i n c i p a l l y carbon monoxide). This amount of m a t e r i a l 
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could be accommodated i n a 10 cm l e n g t h of 3 mm standard-
bore t u b i n g (G). I t was t r a n s f e r r e d from the section t o 
the r i g h t of tap T 3 by means of a Toepler pump. A seal 
was made a t by means of a b a l l - b e a r i n g held down onto 
a ground s e a t i n g by a s u i t a b l e head of mercury (10 t o 15 
cm). A s i m i l a r seal was made at Vg (but w i t h only a few 
mm of mercury) t o contai n the gas i n G. Vg was thus 
used as a non-return v a l v e . (At the i n s t a n t of making 
these seals, the b a l l was seated by use of a magnet). 

Procedure 
The q u a n t i t y o f permanent gases e x t r a c t e d i n t o 8 

was measured. This could be estimated by measurement of 
the l e n g t h of tube G f i l l e d by the gas and the pressure 
at which i t was being contained. (The cr o s s - s e c t i o n a l 
area of the tube was already known). A l l measurements 
were made w i t h a cathetometer. C o r r e c t i o n was made f o r 
surface t e n s i o n e f f e c t s at the menisci and Mg. The 
heights of these menisci were measured and c o r r e c t i o n 
applied using the formula quoted i n the I n t e r n a t i o n a l 
C r i t i c a l T a b l e s ^ 3 0 K 

The gas was then c i r c u l a t e d through the hot iodi n e 
pentoxide and carbon d i o x i d e condensed out as i t was formed 
at U^, which was cooled w i t h l i q u i d n i t r o g e n . When 
o x i d a t i o n was complete - as shown by the volume of permanent 
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gas f a l l i n g t o a constant l e v e l , t h i s non-oxidisable gas 
was c o l l e c t e d i n G and estimated by measuring pressure and 
volume. By s u b t r a c t i o n , the volume of the carbon 
monoxide o r i g i n a l l y present was c a l c u l a t e d . T h i s method 
was p r e f e r r e d t o the a l t e r n a t i v e d i r e d t e s t i m a t i o n of the 
carbon d i o x i d e formed since i t gave more consistent r e s u l t s . 
Estimates of t h i s carbon d i o x i d e were always higher than 
the estimate of carbon monoxide by d i f f e r e n c e , and the 
discrepancy decreased as the tap-grease aged. This was 
taken t o i n d i c a t e t h a t some condensible m a t e r i a l was 
being drawn out o f the tap-grease on continued c i r c u l a t i o n 
o f t h i s small amount of gas. 

( i i ) I n the presence of oxygen the procedure was more 
complicated due t o the l a r g e r volume o f permanent gas t o 

-4 
be handled. This v a r i e d from 0.3 t o 15 x 10 g. mol. 
of oxygen. The carbon monoxide was never more than 5% 
of the oxygen present and was o f t e n much lower, p a r t i c u l a r l y 
at h i g h oxygen pressures. 
Procedure 

The volume was such t h a t i t could not be accommodated 
i n G. on e x t r a c t i o n from the r e a c t i o n v e s s e l , condensible 
products v/ere f r o z e n out on the way ( a t the s p i r a l or at 
the t r a p D), and the permanent gases were pumped i n t o the 
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s e c t i o n "between tap Tg and valve Vg (V^ was h e l d open 
m a g n e t i c a l l y ) . The gases were then c i r c u l a t e d and carbon 
d i o x i d e formed by o x i d a t i o n of carbon monoxide was con
densed out at Ug w i t h l i q u i d n i t r o g e n . When o x i d a t i o n 
was complete, the amount of carbon d i o x i d e as measured 
i n G- reached a constant value. (Unoxldised m a t e r i a l was 
i s o l a t e d between T g and V^). This was used d i r e c t l y t o 
estimate the carbon monoxide content of the o r i g i n a l 
sample. No complications were encountered from tap-grease 
and i t i s t h e r e f o r e assumed t h a t the higher pressures of 
gas being c i r c u l a t e d suppressed any tendency f o r the 
grease t o out-gas. The p u r i t y o f the carbon dioxide 
condensed out at Ug was u s u a l l y checked by c i r c u l a t i n g i t 
through Ug at -140°C (Freezing 4 0 o/ 6 0° petroleum Ether) and 
c o l l e c t i n g t he gas which d i d not freeze out. Some con-
densible m a t e r i a l was found i n t h i s way which v/as probably 
acetone c a r r i e d through from the r e a c t i o n vessel. This 
volume was subtracted t o give the t r u e estimate of carbon 
d i o x i d e . This behaviour was only found when comparatively 
h i g h oxygen pressures were used. I t was e l i m i n a t e d by 
i n c o r p o r a t i n g the s p i r a l t o improve condensing out o f 
the r e a c t i o n vessel contents. 

( c ) E x t r a c t i o n o f the 'Second1 F r a c t i o n ; Estimation 
of Carbon Dioxide 
Whilst carbon dioxide has a vapour pressure of about 
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— 5 o 10 mm at -196 C, i t has a vapour pressure of 0,07 mm 
at -150°C^ 3 1^ and can "be ex t r a c t e d from acetone and other 
products i n v o l a t i l e at -196°C "by d i s t i l l a t i o n . The. gas 
was c o l l e c t e d i n 0 and measured, several thawings of the 
acetone frozen i n t r a p D "being r e q u i r e d before a l l the 
carbon d i o x i d e was e x t r a c t e d . 

The device used f o r a t t a i n i n g and m a i n t a i n i n g the 
temperature r e q u i r e d i s shown i n f i g u r e |L7. The block 
was of copper and the lower c a v i t y was f i l l e d w i t h copper 
t u r n i n g s . I t was h e a v i l y lagged and housed i n a Diwar 
f l a s k . Hole 1 contained the lower end of t r a p D, and 
i n t o hole 2 was placed the tube k which contained Krypton 
gas. L i q u i d n i t r o g e n v/as blown through hole 3 t o cool 
the apparatus. 

The p r i n c i p l e u n d e r l y i n g i t s operation i s t h a t k rypton 
has a vapour pressure of 76 cm at -152°C. L i q u i d n i t r o g e n 
was pumped i n t o the apparatus u n t i l i t was cooled t o t h i s 
temperature, when the mercury l e v e l s became equal. (Tap 
T open t o the atmosphere). X^ and Xg were m e t a l l i c con
t a c t s - tungsten wire sealed through the w a l l s of the U-
tube. They were so arranged t h a t mercury j u s t touched 
X^ when the l e v e l s were equals E l e c t r i c a l contact was 
thus made between X^ and Xg c l o s i n g a c i r c u i t and t r i p p i n g 
a r e l a y ( Sunvic E.A.2 ). T h i s , i n t u r n , was used t o 
close an e l e c t r o m a g n e t i c a l l y operated valve i n the com-
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pressed a i r l i n e which had "been "blowing l i q u i d n i t r o g e n 
i n t o the apparatus. Thus when the temperature f e l l t o 
-152°C the supply of l i q u i d n i t r o g e n was h a l t e d ; when the 
temperature rose ahove t h i s p o i n t the c i r c u i t was "broken 
and coolant re-admitted. I n p r a c t i c e the temperature 
f e l l "below -152°C on the f i r s t s p e l l of c o o l i n g , "being 
provided t o stop the mercury from going too f a r . At the 
other side of the U tube V 2 was used t o co n t a i n the 
kry p t o n gas at room temperature. 

This device was extremely s e n s i t i v e t o changes i n temp-
(31^ 

e r a t u r e as w i l l "be r e a l i s e d from the t a h l e "below:v ' 

TEMPgRATURE VAPO^RESSURE 
V ; (ATMOSPHERES). 
-159.0 0.53 
-152.0 1.00 
-143.5 2,. 00 

I n the immediate region of -152°C the vapour pressure 
changes at the r a t e of ahout 7 cm per degree centigrade. 
Once e q u i l i b r i u m heat t r a n s f e r c o n d i t i o n s had "been 
a t t a i n e d i n the apparatus ahove, the l e v e l s could "be he l d 
equal t o w i t h i n ahout 3 cm or "better so t h a t the tempera
t u r e was maintained t o w i t h i n + 0.5°C of the required 
-152°C. 
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i n a d d i t i o n t o measurement of the t o t a l amount of 
carbon d i o x i d e , i t was usual t o estimate i t s s p e c i f i c 
a c t i v i t y and make an estimate o f t h a t f r a c t i o n r e s u l t i n g 
from methyl groups. Following measurement i n G, i t was 
mixed w i t h some i n a c t i v e carbon dioxide introduced from 
the sample tube S.T. ( f i g u r e 6 ) . Complete mixing was 
e f f e c t e d by c i r c u l a t i n g several times u s i n g the Toepler 
pump before condensing back i n t o the sample tube and 
t r a n s f e r r i n g t o the counter f i l l i n g apparatus. With 
more carbon d i o x i d e and carbon d i s u l p h i d e i t was used t o 
make up a counter f i l l i n g and counted. These techniques 
w i l l be found discussed i n s e c t i o n (D) of t h i s chapter. 

Methyl Iodide 
(1 1 ^ 

The method used was i d e n t i c a l w i t h t h a t o f Brown v ' 
except f o r one small m o d i f i c a t i o n - M e t h y l i o d i d e was 
reduced t o methane which was burnt t o carbon d i o x i d e , t h i s 
being separated and i t s s p e c i f i c a c t i v i t y measured. zinc-
copper couple was used as the reducing agent together w i t h 
methanol which also acted as a solvent f o r the methyl 
i o d i d e . Since methyl i o d i d e can only come from methyl 
groups, the y i e l d could r e a d i l y be c a l c u l a t e d from the 
s p e c i f i c activity.measurements. 
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Reagents; 
Methyl i o d i d e i n methanol was used as c a r r i e r . Con

c e n t r a t i o n was approximately &f0 w/w. The methanol was 
'AnalaR' grade and the methyl i o d i d e , of p u r i t y u n s p e c i f i e d , 
was r e d i s t i l l e d and estimated g r a v i m e t r i c a l l y by p r e c i p i 
t a t i o n of s i l v e r i o d i d e . I t was g e n e r a l l y about 97$ 
pure. 

Zinc-copper couple was made f r e s h f o r each experiment. 
Attempts t o produce i t and s t o r e i t i n b u l k as Brown 
d i d f a i l e d , r e a c t i o n w i t h such m a t e r i a l being sluggish 
and incomplete. I t was concluded t h a t the zinc-copper 
couple was responsible since when i t was prepared f r e s h 
f o r each experiment without a l l o w i n g the m a t e r i a l t o 
become dry, e x c e l l e n t y i e l d s of methane were obtained 
w i t h i n a few hours. The procedure adopted i s as f o l l o w s ; 

Several small pieces of a r s e n i c - f r e e zinc were placed 
i n a clean t e s t - t u b e f i t t e d w i t h a B14 cone. Three 
successive p o r t i o n s of 10 ml 3% copper sulphate were added, 
each f o r about f i v e minutes. The zinc-copper couple 
so formed was washed several times w i t h water t o remove 
a l l t r aces of copper sulphate and then w i t h several changes 
of dry methanol t o remove the water. I t was l e f t j u s t 
covered w i t h methanol t o exclude a i r and a f t e r degassing 
i t was stored f r o z e n under vacuum u n t i l r e q u i r e d f o r 
use. 
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procedure; 
To the whole of the r e a c t i o n products and unused 

acetone, was added methyl iodide/methanol m i x t u r e , 
condensed i n t o D on top of the r e a c t i o n products. This 
had p r e v i o u s l y "been weighed out i n t o the sample tube 
( C . I - r f i g u r e 6) and degassed. When mixing was complete, 
the whole was d i s t i l l e d i n t o the tube A, which contained 
zinc-copper couple and methanol. This s e c t i o n was then 
sealed and drawn o f f a t C w h i l s t the contents; of A were 
s t i l l f r o z e n out w i t h l i q u i d n i t r o g e n . The contents 
were allowed t o warm up slowly. When the temperature 
reached about 0 t o 10°C r e a c t i o n "between the zinc-copper 
couple, methyl i o d i d e and methanol began and, without 
any assistance, r e d u c t i o n c a r r i e d on smoothly and q u i c k l y . 
I t was allowed t o proceed o v e r n i g h t , by which time i t had 
reached completion. Blanks showed t h a t r e a c t i o n went t o 
w i t h i n 20% o f completion i n l e s s than 3 hours but i n 
p r a c t i c e i t was found advisable to allow r e a c t i o n t o go 
t o completion i n order t o e l i m i n a t e p o s s i b l e e r r o r s from 
i s o t o p i c separation d u r i n g the r e a c t i o n . 

Manipulation of the methane so produced v/as e f f e c t e d 
i n the apparatus shown i n f i g u r e 8. The apparatus i n 
which i t was contained was. i n s e r t e d at B, and the s e c t i o n 
l e t down t o a i r t o do t h i s was evacuated. Taps T ^ and 

T 1 5 were closed and, w i t h l i q u i d n i t r o g e n surrounding A 
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and Trap J, the "break seal C was opened. The methane 
was drawn o f f "by the Toepler pump i n t o the furnace 
s e c t i o n , a small a d d i t i o n a l amount "being f r e e d by thawing 
A and a l l o w i n g the condensible m a t e r i a l ( e v e r y t h i n g 
except methane) t o d i s t i l as f a r as. J. I n t h i s way a 
very clean separation of methane was achieved, p a r t i c u l a r l y 
from acetone. 

Combustion was brought about by c i r c u l a t i n g the 
methane through the furnace at a temperature of about 750°C. 
The furnace was packed w i t h copp,er oxide c o n t a i n i n g 1% 

( 32^ 
of f e r r i c oxide (Murdock, Brooks and Zahn v ' ) . The 
furnace was constructed from a piece of s i l i c a tube sealed 
i n t o the pyrex apparatus w i t h standard B14 j o i n t s , and 
Kg, which were made g a s - t i g h t w i t h black wax. (Api-ezon 
type W). Heating was provided by a nichrome element 
wound on a i n s u l a t e d s t e e l tube which enclosed the s i l i c a 
tube. This heating former was h e a v i l y lagged w i t h 
asbestos paper and s t r i n g . About 200 watts were consumed 
i n m a i n t a i n i n g a temperature of 750°C. The temperature 
was measured by means of a chromel-alumel thermocouple 
s i t u a t e d i n the annulus between the s i l i c a tube and the 
s t e e l tube. Accuracy of measurement at t h i s temperature 
was about + 20°C. 

A considerable p r o p o r t i o n of the copper oxide was 

reduced d u r i n g each o x i d a t i o n . Following each run, the 
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packing was r e - o x i d i s e d "by exposing i t t o the atmosphere 
at a temperature of 400°C f o r about 20 minutes. 

The methane sample was completely o x i d i s e d , the 
products (carbon d i o x i d e and water) being condensed out 
at U w i t h l i q u i d n i t r o g e n , on f o r m a t i o n . Separation was 
e f f e c t e d by r a i s i n g the temperature o f U t o -78°C and 
d i s t i l l i n g the carbon dioxide i n t o the sample tube, t o 
be frozen out there w i t h l i q u i d n i t r o g e n . A very good 
separation was thus achieved, water having a very low 
vapour pressure a t t h i s temperature. (Less than 10" mm). 
Taps Tg and T^g were closed and the sample tube, s t i l l 
c o n t aining the carbon d i o x i d e frozen at i t s t i p , t r a n s 
f e r r e d t o the counter f i l l i n g apparatus ( f i g u r e 11). 

The space between taps Tg and Tg ( f i g u r e 11) was 
evacuated before the carbon d i o x i d e sample was allowed 
t o evaporate i n t o the space bounded by taps T^, T^, valve 

and the mercury i n the manometer. The volume of t h i s 
s e c t i o n had been c a l i b r a t e d p r e v i o u s l y . I t was t h e r e f o r e 
p o s s i b l e t o c a l c u l a t e the amount of carbon d i o x i d e i n 
t h i s sample by measuring the temperature and pressure 
(manometer M^) and making use o f the gas laws. T h i s 
sample was then mixed w i t h more -(inactive) carbon d i o x i d e 
and w i t h carbon d i s u l p h i d e , and t r a n s f e r r e d i n t o a 
Geiger-Mtlller counter f o r r a d i o a c t i v e assay. The proce-
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dure adopted f o r t h i s and the subsequent counting w i l l 
he found i n section (D) of t h i s chapter. 

From a knowledge of the s p e c i f i c a c t i v i t y of the 
sample, thus gained, the s p e c i f i c a c t i v i t y of the methyl 
groups i n the r a d i o a c t i v e acetone and the percentage 
recovery of methyl io d i d e produced i n the p h o t o l y s i s , 
the p h o t o l y t i c y i e l d can he c a l c u l a t e d . I f 'a' gm. mole 
of methyl i o d i d e i s produced by p h o t o l y s i s , 'b* gm. mole 
of c a r r i e r methyl io d i d e added and 'c' gm.mole of 
carbon d i o x i d e recovered a f t e r combustion of the methane, 
then the t r u e recovery i s given by c / ( b t a ) . I f the 
counting data i n d i c a t e a y i e l d of "m" g.mol. of p h o t o l y t i c 
methyl i o d i d e then a = 2 (b<*a) and a = mb/(m+c). i n 
p r a c t i c e "m" was found t o be so much less than "c" t h a t 
the expression a = ^ was accurate t o w i t h i n normal 
experimental e r r o r . 

This method does not r e q u i r e complete recovery of 
the methyl i o d i d e produced d u r i n g the p h o t o l y s i s provided 
t h a t complete mixing w i t h the c a r r i e r was achieved. I t 
i s e s s e n t i a l t h a t no exchange of radio-carbon occurs 
between methyl iodide and acetone. That no such 
exchange takes place has been experimentally v e r i f i e d by 

(11^ 
Brown. v ' I t i s also e s s e n t i a l t h a t there should be no 
•isotope e f f e c t " - separation due t o isotopes having 
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d i f f e r e n t r a t e s of r e a c t i o n . provided y i e l d s are h i g h 
i n "both r e d u c t i o n and o x i d a t i o n steps, there can "be no 
danger of e r r o r from t h i s source. Y i e l d s i n "both 
these steps were r e g u l a r l y i n excess of 95$. Any 
isotope e f f e c t i n the o x i d a t i o n i s l i k e l y t o "be very small 
and probably i n s i g n i f i c a n t on account of the elevated 
temperature used. 

Formaldehyde 
The f i r s t instance o f formaldehyde "being recognised 

as a product of the p h o t o - o x i d a t i o n of acetone was 
(25} 

reported by Hoare v ' who detected i t , q u a l i t a t i v e l y , 
using a mass-spectrometer. L a t e r , C h r i s t i e ^ 2 6 ^ used 
two c o l o r i m e t r i c methods t o estimate i t . These depended, 

( 3 3 3 4 ̂  

f o r t h e i r colour r e a c t i o n , on p-hydroxy b i p h e n y l v ' ; 

and w i t h phenyl hydrazine*- ' '. The former method was 
the simpler and a t t e n t i o n was turned t o i t as the more 
promising method. (The l a t t e r method employs numerous 
s o l u t i o n s and i s probably more l i a b l e t o e r r o r on t h i s ; 
account). 

The p-hydroxy biphenyl method depends on the forma
t i o n of a coloured product between formaldehyde and p-
hydroxy b i p h e n y l on heating i n concentrated s u l p h u r i c 
aci d s o l u t i o n s . I t was found t o be q u i t e s e n s i t i v e but 
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not s p e c i f i c . Acetone also formed a coloured compound 
under these c o n d i t i o n s which had a s i m i l a r spectrum t o 
the formaldehyde compound. I n the excess i n which i t 
was normally present a f t e r an i r r a d i a t i o n , the acetone 
compound masked the formaldehyde compound. Attempts: 
t o separate formaldehyde from acetone "by d i s t i l l a t i o n a t 
-78°C. met w i t h very l i t t l e success. With a s y n t h e t i c 
sample representing a normal formaldehyde-acetone sample 
a f t e r i r r a d i a t i o n , 10% d i s t i l l e d i n 30 minutes. This 
method was t h e r e f o r e discarded i n favour of an a l t e r n a t i v e , 

( 36 ) 
due t o B r i c k e r and Johnson.* ' 

(37^ 
This method, also discussed "by MacPadyenv ' employs 

chromotropic ac i d t o develop the colour r e a c t i o n . The 
solvent i s again hot concentrated sulphuric a c i d . This 
had been found t o work q u i t e w e l l i n some e x p l o r a t o r y 

(11) 

experiments performed by Brown v ' i n c o l l a b o r a t i o n w i t h 
the present author. 

The complex has a red d i s h v i o l e t c o l o u r , i t s 
spectrum showing a maximum at 570 m/*.. The colour could 
be developed by heating at a temperature i n the range 
60 t o 100°C i n s u l p h u r i c acid of minimum conc e n t r a t i o n 
12 Normal. The time of h e a t i n g r e q u i r e d v a r i e d i n v e r s e l y 
w i t h the temperature, being as short as 15 minutes at 
100°C. An excess of at l e a s t 100:1 i n favour of the 
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chronotropic a c i d was required,, S e n s i t i v i t y was about 
0.5 yitgm. These are the f i n d i n g s of B r i c k e r and Johnson 
who worked w i t h r a t h e r l a r g e volumes, "being concerned w i t h 
q u a n t i t i e s of formaldehyde r a t h e r l a r g e r than those a v a i l 
able from t h i s work. Some development of t h i s method 
was undertaken w i t h a view of i n c r e a s i n g the s e n s i t i v i t y . 

p r e l i m i n a r y i n v e s t i g a t i o n s brought several p o i n t s 
t o l i g h t . W hilst acetone formed no coloured r e a c t i o n 
product i t s e l f , under these c o n d i t i o n s , and showed no 
d e l e t e r i o u s e f f e c t on the u l t i m a t e i n t e n s i t y of the c o l 
oured s o l u t i o n , i t d i d slow down the r a t e a t which the 
colour developed. Whilst 30 minutes h e a t i n g at 60°C 
was s u f f i c i e n t f o r a sample w i t h o u t added acetone, i n the 
presence (of about 0.08 ml - the normal sample taken f o r 
p h o t o l y s i s ) 45 minutes was r e q u i r e d . About 35 minutes 
was req.uiredr.at 100°C but a t such higher temperatures the 
colour d e n s i t y of the blank ( t h e colour developing solu
t i o n and acetone without formaldehyde) increased more 
r a p i d l y than when developed at lower temperatures. 
Chromotropic a c i d i t s e l f i s not completely transparent t o 
l i g h t a t 570 m/JL, the wavelength at which colour d e n s i t y 
measurements were made. I t was found p o s s i b l e t o reduce 
the amounts of chromotropic a c i d used, w h i l s t s t i l l 
m a i n taining the required excess, such t h a t the o p t i c a l 
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de n s i t y of the blank was no more than 15% of t h a t of the 
formaldehyde compound, and i n many cases the p r o p o r t i o n 
was much l e s s - q u i t e o f t e n as low as 6%„ Despite 
storage i n the dark the aqueous s o l u t i o n of chromotropic 
acid darkened w i t h age. Consequently f r e s h s o l u t i o n s 
were made up f r e q u e n t l y . 

procedure; 
(a) E x t r a c t i o n a f t e r I r r a d i a t i o n 

Formaldehyde very r e a d i l y goes over t o an i n v o l a t i l e 
polymeric form, a r e a c t i o n which i s favoured "by very low 
temperatures. Special precautions were taken t o ensure 
t h a t no formaldehyde was l o s t i n t h i s way. 

The s e c t i o n t o the r i g h t o f taps Tg and T 3, r e f e r r i n g 
t o f i g u r e 9, was pumped down t o a ' s t i c k i n g 1 vacuum, 
having p r e v i o u s l y been l e t down t o a i r t o admit the 
r e a c t i o n vessel. With T^Q and T ^ closed and the thimble 
H cooled i n l i q u i d n i t r o g e n , seal X was broken. T l Q 

was then opened j u s t s u f f i c i e n t l y t o allow very slow 
passage of gas. T ^ was then opened t o a s i m i l a r very 
small degree and the non-condensible gases pumped away -
e i t h e r through the pumps t o the atmosphere, or v i a the 
Toepler pump t o the gas a n a l y s i s s e c t i o n . Acetone and 
condensible products, i n c l u d i n g the formaldehyde were 
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thus collected at H which contained 0.20 ml of previously 
de-gassed d i s t i l l e d water. With the contents s t i l l frozen 
and taps T^Q and T ^ closed, tube H was pulled o f f at 
the standard j o i n t J. I t was quickly transferred to an 
ice-hath and the colour development carried out, as "below. 

Colorimetric Analysis 
Prior to reception of the above sample, a stock solu

t i o n of 5.0 ml 2$ aqueous solution of chronotropic acid 
(disodium s a l t ) and 49.8 ml 98$ sulphuric acid had "been 
mixed at 0°C. 4.90 ml of t h i s solution were added to 
the formaldehyde sample, the temperature being held at 
0°C "by use of an ice "bath. Three "blanks were prepared 
"by adding 4.90 ml of the above chromotropic - sulphuric 
acids mixture to a mixture of 0.2 ml water and the 
appropriate amount of acetone. (Equal to the amount used 
f o r the i r r a d i a t i o n ) . The tubes were sealed with poly
thene stoppers and heated i n a water bath at 75-80°C f o r 
45 minutes. This was increased to 1 hour when more 
acetone was used. vtfhen very small amounts of formaldehyde 
were expected - that i s , when acetone-iodine-oxygen 
mixtures were i r r a d i a t e d , the chromotropic acid concentra
t i o n was reduced to 0.2$5 aqueous stock solution, and i n 
a very few cases to 0.02%. This was necessary to keep 
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the o p t i c a l density of the "blank solution to a suitably-
small f r a c t i o n of that of the solution "being measured. 

The solutions were allowed to cool a f t e r development 
and the o p t i c a l densities measured. On a number of 
occasions the solution had to be d i l u t e d i n order to 
produce an o p t i c a l density which could be measured with 
accuracy. This normally meant d i l u t i n g by 5. The 
wavelength used f o r these measurements of o p t i c a l density 
was 570 m j*~ • The amount of formaldehyde i n the sample 
could then be read o f f d i r e c t l y from a c a l i b r a t i o n graph. 

I t was customary to run a check c a l i b r a t i o n with 
each unknown solution. This was produced by adding 0.2 ml 
of a known formaldehyde or methylal solution to the 
appropriate amount of acetone, followed by 4.90 ml of 
the chronotropic acid - sulphuric acid solution. Methylal 
was usually used since though impure (see below) i t could 
easily be prepared fresh. Once the p u r i t y of the stock 
reagent was known i t could be used as a standard. Formalde
hyde had to be r e d i s t i l l e d from formalin each day and at 
the same time estimated volumetrically. 

Calibration of the Method; Formaldehyde standards 
Several methods of producing standard solutions of 

formaldehyde were t r i e d , f o r the purpose of preparing a 
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c a l i b r a t i o n graph of amount of formaldehyde versus o p t i c a l 
density at 570 mj*-, A primary standard would have been 
the i d e a l , "but commercially available formaldehyde must 
be r e d i s t i l l e d before use f o r such purposes, as these, 
the stock reagent containing unknown amounts of various 
polymeric forms. This necessitates estimation of t h i s 
d i s t i l l e d material before use. 

Two r e a d i l y available compounds y i e l d formaldehyde 
on hydrolysis. 

1) Methylal i s hydrolysed, q u a n t i t a t i v e l y i t i s reputed, 
by strong sulphuric acid solutions: 

Whilst gi v i n g consistent results t h i s method gave; 
resul t s which were about 85$ of those from formaldehyde 
solutions and which were lower than those from hexa-
methylene tetramine. I t was thus thought that the mater
i a l was impure. Though impure and therefore unsuitable 
as a primary standard, i t was found useful f o r 'check' 
calibrations with unknown samples. 

OGH 
+ H„0 CH 

OCH 
* CH20 + 2CH30H (68) 
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2) Hexaraethylene tetramine can "be obtained very pure 
(B.P. standard, better than 99%). I t i s hydrolysed 
"by d i l u t e acidr 

The reaction above does not, however, appear to be 
quanti t a t i v e . I t proceeded to the extent of about 90$ 
but was somewhat variable. 

For the c a l i b r a t i o n , resort had to be made to 
formaldehyde d i s t i l l e d from 'AnalaR' formalin. Some of 
the d i s t i l l a t e was d i l u t e d to a l e v e l suitable f o r 
formaldehyde colorimetric analysis using the exact proce
dure described above. More was d i l u t e d f o r volumetric 
analysis. 

Estimation of the formaldehyde was made by the 
method of Donnally^ The procedure was as follows: 

An excess of standard (about ̂ ) sodium metabisulphite 
solution was added to a suitable volume of formaldehyde 
solution. The solution was made alkaline by addition 
of sodium carbonate. Under these s l i g h t l y alkaline 
conditions the excess b i s u l p h i t e can be t i t r a t e d against 
standard iodine solution. The end-point (starch) showed 
a tendency to fade i n these alkaline conditions. As a 

C 6H 1 2N 4 + 6H20 > 6CH20 + 6NH, (69) 

1 3 MAY W60 
SfUTIOIt 
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check, the solution was a c i d i f i e d by addition of sodium 
"bicarbonate and acetic acid. The formaldehyde-bisulphite 
compound was broken up by these acid conditions and the 
bi s u l p h i t e , equivalent to the formaldehyde, was t i t r a t e d 
d i r e c t l y against standard iodine solution, starch again 
being used as indicator. With care, the two methods 
gave good agreement. 

Calibration was carried out using a range of d i f f e r e n t 
amounts of formaldehyde such as to give o p t i c a l densities 
of the developed colour ranging from 0 upto 1.0. Beer's 
Law was found to hold f o r t h i s range, w i t h i n the l i m i t s 
of experimental error. No attempt was made to calibrate 
higher o p t i c a l densities than 1.0, since the accuracy of 
measurement f a l l s o f f over t h i s part of the Unicam scale. 

Acetic Acid. Development of a Method 
(25) 

Hoarev ' claimed to have detected acetic-acid, using 
the mass-spectrometer as hi s anal y t i c a l t o o l . C h r i s t i e ^ 6 ) 
claimed to have found i t i n quantities corresponding to 
quantum yields of at least u n i t y , but, as already discussed, 
the r e l i a b i l i t y of t h i s r e s u l t seems questionable on 
account of the method used. Consequently an e n t i r e l y new 
and r e l i a b l e method was sought. 

None of the known methods of colorimetric analysis 
of acetic acid are of adequate s e n s i t i v i t y and i n the 
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absence of a ready means of separating acetic acid 
s p e c i f i c a l l y from acetone and the other reaction products 
resort was made to a physical property - that of "being an 
acid. 

The only acidic products are carbon dioxide and 
acetic acid. Formic acid can be ruled out since Hoare 
could not detect any with the mass-spectrometer. Carbon 
dioxide can be easily removed by d i s t i l l a t i o n . The pH 
of solutions of small (micro) quantities of acetic acid 
i n small volumes of water i s quite sensitive to changes 
of concentration. Two examples w i l l i l l u s t r a t e t h i s 
point: 

• 7 
10 g. mol i n 4 ml water - pH = 5.5 
-6 

10 g. mol i n 4 ml water - pH = 4*2. 
The method devised was ba s i c a l l y an 'indicator' one, 

using the colour change of tetrabromophenol-sulphone-
phthalein (Bromocresol green) which, i n aqueous solutions 
i s blue at pH 5.4 and yellow at pH 3.8. A series of 
buffer solutions was made up from sodium acetate and acetic 
acid. To 4 ml samples 0.1 ml of a solution of the above 
indicator (sodium s a l t ) i n ethanol ( 1 gm/100 ml) was 
added. The absorption spectrum of each solution was 
pl o t t e d using the Unicam SP500 spectrophotometer. Two 
ty p i c a l p l o t s are shown i n f i g u r e 10. Each solution 
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showed a peak i n i t s absorption curve at 615 to 620 m>«-. 
On t h i s basis some standard solutions of acetic acid i n 
acetone (AnalaR reagents) were made up. 0.08 ml of 

_7 
each of a series of standards to give from 0 to 20 x 10 
g.mol acetic acid was added to portions of 4 ml d i s t i l l e d 
water (see below) to which 0.1 ml of the Bromocresol 
green indicator had been added. Optical density at 617 myu. 
was p l o t t e d against acetic acid composition. The r e s u l t 
of these measurements i s shown i n fi g u r e 1D(A) The water 
used was r e d i s t i l l e d from an al l - g l a s s apparatus, the 
middle t h i r d being taken. I t was stored i n a f u l l b o t t l e 
before use, so as to exclude carbon dioxide. 

Following demonstration that a sample of acetic acid 
i n acetone could be completely recovered by t h i s method 
af t e r normal manipulations i n the high-vacuum apparatus, 
i n the way described below, t h i s method of analysis was 
adopted f o r use i n analysis of the products of photo-
oxidation. 
Procedure 

The apparatus i s as shown i n fi g u r e 6 with the 
exception that the s i l v e r powder tube (E) was removed and 
the tube C.I. was replaced by a simple tube with a B14 
cone. 
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The condensible products of the i r r a d i a t i o n together 
with unused acetone were condensed out at B and D i n the 
usual way, permanent gases "being pumped away. This 
condensed material was transferred i n t o D whose tempera
ture was raised to about -135°C (Melting 40°/60° petroleum 
ether). Carbon dioxide was easily removed at t h i s 
temperature, 20 minutes being allowed to ensure complete 
removal. The remaining material was then transferred 
i n t o the thimble inserted at J, which contained 0.2 ml of 
r e - d i s t i l l e d water having a pH i n the region of 6.5 to 7.0. 
They were allowed to mix on melting and a f t e r being frozen 
down again the thimble was removed. A f u r t h e r 3.8 ml of 
water of the same q u a l i t y was added and 0.1 ml of the 
indicator. The op t i c a l density of t h i s solution at 617 m̂ -
was measured and the amount of acetic acid calculated from 
the c a l i b r a t i o n graph ( f i g u r e 10(f)). 

Good q u a l i t y water, as already discussed, was 
essential to t h i s work but, above a l l , absolute cleanliness 
was of paramount importance. A l l apparatus, including 
the d i s t i l l a t i o n apparatus, was cleaned before use with 
concentrated s u l p h u r i c - n i t r i c acids mixture, followed by 
thorough washing with good q u a l i t y d i s t i l l e d water. 
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4. (D) RADIOACTIVE MEASUREMENTS 

Introduction; 
The radioactive isotope used i n t h i s work was 

carbon-14, very long-lived ( h a l f l i f e 5720 + 47 y e a r s ^ 3 9 ) ) 
ibo) 

which decays by emission of a j3 p a r t i c l e (energy 156 k.e.v.) 
No ]j-ray emission accompanies the decay. 

The methods available f o r i t s assay include counting 
as a so l i d source, either beneath an end-window G-eiger-
Mllller tube or i n a proportional flow-counter, and i n t e r 
n a l l y as the actual f i l l i n g of a Geiger-Mtlller tube. Use 
of s o l i d samples suffer from the low energy of the emitted 
/ i - p a r t i c l e . Self-absorption losses are high, as are 
absorption losses i n the window when counted externally. 
To overcome these losses higher specific a c t i v i t i e s must 
be used than with isotopes where such losses are small. 
I n addition, there i s a re a l danger of exchange between 
atmospheric carbon dioxide and barium carbonate - the 

14 
form usually adopted f o r presenting the c to the counter. 
I n t e r n a l gas-counting using the sample as the f i l l i n g gas 
fo r operation i n the Geiger-Mllller region has many 

over 
advantages^its two alternatives and was the method chosen 
f o r t h i s i n v e s t i g a t i o n . Counting e f f i c i e n c y i s very high 
approaching 100$) even f o r such a weak ^ p a r t i c l e as t h i s 
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since there are no self-absorption or window-ahsorption 
losses to contend with. By careful a t t e n t i o n to the 
design of counter, the sensitive volume can "be as high 
as 90$ of the t o t a l volume occupied by the gas. The 
specific a c t i v i t y of the s t a r t i n g material ( i n t h i s case 
acetone) can be kept to a minimum so reducing the extent 
of r a d i o l y t i c decomposition. I t s only disadvantage l i e s 
i n the complexity of the apparatus required. A new 
counter f i l l i n g has to be prepared f o r each determination 
and a second (blank) f i l l i n g f o r background determination 
i s also required. The e l e c t r i c a l equipment normal to 
Geiger-Mtiller counting has also to be modified. The 
net r e s u l t , however, i s a counting system which i s 
believed to be superior to any other. 

Apparatus; 
The counter, shown diagrammatically i n f i g u r e 11, 

consisted of a copper cathode i n the shape of a tube, 
set coaxially w i th a length of tungsten wire (100 microns 
diameter) i n an enclosing envelope of pyrex glass. The 
cathode (2 cm i n t e r n a l diameter) was a good f i t inside 
the envelope and with the volume of the cold finger and 
i n l e t tubing (as f a r as the tap) kept to a minimum, the 
proportion of the t o t a l volume sensitive to i o n i s a t i o n 
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was very high. I t was detachable from the f i l l i n g 
apparatus at a standard j o i n t (BIO). This f a c i l i t a t e d 
transfer of the counter to a lead 'castle' f o r the count
ing operations. Better shielding could "be obtained i n 
t h i s way than by building a lead enclosure round the 
counter set i n the vacuum apparatus. 

The f i l l i n g gas employed consisted of carbon dioxide 
(10 cm pressure) with carbon disulphide (2 cm pressure). 

(11) 
This i s i d e n t i c a l with the system adopted by Brownv ' a f t e r 
extensive investigations i n t h i s laboratory. ROhringer 

(41^ 14 and Broda v 1 have successfully counted C using carbon 
dioxide alone as the f i l l i n g gas. High voltages were 
required at r e l a t i v e l y high gas pressures. Attempts 
to reproduce t h e i r system i n t h i s laboratory f a i l e d v / 

and i n common with other w o r k e r s ^ ^ ^ 5 ^ , satisfactory 
results could be obtained only on addition of a chemical 

( A A \ 

quenching agent. I t i s understood v ' that extreme p u r i t y 
of the carbon dioxide i s required, p a r t i c u l a r l y from 
minute traces of oxides of nitrogen, i f carbon dioxide i s 
to be used alone. The system adopted here proved very 
oonvenient i n use and, more important, i t was found to be 
very r e l i a b l e , conditions being easily reproducible. 
Carbon disulphide i s not the only quenching agent which 
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could be used, an alternative t r i e d with success^ 1 being 
ethanol. 

The function of the carbon disulphide i s believed to 
l i e i n the formation of CSg+ ions by charge transfer from 
the C0g+ ions which r e s u l t i n i t i a l l y from ionisation 
along the path of the Q - p a r t i c l e . I t i s believed that 
C0 g

+ ions, on reaching the cathode, form COg" ions i n 
preference to neutral COg molecules and so r e - i n i t i a t e the 
discharge. I t i s very probable that CSg+ ions do not 
behave i n t h i s way but form neutral molecules. 

Counting Equipment: 
This consisted of a modified 1014 A probe uni t and 

a 1009 A scaler. Variable p o s i t i v e E.H.T. was supplied 
from laboratory supply v i a a 1007 potentiometer xmltf to 

at 

the anode. The cathode was held f ta p o t e n t i a l of 1.1 kV 
negative r e l a t i v e to earth p o t e n t i a l . Thus the operating 
voltage of the counter could be varied from 1.1 to 5.1 kV, 
a range which was more than adequate to f i l l e x i s t i n g 
needs. This arrangement was more stable than a 4 kV 
power pack (type 200) which had been used on some pre
liminary work. i n addition i t afforded more sensitive 
v a r i a t i o n of the applied voltage. 

The probe modifications consisted of increasing the 
magnitude and duration of the quenching pulse. This, 
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i n the form of a square wave of 1 millisecond duration, 
lowered the anode po t e n t i a l by 360 v o l t s a f t e r each 
pulse. I t has been f o u n d ^ 1 1 , 4 6 ^ that t h i s modification 
effects a s i g n i f i c a n t improvement on the slope and length 
of the plateau. 

Experimental Procedure; 
a) Counter F i l l i n g ; 

The apparatus i s shown i n f i g u r e 11. Carbon dioxide 
was stored i n a 2 - l i t r e sphere behind tap T 1 and carbon 
disulphide behind a mercury c u t - o f f . Each was p u r i f i e d 
before storage, ready f o r use, by repeated vacuum d i s t i l l a 
t i o n at -78°C. I n t h i s way water and a i r were quantita
t i v e l y removed, these being the impurities which have 
p a r t i c u l a r effect i n impairing the performance of the 
f i l l i n g gas. 

Carbon disulphide was f i r s t admitted to the counter 
at 2 cm pressure. Tap Tg was then closed. Carbon 
dioxide was admitted, either from the reservoir f o r a 
background determination or from a sample plus additional 
reservoir in a c t i v e material, so as to f i l l the counter 
to 10 cm pressure of carbon dioxide i n either case. This 
was effected by f i l l i n g the space bounded by taps T^ 
and T A, valve and the right-hand limb of manometer M-, 
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(of a previously calibrated volume) to a suitable 
pressure such that when the gas was transferred i n t o the 
counter i t f i l l e d i t to a pressure of 10 cm. For t h i s 
operation the volume of the counter had to "be calibrated. 
The transfer was carried out "by either pumping i t i n , 
using the Toepler pump, or "by d i s t i l l a t i o n i n t o the 
cold f i n g e r ixsing l i q u i d nitrogen. Adequate mixing was 
essential and was most easily effected "by rapid condensa
t i o n of the f i l l i n g i n t o the cold finger followed by 
equally rapid re-evaporation. This was performed several 
times "before the counter was removed to the castle f o r 
counting. 

Counting procedure: 
The s t a r t i n g voltage showed small "but d e f i n i t e 

variations. Consequently a p l o t of the plateau was made 
f o r each f i l l i n g and from i t the optimum operating voltage 
assessed (One-third of the way along the plateau). The 
operating voltage f e l l i n the region of 2240 to 2300 v o l t s 
and the plateau (140 to 170 v o l t s long) had a slope of 
3 to 5 per cent per hundred v o l t s length. Plateau 
determinations were aided where necessary "by the use of 

60 
an (external) Co source. 



112 

Accuracy of Measurement 
I n actual counting measurements wherever possible, 

a minimum of 10,000 disintegrations were recorded. I n 
consequence, standard deviation was kept to a maximum of 
1%, 

The gas volumetric part of the overall measurement 
can be held accurate to + 2% or "better. (A "basic 
assumption made f o r estimates of carbon dioxide yields 
from methane estimation was that carbon dioxide "behaves 
as a perfect gas. This assumption was also made f o r 
volume c a l i b r a t i o n ) . I t seems probable that the o v e r a l l 
error of the overall measurement i s about + 3$. I t may 
be noted that very good agreement was found between 
duplicate analyses of specific a c t i v i t y measurements. 
(+ 1% i n each of two separate pairs of determinations). 

A common error by which t h i s work was, fortunately, 
not affected, i s that of the "memory" e f f e c t . "Back
ground" determinations were made between successive 
assays of radioactive samples, but showed no s i g n i f i c a n t 
v a r i a t i o n over the whole course of these investigations. 
I t has often been found i n the past that part of the 
a c t i v i t y i s l e f t behind i n the counter. 

Use of Radioactive Measurements 
The p o t e n t i a l i t i e s of such a t o o l i n a problem of 
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t h i s nature are very great. I t can "be used f o r 
q u a l i t a t i v e as well as quantitative measurements. I n 
these investigations i t was used c h i e f l y i n the method 
fo r methyl iodide analysis, though some use was made of 
the method as used "by Brown,v ' f o r the estimation of 
the r e l a t i v e contribution of methyl and carbonyl groups 
to the carbon dioxide y i e l d . I t can also be used f o r 
similar estimates of other products - carbon monoxide 
may he mentioned as one p a r t i c u l a r example. i t w i l l "be 
remembered that i n t h i s case the methyl carbon atoms, 

14 
only, were la b e l l e d with C. I f a generally labelled 
acetone molecule had been used, no such estimates could 
have been made. 
Specific A c t i v i t y of the Labelled Acetone 

Two methods are available f o r the estimation of t h i s 
quantity, each of which e n t a i l s the ultimate formation 
of carbon dioxide f o r counting i n the usual way. I t can 
either be formed by complete combustion of the acetone 
i t s e l f or by combustion of a product of the photolysis 
such as methane or ethane. In the l a t t e r case i t i s 
known that such products are, i n the case of photolysis 
of acetone alone, the sole products of methyl radicals 
and as such would give the specific a c t i v i t y of the methyl 
groups. To give t h i s specific a c t i v i t y using the f i r s t 
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method the measured specific a c t i v i t y would need to he 
mul t i p l i e d "by 1.5, the carbonyl group having "been oxidised 
to COg, always inactive. I t was f e l t that the acetone 
combustion i s more d i r e c t and open to less error than 
the methane j[ ethane method (which would require prolonged 
photolysis), and was the method chosen f o r t h i s work. 

P u r i f i e d radioactive acetone was used, freed from 
the radioactive impurity as described i n section (A) of 
t h i s chapter. Even as stored ready f o r use i t s specific 
a c t i v i t y was s t i l l too high f o r t h i s determination. 
Consequently a sample from a f u r t h e r d i l u t i o n was burned. 

D i l u t i o n procedure 
The apparatus i s shown i n f i g u r e 12, being attached 

to the acetone storage reservoir section. I t s purpose 
was to withdraw a small sample of acetone i n a way which 
allowed d i r e c t weighing. At the same time the sample 
had to be kept sealed between withdrawal from stock and 
d i l u t i o n with a known amount of inactive acetone. 

The p h i a l , made from a piece of drawn-down pyrex 
tubing, was placed with i t s tapered end at the lowest 
point of the thimble at A. Af t e r evacuating and i s o l a t i n g 
the apparatus, acetone was admitted from the reservoir 
of radioactive material, to a pressure such that about 
100 mgm. would be present. (The volume had previously 



315 

"been calculated). I t was quickly condensed at the t i p 
of A "by means of l i q u i d nitrogen. A fu r t h e r Dewar 
fl a s k of l i q u i d nitrogen was placed round the U-tube 
U (packed with gold f o i l ) as soon as the bulk of the 
acetone had condensed. This prevented condensation of 
mercury i n t o A whilst the next stage was i n progress. 
The c o n s t r i c t i o n C was then sealed. The acetone was 
allowed to melt by placing round A a 'Drikold' bath (-788). 
The plug at B was removed and T was slowly opened. This 
had the effect of f i l l i n g the ph i a l by the difference 
i n pressure so produced. The ph i a l was removed and 
sealed by dipping the end (only about 2 mm) i n a small 
but hot oxy-coal gas flame. This seal had the merit of 
not causing any loss of glass or contents. Accordingly 
by weighing i t with the acetone, the weight of acetone 
taken could be accurately found, the p h i a l having been 
weighed empty beforehand. This i s a much more accurate 
method than the alt e r n a t i v e of gas volumetric dosing. 

About 5 p of 'AnalaR' grade acetone was accurately 
weighed i n t o a test-tube f i t t e d with a standard ground 
j o i n t and stopper. The p h i a l was dropped i n and i t s 
contents released by crushing with a glass rod. After 
mixing the d i l u t e d radioactive acetone was ready f o r use. 
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Combustion 
At>out 0.01 ml of the d i l u t e d acetone was placed i n 

a thimhle i n the methane comhustion apparatus ( f i g u r e 8) 
i n the place where a methane sample was normally introduced 
(B). I t was frozen with l i q u i d nitrogen whilst the 
section was evacuated. I t was then transferred i n t o the 
furnace section and circulated u n t i l combustion was 
complete. I t was possible to judge when i t had gone to 
completion "by the increase i n volume of the gas which, 
as represented by the equation below, would be s i x - f o l d . 

CH3C0CH3 + 8 CuO > 3C02. + 3HgO + 8Gu 

i n practice small droplets of water began to condense i n 
the tubing around the U-tube u when oxidation was nearing 
completion. 

Estimation 
Carbon dioxide and water, the products of the 

combustion, were condensed out at U with l i q u i d nitrogen. 
This was then replaced "by a bath, of melting 40°-60° 
petroleum ether (at about -135°C) allowing the carbon 
dioxide to evaporate away from the water, to "be condensed 
again i n the sample tube SoT. I n t h i s way any traces, 
of unburnt acetone were l e f t behind with the water at U. 
This carbon dioxide was transferred to the f i l l i n g 
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system. After estimation of the amount of carton dioxide 
i n the sample, i t was made up into a f i l l i n g i n the way 
already described and counted. 

Prom a knowledge of the amount of carbon dioxide 
obtained from the combustion and the d i l u t i o n , the amount 
of the o r i g i n a l (reservoir) acetone could be calculated 
and hence the specific a c t i v i t y of the stored radioactive 
material. 

Two such estimates were made from each of two 
d i l u t i o n s . Agreement was good, both between duplicate 
analyses from any one d i l u t i o n , and between the mean of 
each d i l u t i o n . (About 1% and rather less than 2% res
p e c t i v e l y ) . The mean value of a l l analyses was taken 
f o r use i n calculation of product yi e l d s . 
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APPENDIX TO CHAPTER 4 (D) 

14 THE RADIOACTIVE IMPURITY IN OLABELLED ACETONE 
As already discussed i n the opening section of 

chapter 4, an impurity of high specific a c t i v i t y was: 
present i n the acetone received from R.C.C., Amersham. 
In the hope of thereby improving the method of p u r i f i c a 
t i o n , an attempt was made to discover i t s i d e n t i t y . 

The only piece of evidence available was the behaviour 
of i t s vapour pressure with temperature. I t could not 
be freed from acetone at -196°C but at -150°C was 
s u f f i c i e n t l y v o l a t i l e to contaminate the carbon dioxide 
f r a c t i o n of the photo-oxidation products. The most 
l i k e l y p o s s i b i l i t y was that i t was carbon dioxide. 

f49^ 
However, a f t e r examination of i t s method of production v ' 
t h i s seemed less l i k e l y . I t i s formed by destructive 
d i s t i l l a t i o n of l i t h i u m acetate: 

L i . OO^C. 1 4CH 3 CH3 

+ r» 1 2C0 + L i p
1 2 C 0 , (71) 

400°C ^ 2 3 Li.00* 1 2C. 1 4CH 3 ^ 1 4CH 3 

Whilst l i t h i u m carbonate i s unstable at t h i s tempera-
ture in a c t i v e carbon dioxide would r e s u l t ^ ' and i t i s 

14 
hard to see how exchange could occur to produce '-'Og* 
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L i 2 C 0 3
 n c a ° > L i 2 0 + x cC0g (72) 

Attempts were made to remove the impurity "by passing 
i t through a column packed with 'Carbosorb' ( s e l f - i n d i c a 
t i n g soda-asbestos) hut were completely unsuccessful. 
I t was concluded that the impurity was d e f i n i t e l y not 
carbon dioxide. 

An important observation was made i n the course of a 
run using radioactive acetone. Photolysis had been 
carried out i n the presence of oxygen and the carbon 
dioxide f r a c t i o n showed an a c t i v i t y of 70 + 2 counts per 
minute. A 'blank' check made by adding a small amount 
of carbon dioxide (about 10" g. mole) to a sample of 
radioactive acetone equal t o the amount previously 
photolysed. On extracting and counting, the carbon dioxide 
was found to have an a c t i v i t y of 65 + 3 counts per minute. 
Some seven months previously, a similar blank check had 
shown an a c t i v i t y of 19 + 2 counts per minute. I t was 
therefore evident that the impurity was growing i n the 
stored acetone. This i s good indi c a t i o n that the impurity 
was being produced by r a d i o l y s i s . Photolysis by stray 
U.V. could be ruled out because the acetone had been 
stored i n the dark-surrounded by black paper. I n view 
of the behaviour of i t s vapour pressure, of the possible 
products of rad i o l y s i s i t can only be ethane. 
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This conclusion, whilst g r a t i f y i n g i n so f a r as 
i d e n t i f y i n g the impurity, did not assist i n i t s removal. 
Being so chemically i n e r t the only satisfactory method i s 
that of f r a c t i o n a l d i s t i l l a t i o n . I t does, however, 
pose a problem - that of the extent of other impurities. 
This i s a problem which would require a detailed knowledge 
of the / 3 - r a d i o l y s i s of acetone before a r e l i a b l e answer 
could be formulated. Whilst on the basis of the rate 
of decay of the parent acetone, the l e v e l of impurities 
such as ethane can become quite high they are s t i l l f a r 
from being of chemically quantitative significance. 
Radiochemically, the impurities might result i n an error 
i n the specific a c t i v i t y aa measured. i t i s however 
g r a t i f y i n g to note that Brown^11"^ obtained i d e n t i c a l 
r e s u l t s from c a l i b r a t i o n runs on radioactive acetone as 
with i n a c t i v e material. 
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5. THE PHOTOLYSIS OF ACETONE 

(A) CALIBRATION: THE PHOTOLYSIS OF ACETONE ALONE 

The photolysis of acetone alone was not studied except 
insofar as i t provided a basis f o r c a l i b r a t i o n of the 
system and estimation of yields per quantum of radiation 
absorbed - the aoaeaa^efej^ttaaafaaafa^^agaafecfe^aa ufliihQitTriffct »• 

the so-called "quantum y i e l d " . I t has long been established^ 
that the quantum y i e l d of carbon monoxide on photolysis of 
acetone at temperatures around 100°C or higher i s equal t o , 
or very close t o , u n i t y . I t therefore provides a very 
convenient actinometric standard. 

The absorption of U.V. by acetone vapour follows the 
relationship: 

where I . = I 0 are the i n t e n s i t i e s of the transmitted and 
incident r a d i a t i o n , p the pressure of acetone and a 
constant. Consequently: 

I Q - I t (= absorbed i n t e n s i t y , I a ) = (e' 1 I 

Thus i f p i s held constant we may wri t e 

(where k i s a constant) 

An a r b i t r a r y measure of I a may thus be achieved by 



RUN 
NO. 

ACETONE 
PRESSURE 
(MM Eg AT 

120°C) 

DURATION 
OF 

IRRADIATION 
(MINUTES) 

TRANSMITTED 
( I T ) INTEN 
ARBITRARY 

INCIDENT 
SiTY ( i 0 ) 
UNITS * 

*o 
CARBON 
MONOXIDE 
YIELD 

G.MOL; x 10" 

''•ABSORBED 
QUANTA/ML/SEC 

x 1 0 1 2 

CALIBRATION 
FIGURE 

G.MOL CO/MIN/ 
UNIT 1+ 
x 10-^ 

CI 32.2 3.0 106.8 - 10.1 5.67 3.15 
C2! 32.8 3.0 106.3 137 0.226 10.0 5.60 3*13 
C3 32.5 4.0 117*5 145 0.177 14.4 6.06 3.06 
C4 32.3 4.0 97.7 122 j 0.19,9 i i . a 4.72 2.87 
C5 33.5 4.0 93.0 123 0.244 11.3 4.76 3.05 

E l 130.8 10.0 24.0 62.5 0.616 15.8. 2.66 6.59 
E2 130. 3 10.0 23.6 59.6 0.596 14.8 2.49 6.28 

G335 32.6 8.0 47.3 57.7 0.184 ' 12.2 2.57 3.23 
G36 33.3 10.0 37.7 48.3 0.230 12.3 2.07 3.26 
G37 32.8) 10.0 51.8 61.0 ' 0.185 17.0 2.86 3.28 
G38 32.0 10.0 42.6 - - 14.0 2.36 3.29 
G46 32.6 10.0 41.9 53.4 0.214 13.7 2.31 3.27 

J l X 32.0 10.0 41.4 50.8 0.185 15.7 2.65 3.79 
J2+ 32.7 10.0 37.9 47.2 0.197 14.6 2.46 3.85 
J8 32.8 10.0 38.8 46.9 0.190 15.1 2.54 3.89 

* Comparable only between runs headed by the same i n i t i a l 
l e t t e r . 

X 4.4 mm. n-hexane addedj + 8.2; mm n-hexane added. 

TABLE 1. CALIBRATION RUNS 
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measuring I . - a quantity much more easily measured than I 
x a 

which requires a knowledge of I Q . 
I n the course of a c a l i b r a t i o n run, the average value 

of I.j. during i r r a d i a t i o n was recorded (as also i n other 
runs) i n terms of the current produced "by the action of the 
transmitted beam on the photocell (see Chapter 4 ) . Follow
ing the estimation of the y i e l d of carbon monoxide, the 
y i e l d of any product of a subsequent i r r a d i a t i o n to be 
expected per u n i t quantum y i e l d could be calculated from a 
knowledge of the value of I t during the i r r a d i a t i o n . By 
comparing t h i s f i g u r e with the observed y i e l d , the quantum 
y i e l d of the product could be calculated. 

Details of c a l i b r a t i o n runs are set out i n Table &. 
Acetone pressure was held e f f e c t i v e l y constant such that no 
correction due to va r i a t i o n of acetone pressure was required. 
At constant I Q : 

Experimentally observed values of I t / l 0 enable yu- to be 
calculated. The average found was about 0.006. I t w i l l 
be seen that with normal v a r i a t i o n of acetone pressure 
(usually less than + 0.5 mm.) the correction i s quite i n s i g n i 
f i c a n t . 
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Calibration runs were performed f a i r l y frequently -
usually at the "beginning and end of a set of runs. I t 
was essential that the response of the photocell should 
remain constant. Towards the end of t h i s work i t did "begin 
to f a l t e r and some runs were discarded i n consequence. 
Only sets of runs between c a l i b r a t i o n runs showing reasonable 
agreement have been accepted. Other factors influencing 
the value of 1^ as measured, such as the position of the 
photocell and reaction vessel r e l a t i v e to the beam, did not 
a l t e r - being exactly maintained from run to run. 



RUN 
NO. 

ACETONE 
PRESSURE 
(MM. Hg AT 

1200C) 

OXYGEN 
PRESSURE 
(MM. Hg AT 

120^0) 

DURATION 
OF 

IRRADIATION 
(MINUTES) 

^ TRANSMITTED 
(ARBITRARY 

UNITS) 

I ABSORBED 
QUANTA/ML/SEC 

x 10" 1 2 
^ CO i 

x CHgO 

C16 32.9 0.095 0.50 95.8 4.91 0.97 / 

C14 31.9 0.18 1.0 81.1 4.16 0.72 
C13 32.5 0.43 2.0 78.9 4.09 0.41 
cio 33.5 0.68 2.0 8'2.1 4.21 0.34 NOT 
017 32.4 1.08 3.0 84.2 4.32 0.26 DETER-
012 32.8 1.51 3.0 84.1 4.31 0.19 Ml NED 
C19 32.9 2.20 4.0 87.3 4.48 0.20 
C18 32.1 4.09 4.0 89.8 4.61 0.20 
C15 32.3 5.04 3.0 83.4 4.28 0.22 
C24 32.7 0.099 0.50 87.8 4.50 1 2. 30 
C23 32.8 0.22 1.0 78.0 . 4.00 1. 82; 
C2B 32.1 0.51 2.0 87.1 4.47 1.14 
020 32.7 3U08 3.0 , 74.6 3.83 NOT 0.90 
C25 32.1 2.45 4.0 80.1 4.11 DETER 0.76 
C21 32.2 4.30 4.0 75.6 3.88 MINED 0.69 
E9 129.0 0.076 0.33 22.9 2.45 1. 28 
E8 128.0 0.147 0.67 27.6 2.95 2.17 
E7 128.0 0.30 1.25 22.6 2.42 2. 04 
E6 128.8 0.52 3.0 » 23.5 2.52 1. 26 
E5 130.5 1.20 5.0 25.3 2.71 0. 77 
E4 129.9 2.41 10.0 24.1 2.58 0.58 
E3 . 130.2 4.86 7.0 ; 24.6 2.63 f 0. 44 

H2 32.1 1.08 10.0 45.2 2.47 § CH-zCOOH 
O.OI + 0.01 

HI 32.2 3.07 15.0 43.2 2.36 0.01 £ 0.005 
H3 52.9 to 32.3 

.t 
4-5 to 2.7 100.0 38.4 2.10 0.002 • f 0.001 

TABLE 2. PHOTOLYSIS OF ACETONE IN THE PRESENCE OF 
OXYGEN., 
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5(B) THE PHOTOLYSIS OF ACETONE IN THE PRESENCE 
OF OXYGEN 

Following development of suitable techniques as des
cribed i n the previous chapter, a programme of work was 
undertaken i n which acetone was photolysed i n the presence 
of oxygen. This work i s a d i r e c t extension of that of 

f i l l 
Brownv ' working i n t h i s laboratory. The products studied 
consisted of carbon monoxide, formaldehyde and acetic acid. 
Detailed r e s u l t s are shown i n Table 2. 
Oxygen;: 

The pressures quoted are calculated means on the 
assumption that the quantum consumption of oxygen (^ _ 0 ) 
was 4. This i s the value found by Marcotte and Noyes ^ 3 ) , (24) 
for oxygen pressures up to 0.5 mm. I t should be noted that 
no values are available for oxygen pressures i n excess of 
t h i s , though there i s a suggestion from the r e s u l t s of 
Marcotte and Noyes that i t may decrease at higher oxygen 
pressures. A r e l i a b l e mean could therefore be calculated 
for low oxygen pressures (below 0.5 mm). Though the calcu
l a t i o n for higher pressures was subject to a possible error, 
the proportion consumed was l e s s and the error was thought 
to be negligible. An example w i l l i l l u s t r a t e t h i s point. 
At an oxygen pressure of 0.1 mm,10 per cent of the oxygen 
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was consumed whilst at 4 mm consumption was only 2 per cent. 
(Each calculation "based on = 4 ) . I d e a l l y the 
oxygen pressure should "be maintained constant throughout. 
The constancy achieved was f e l t to toe s u f f i c i e n t l y close. 

Acetone. 
Pressures, were maintained from run to run i n a particu

l a r s e r i e s to within + 3 per cent measurement could he made 
to + 0.5 per cent or better, depending on the p a r t i c u l a r 
value (32 or 130 mm). Consumption of acetone was very low -
l e s s than 0.2 per cent^so that the pressure was constant 
for a l l p r a c t i c a l purposes. 

Temperature. 
This was maintained at 120°C within l e s s than 0.5°C. 

No other temperature was used i n these studies. 

CARBON MONOXIDE 
The production of carbon monoxide was studied over a 

range of oxygen pressures (0.095 to 5.04 mm) at one acetone 
pressure only (32: mm). Estimates were made of t o t a l y i e l d , 
no separate assay "being made of the r e l a t i v e contributions 
from methyl and carbonyl groups. 

The r e s u l t s show a trend s i m i l a r to that found by other 
(24 11^ 

workers^ » i n p a r t i c u l a r they show good agreement with 
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poor at higher pressures but i t i s noticeable that C h r i s t i e ' s 
r e s u l t s vary "by as much as 30 per cent "between the two 
methods, and the reproducibility i s only good to 10 per 
cent at best* This compares with a reproducibility better 
than + 2 per cent found i n duplicate runs here. 

ACETIC ACID 
(25) 

Hoarev ' reported the presence of a c e t i c acid i n the 
products of photo-oxidation. This was followed by a claim 
of C h r i s t i e that i t was present i n quantum y i e l d "of at 
l e a s t unity". Her method being suspect following c r i t i c a l 
examination of the work and from the work of Brown^ 1 1^, some 
experiments were undertaken i n an attempt to elucidate the 
position. The a n a l y t i c a l method was that previously des
cribed i n Chapter 4(C). 

An acetone pressure of 32. mm was employed for a l l runs. 
Two runs (Hi, H2), at 1 and 3 mm oxygen pressure respectively, 
f a i l e d to detect any acetic acid. A further run (H3) of 
unusually long duration (100 minutes) also f a i l e d and i n so 
doing set the upper l i m i t for >̂ QJĴ QQQJJ a - f c "below 0.01. I t 

oth«r 
i s possible that some may be found under f cconditions though 
t h i s i s somewhat doubtful. i n any event i t seems hardly 
l i k e l y that i t could constitute a major product. 
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i t i s e a s i l y conceivable that values might he obtained 
which are i n the region of 3. This c l e a r l y indicates 
that the mechanism proposed "by C h r i s t i e ^ 6 ) i s inadequate 
as f a r as formaldehyde i s concerned. Alternative or 
additional reactions are required, a topic which w i l l he 
discussed i n a l a t e r chapter ( 7 ) . 

Work at 130 mm acetone pressure by Marcotte and Noyes 
suggests that the maximum value of $ QQ i s attained at 
an oxygen pressure of 0.02 mm or l e s s . This i s very much 
smaller (about ^ ) than that at which ^ cTjgO a * * 8 1 1 1 1 3 i < f c s 

maximum value. The way i n which the yie l d s f a l l off as 
oxygen pressure i s increased do however show st r i k i n g 
s i m i l a r i t y . A quantitative simi-larity can be seen on 
comparing r e s u l t s obtained at an acetone pressure of 32 mm. 
Though the accuracy of the values of ^ C Q are generally 
i n f e r i o r to those of ^ ^ Q (and p a r t i c u l a r l y so at oxygen 
pressures above 1 mm), i t appears that ^ CH2O I S S T I 1 1 

decreasing when ^ C Q has reached an apparently constant 
value. 

Mention may be made of a comparison of these r e s u l t s 
against those of C h r i s t i e . Results agree tolerably well 
at the lower end of the range of oxygen pressure and, indeed, 
with regard to the position of the maximum. Agreement i s 
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those of Brown^ 1 1), f i l l i n g i n some of the d e t a i l missing 
from h i s r e s u l t s . I t i s evident from a graphical representa
tion of the r e s u l t s (figure 13), "bearing i n mind that the 
value of C Q i n the absence of oxygen i s unity, that 
there must be a peak i n the region 0 to 0.1 mm of oxygen. 
I t i s unfortunate that i t was beyond the limitations of the 
apparatus to investigate ^) C Q i n t h i s region. 

FORMALDEHYDE: 
Studies were made over a range of oxygen pressure 

(0.08 to 5 mm). Two acetone pressures were employed - 32 
and 130 mm. 

The r e s u l t s (Table 2) are set out graphically i n 
figures 14A and 14B. I t w i l l be seen that the peak appears 
to l i e i n the region of 0.15 and 0.20 mm oxygen pressure 
at the lower and higher acetone pressures, respectively. 
Whilst the exact position of the maximum cannot be located 
with certainty i t does appear probable that i t s magnitude 
decreases as acetone pressure increases - a trend shown 
at a l l comparable oxygen pressures. 

The absolute values of ^ cHgO* P a r t i c u l a r l y the 
higher ones are of especial i n t e r e s t . I t has been c l e a r l y 
established (runs C23, C24, E7, E8) that values i n excess 
of 2.0 occur and i n the case of acetone at 32 mm pressure 
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RUN 
NO. 

ACETONE 
PRESSURE 
(MM. Hg AT 
120°C) 

OXYGEN! 
PRESSURE 
(MM. Hg AT 

I20°c); 

IODINE 
PRESSURE 
(MM. Hg AT 
120°C) 

DURATION 
OF 

IRRADIATION 
. (MINUTES) 

T 
*' TRANSMITTED 

(ARBITRARY 
UNITS) 

T ABSORBED 
QUANTA/ML/SIC 

x 101* 
X CHgO X C H 3 I 

F8 
F3 
F9 
F2 
F4 
F16 
F6 
F13 
F14 
F l l 
FIO 

32.6 
32,0 
32.4 
32.6 

33.2 
32. X 
32.9 
32.4 
32,1 
32.7 
32.8 

0.057 
0.184 
0.44 
0,69 
3.04 
5,49 
7,05 
3,323 
3,32 
3.34 
3.30 

1,11 
1,06 
1.12 

1.03 
1.10 
1.10 
1.12 
0.077 
0,135 
0.28 
0.58 

t 

15.0 
10.0 
15.0 
10.0 
7.0 

12.0 
10.0 
2.0 
4.0 
8.0 

12.0 , 
i 

78.9 
72.4 
82.9 

* 71.4 
8.2.1 
75,0) 
63.7 
68.0 
73.5 
68,6 
66,8 

4.05 
3.72 
4.25 
3.66 
4.21 
3.85 
3,27 
3,49 
3.77 
3.52 
3.43 

0.0015 
0.0055 
0.0040; 
0.003S 
0.00335 
0.0032 
0.0034 
0.069 
0.044 
0.014 
0-002ft 

N( 
DIP 
MI] 

DT 
PER
KED 

G39 
G40 
G41 
G34 
G42 
G43; 
G44 

G35 

32.3 
32.3 
32.6 
32.7 
32.4 
32.1 
32.1 

33.3 

0 
1.02 
2.03 
2.50 
3,07 
4.11 
5.18 

5,98 

1,16 
1,16 
1.15 
1,16 
1,15 
1,16 
1,16 

1.14 

15.0 
15.0 
15.0 ' 
15.0 

a 

15*0 
15.0 
15.0 

20,0 

39.2 
41.9 
43.3 
47.8 
40.3 
36.1 
38.6 

51.3 

2.07 
2,29 
2.37 
2,61 
2.20 
1.97 
2.10 

2.80 

I 

N 
DI 
MI 

• i ' 

ME: 
o.c 

\ 
m 
TER-
NED 

PHYL 
)1. 

p. 368 
0.356 
0.375 
0.379 
0.409 
0.427 

R 0.44& 
I c o 2 

CARBONYL 
0.43 i 

TABLE 3. PHOTOLYSIS OF ACETONE IN THE PRESENCE OF 
OXYGEN AND IODINE. 
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TABLE 5 

FLUORESCENCE OF ACETONE VAPOUR IN THE PRESENCE OF IODINE 
VAPOURl 

B.H.T. APPLIED TO 
PHOTOMULTIPLIER $00 VOLTS^ V e^ 1000 VOLTS^~ V e^ 

TEMP
ERATURE 

ACETONE 
PRESSURE 
CM. Hg 

IODINE 
PRESSURE 
MM. Hg 

V 
OBSERV
ED 

P̂ 
CORRECT

ED 
OBSERV
ED 

V 
CORRECT

ED 

51°C 
9.4 
0.0 

i»os; 
0.0 

/ 0.,16 
1 0.08 

0.08 
0.00 

0.37 
0.16 

0.21 
0.00 

85°C 
10.4 
0.0 

1.14 
0.0 

0.16 
0.10 

0.06 
0.00 

0.39 
0.23 

0.16 
0.00 

i 



TABLE 6 

SUMMARY OP RESULTS 

TEMPERA
TURE 
OC. 

ACETONE 
PRESSURE 
CM Eg 

IODINE 
PRESSURE 
MM Hg 

FLUOREJ 
EFFICI] 
$00 v. 

3CENCE 
3NCY Q* 
1000 v. 

q IN PI 
Q IN AI 
900 v. 

ABSENCE OP I „ 
3SENCE OP I© 
1000 v. a 

51°C 
9.4 
9*4 

0.0 
1.02: 

"0*32 
0.08 

0.72 
0.21 

0.25 0.29 

85°C 
10.4 
10.4 

0.0 
1.14 

0.17 
0.06 

0.43 
0.16 

0.35 

• 
0*39 

VALUES OP Q 5 1o c/Q 8 5o c 

PHOTOMULTIPLIER 
APPLIED VOLTAGE 

1 IN PRESENCE 
OF IODINE 

IN ABSENCE 
OP IODINE 

900 
1000 

1.3 
1.3 

1.9 
1.7 

a 

* Fluorescence e f f i c i e n c y quoted i n a r b i t r a r y units ~ 
that i s values; of R,VR„. 
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5(C) THE PHOTOLYSIS OF ACETONE IN THE PRESENCE OP 
OXYGEN AND IODINE 

The idea of photolysing acetone i n the presence of a 
mixture of "both oxygen and iodine was f i r s t put into 

(11} 

practice by Brownv Iodine and oxygen compete for the 
radi c a l s formed from acetone and also for the acetone mole
cules excited "by absorption of radiation. Comparison of 
the behaviour of these two reagents i n t h i s way can t e l l 
us much of the systems acetone-oxygen and acetone-iodine 
and, i n addition, of the primary process. Brown's work 
was therefore extended, the present investigation being 
almost e n t i r e l y concerned with a study of the production of 
methyl iodide and formaldehyde. Results are shown i n 
table 3. 
METHYL IODIDE 

Brown's work had shown that, at constant acetone 
pressure (32 mm) and at constant oxygen pressure, the methyl 
iodide quantum y i e l d , ^ QJJ j w a s unaffected by variations 
i n iodine pressure at tne low pressure end (0.15 to 0.50 mm) 
of the range used but decreased considerably at higher 
values (2.4 mm). i n addition, the effect of oxygen on ace
tone-iodine mixtures of various proportions was studied, 
acetone pressure being constant at 32 mm. The re s u l t s 
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show that V _ increases with increasing oxygen pressure 
at a l l iodine pressures except the highest used (2.44 ram). 

Some experiments were performed to investigate t h i s 
somewhat unexpected trend rather more f u l l y than had "been 
possible previously. An iodine pressure of 1.15 mm was 
chosen - intermediate between the two extremes used by 
Brown. The amount of iodine consumed during a run was; 
always l e s s than 3 per cent. (This was based on an assumed 
value for the quantum consumption of iodine of 0.5). The 
values of iodine pressure quoted i n table 3 are mean pressures 
calculated on the basis of t h i s assumption. Oxygen 
pressure was varied from 0 to about 5 mm. So l i t t l e oxygen 
was consumed that i t s pressure remained constant to within 
l e s s than 1 per cent. 

The r e s u l t s are displayed graphically i n figure 15. 
Bearing i n mind the experimental errors to which the 
determinations were subject, i t i s suggested that the r e s u l t s 
can be r e l i e d on to + 2 per cent but not closer. These are 
the errors shown i n the graph. I t w i l l be seen that the 
trend shown by Brown to be c h a r a c t e r i s t i c of lower iodine 
pressures i s displayed by these r e s u l t s though to a l e s s e r 
extent. A c h a r a c t e r i s t i c not previously detected i s the 
behaviour of (f) T over the lower oxygen pressure region. 
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Between 0 and 1 mm of oxygen, i t i s constant within the 

li m i t set "by experimental error. At oxygen pressures 

higher than 1 mm, $ CH I * n c r e a s e s » t n e s i g n i f i c a n t 
3 

feature "being that t h i s part of the graph i s approximately 
l i n e a r . This suggests that the increase i s the r e s u l t of 
a reaction (or sequence of reactions) dependent on oxygen 
to the f i r s t order. 

i n the course of t h i s work i t was possible to f i l l i n 
part of the d e t a i l of Brown's work at constant oxygen 
pressure. Interpolation between runs G-42: and G43 suggests 
$ CH I =

 0 , 4 2 a t f 5 i = 1 » 1 5 m m » f 5 o = 3 , 3 6 m m » a 
3 2 2 

value i n good agreement with values at other iodine pressures 

used i n Brown's work. (^ CH I = 0 , 4 7 » f5 j = ° » 5 1 " ^ J 
3 2 

x CH I = | 3 j = 2.43 mm). Where a direct com
parison i s possible agreement i s good. 

CARBON DIOXIDE 
This quantity was estimated i n only one run (G35). 

prom Brown's data i t appeared probable that ^ C Q increase 
2 

as oxygen pressure increases. This was indeed found to 
be so i n the one experiment c a r r i e d out. Oxygen and 
iodine pressures employed were 5.98 mm and 1.14 mm, respective
l y . A value of Q) of 0.44 was found, of which l e s s 

1 OL>2 
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than 0.01 was of methyl ori g i n . This i s f a r i n excess, of 
any values found lay Brown which were at lower oxygen 
pressure. Whilst i t might have been useful to investigate 
t h i s aspect further, i t was not possible to carry out any 
more of t h i s type of experiment i n the time available. 
We are thus l e f t with the suggestion that,^the methyl 

iodide, ^ c o i s dependent on oxygen pressure i n that i t 
increases as oxygen increases. 

FORMALDEHYDE; 
Yie l d s of t h i s product i n the presence of iodine are 

very small. A highly refined technique was needed to 
/ -9 

estimate such small quantities (often no more than 9 x 10 
g.mol.). This was provided by the colorimetric analysis 
technique modified as already described. I t was however 
not possible to maintain the degree of reproducibility 
hitherto attainable. The lowest values of ^ QJJ Q A R E 

probably r e l i a b l e to no more than + 10 per cent though 
higher y i e l d s are dependable to a greater degree. 

Studies v/ere confined to one acetone pressure (32 mm). 
Both iodine and oxygen pressures were varied. The former 
i s quoted as an estimated mean on the assumption that 
$ _ =0.5. This i s approximately true at very low iodine 
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pressures - the region where the correction was most 
sig n i f i c a n t . i n extreme cases as much as 10 per cent 
of the iodine i s calculated to have "been consumed. At 
1.15 mm iodine pressure only 3 per cent was consumed. 
The amount of oxygen consumed, on the "basis of yields of 
oxygenated products, was so small that the pressure remained 
effectively 

^unaltered. The investigations f a l l into two sections -
at constant iodine pressure, oxygen pressure heing varied;, 
and vice-versa. 

At a constant iodine pressure of 1.15 mm, oxygen 
pressure was varied over the range 0.057 to 7.05 mm. The 
re s u l t s (table 3) are shown graphically i n figure 16. The 
shape i s sim i l a r to that found i n the absence of iodine and, 
as f a r as can "be determined "by comparison with figure 14(A), 
the position of the 'peak' i s not altered "by addition of 
iodine. The factor responsible for the presence of t h i s 
peak i s therefore s t i l l active i n the presence of iodine 
though to a very much l e s s extent. I t seems probable, 
though not proven, that the maximum never attains as high a 
value r e l a t i v e to that at high oxygen pressures i n the 
presence of iodine as i n i t s absence. 

At constant oxygen pressure (3.32 mm) iodine pressure 
was varied over the range 0 to 1.15 mm. (Values for 0 
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and 1.15 mm were obtained "by interpolation of figures 
14(A) and 16 r e s p e c t i v e l y ) . The r e s u l t s (table 3, figure 
17) demonstrate how quickly ^ ^ Q i s reduced to almost 
negligible proportions "by the addition of very small 
amounts of iodine. 

Apart from the obvious qu a l i t a t i v e significance of 
these r e s u l t s some important quantitative conclusions regard
ing the r e l a t i v e e f f i c i e n c i e s of iodine and oxygen as 
methyl r a d i c a l 'catchers' can "be drawn. Not u n t i l the 
iodine pressure was reduced to below 0.5 mm (when b ; b 

x
 r °2 J2 

was about 6:1) did the value of (p Q H Q begin to increase. 
2 

At an excess b n : b T = 40;1 the greater effic i e n c y of 
iodine as a r a d i c a l trap was s u f f i c i e n t to reduce $ QJJ Q 

1 2 

to ^ th of the value i t showed i n the absence of iodine. 
(These remarks refer to an oxygen pressure of 3.32 mm -
figure 17). prom the high oxygen pressure portion (about 
1 mm) of figures 14(A) and 15, i t w i l l be seen that one 
part of iodine to s i x of oxygen i s s u f f i c i e n t to bring 

down $ QJJ 0 *° A L 3 0 U ' F C 255" °^ ^ o r r n e r "value. The 
extent of t h i s reduction appears to be even greater at the 
peak region - about -ĝ y - where direct comparison i s 
possible. There i s some uncertainty i n assessing the extent 
of these r a t i o s precisely but they are accurate enough to 
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show that the r e l a t i v e effect of iodine and oxygen i s not 
quantitatively constant over the whole range of oxygen 
pressure. This i s an important r e s u l t as w i l l be appreciated 
l a t e r . 
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APPENDIX: DEACTIVATION IN THE PHOTOLYSIS OF ACETONE 

prom studies of the photolysis and fluorescence of 
acetone i t i s firmly established that acetone, i n ce r t a i n 
s t a t e ( s ) , a f t e r absorption of U.V. radiation, i s susceptible 
to deactivation. Such deactivation can be brought about 
by oxygen, iodine, and, though with a lower efficiency, by 
acetone i t s e l f ( i n the 'ground' s t a t e ) . These are 
established examples of molecules which have t h i s property, 
a property which may very l i k e l y be found to be exhibited 
by other substances. The topic of energy transfer i n 
gaseous c o l l i s i o n s has been the subject of a review by McCoulrey 

(57) 

and McGrath^ one generalisation which can be drawn 
from t h i s paper i s that polyatomic molecules show much 
greater e f f i c i e n c y than diatomic and monatomic molecules as 
agents for the transfer of energy from highly excited 
molecules such as those involved i n the primary process i n 
acetone photolysis. An investigation was planned i n an 
attempt to discover other molecules which would deactivate 
the excited states of acetone. Relatively l i t t l e work has 
been done i n t h i s direction^attention being turned to another 
aspect of t h i s general f i e l d - the effect of iodine on such 
excited molecules as shown by i t s effect on t h e i r fluorescence. 
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The compound chosen for t h i s investigation was n-
hexane. Hopkin and Williams lafeeosefcoaaps laboratory grade 
material was d i s t i l l e d through a small d i s t i l l a t i o n 
column, the middle t h i r d , only, "being taken. After check
ing i t s transparency to U.V. i n the range 3,000 to 4,000A1, 
i t was introduced into a storage "bulb i n the f i l l i n g system 
and degassed at -130°C. 

photolysis of mixtures of n-hexane and acetone were 
carried out and analysis made for carbon monoxide (Runs 
J l and J2, table 1). Comparison with a normal c a l i b r a t i o n 
run (acetone only - J3) shows that, i n the proportions 
used, n-hexane has no detectable activating effect on ace
tone. (The consistency of values of I t / I Q i s such that 
i t can be assumed that n-hexane has no ef f e c t , i n the pro
portion used, on the absorbtion coe f f i c i e n t of acetone.) 
The deactivating effect, i f any, i s probably smaller than 
for acetone i t s e l f , though further data would be required 
to be cer t a i n on t h i s point. In any event i t s effect 
i s so weak as to be quite negligible i n comparison with the 
effects of oxygen and iodine. 

This aspect of the work was, regrettably, l e f t i n an 
unsatisfactory state. Any such programme of work i s 
l i k e l y to have to be extensive i n order to be comprehensive. 
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Until some theory of high energy transfers of t h i s type 
appears any euch work must "be of the ' t r i a l and error 1 

type. 
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6. ACETONE FLUORESCENCE; THE EFFECT OF IODINE. 

Introduction. 
Current ideas on the mechanism of acetone-iodine 

photolysis require the postulation of two e l e c t r o n i c a l l y -
excited states, designated (Chapter 2(B)) "by A1 and A". 
A f u l l discussion w i l l "be found i n that chapter. Two 

(3) (11) 

mechanisms, as stated by Martin and Sutton v and "by Brownv ' 
each f i t the data at present available. Their only d i f f 
erence l i e s in the deactivating r e i e assigned to the acetone 
molecule and to the iodine molecule. Recapitulating: 

Martin & Sutton: Brown; 
A* + I 2 — > A" + I 2 ( o r 2f) A1 + M * A" + M 
A" + M » A + M A" + Ig —=> A + Ig (or 21* ) 

A' appears to "be i d e n t i c a l with state A* of the fluores
cence mechanism (chapter 2(C)) and A" i s possibly i d e n t i c a l 
with A**, though this point has yet to "be proved. In the 
absence of deactivating molecules and at temperatures "below 
about 100°c, A** i s responsible for more fluorescence, i n 
terms of the intensity of l i g h t produced, than A*. Intro
duction of iodine should, i f Martin and Sutton's scheme i s 
correct, effect either (a) very l i t t l e change i n the inten
s i t y of fluorescence or (b) effect an increase. case (a) 

» 



at 
o at 
o 

O 

S i > 
o • 
Or 

o o s 



140 

would be consistent with A" being an acetone-iodine complex, 
whilst case (b) would indicate that A" i s i d e n t i c a l with 
A** . On the basis of t h i s scheme a decrease in the 
intensity i s not to be expected, whilst, according to 
Brown's scheme, which cannot accommodate A" as an acetone-
iodine complex, the i n t e n s i t y should show a noticeable 
decrease on introduction of iodine. The magnitude of t h i s 
decrease should be quite considerable - to l e s s than h a l f 
the i n t e n s i t y i n the absence of iodine. 

Here, then i s a promising method of elucidating a 
major problem i n the theory of acetone-iodine photochemistry. 
In addition i t might well make a s i g n i f i c a n t advance i n 
the study of the fluorescence of acetone and the primary 
photochemical process of acetone. 

Apparatus 
The general scheme of the apparatus i s shown i n 

figure 18, without the d e t a i l s which w i l l be described as 
follows;. 

U.V* Source; 
This was a 125 watt 'Metrovick' mercury lamp stripped 

of i t s outer protective glass envelope. This produced a 
very compact source, the discharge being contained i n a 
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tube some 25 mm i n length and 10 mm i n diameter. I t was fed 
"by the laboratory 120 volt D.C. supply. Whilst intended 
for A.C. operation i t did work quite well on D.C. though, 
as used, i t consumed only 15 watts. For reasons which w i l l 
be apparent from the l a t e r discussion a smooth power supply 
was required free from regular variations such as the 
alternating p o l a r i t y of A.C. The D.C. supply, having been 
r e c t i f i e d from 50 c.p.s. A.C. s t i l l showed a 100 c.p.s. 
ripple which was reflected in the in t e n s i t y of the l i g h t 
source. This ripple was smoothed to a very considerable 
degree by means of the c i r c u i t shown i n figure 19(b). The 
inductance L was of unknown value being the primary winding 
of a large transformer. 

The l i g h t beam was approximately p a r a l l e l , being pro
duced by the lens system L (figure 18). Two 2-inch dia
meter quartz lenses were used. Each were of focal length 
5 inches so that the assembly had a focal length of 
approximately 2-g inches. The stop S was 8 mm. i n diameter. 

F i l t e r i n g of the beam was achieved by a system similar 
to the one used previously i n the photolytic work. I t 
consisted of a Chance 0X7 f i l t e r glass followed by a di s c 
shaped c e l l 10 mm between plane polished faces of a Chance 
0X7 plate at the leading end and a s i l i c a plate at the 
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other end. This was f i l l e d with a solution of potassium 
Mphthalate (5 gm./litre). The "beam then passed through 
the reaction c e l l lying i n the furnace "block. Whilst t h i s 
"beam was not monochromatic the "bulk of the energy was of 
wavelength i n the 3130A* "banded region. A small amount 
of 3342A* radiation would "be present "but l i t t l e of wavelength 
3660A1 (about 99.5 per cent being absorbed by the f i l t e r 
system). I t i s regrettable that more e f f i c i e n t f i l t e r i n g 
could not be used but some s a c r i f i c e had to be made i n 
order to obtain a beam of s u f f i c i e n t i n t e n s i t y . 

The sectors, and Sg, were driven at about 5,600 r.p.m. 
by an e l e c t r i c motor run from laboratory 24 volt D.C. supply. 
This supply was smoothed using two 0.1 m.f.d. condensers 
and two small chokes i n what was e s s e n t i a l l y a TT - c i r c u i t . 
Sector s 1 , i n t e r a c t i n g the beam passing through the c e l l 
had 3 60° cut-outs (arranged symmetrically) whilst sector Sg, 
which interrupted the beam f a l l i n g on photocell 'A'.-, had 
6 symmetrically arranged 30° cut-outs. The reason for t h i s 
difference i s described l a t e r . 

A small amount of the beam from the divergent penumbra 
was scattered into the photomultiplier. This was reduced 
to a very large degree by the insertion of a 15 mm. diameter 
stop on the leading face of the reaction c e l l . A l l i n t e r n a l 
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surfaces of the furnace section and the walls of the 
reaction c e l l were coated with 'A-quadag' c o l l o i d a l graphite. 

The furnace consisted of a central s o l i d aluminium 
"block, halved and d r i l l e d to accommodate the reaction c e l l , 
with two heavily lagged copper tubes at either ends. These 
served to eliminate temperature gradients at the ends of 
the centre block. The furnace was heated by two 150 watt 
Edwards diffusion pump heaters connected in s e r i e s . Power 
was supplied by mains A.C. controlled by a 'Variac* 
autotransformer. 

Photocells; 
C e l l (A) (figure 18), producing the "controlling" 

signal, was a Mullard caesium-cathode photocell type CV90. 
A potential of 90 volts was supplied from dry batteries 
through the probe unit to the type 200 sca l e r . 

C e l l (B) which absorbed the U.V. beam after passage 
through the reaction c e l l was a special c e l l having a 
quartz envelope and a high s e n s i t i v i t y to long wavelength 
U.V. ( X > 3000A*). I t was a 20th Century Electronics 
type QVA39. A potential of 15 v o l t s was supplied from a 
miniature "deaf-aid" dry battery. I t was chosen because 
of i t s compactness, i t being ess e n t i a l to screen t h i s from 
stray A.C. pickup. This was an esse n t i a l requirement of 
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.all signal-carrying leads. 
The photomultiplier (c) was an E.M.I, type 6097B. 

Fluorescent l i g h t from the reaction c e l l was focussed onto 
i t s photocathode "by a lens$ system which incorporated a 
f i l t e r to remove stray U.V. This was of a type used as a 
photographic 'haze' f i l t e r . Absorption was 100 per cent 
"below 3570A whi l s t transmission of l i g h t above 3700A* 
through the v i s i b l e region and in t o the near infra-red was 
constant at 89 per cent. Variable E.H.T. (negative) was 
applied to the photomultiplier from a type 1007 potentiometer 
upto a maximum of 2 kV. A f i l t e r was incorporated between 
the potentiometer and the photo-multiplier. This was a 
type 1029 E.H.T. f i l t e r modified by replacing the 100 
megohm res i s t o r s by ones of value 0.1 megohm. The c i r c u i t , 
including the potentiometer chain between the various 
plates of the photomultiplier i s shown i n f i g u r e 19(a). 

p r i n c i p l i e s of Operation. 
This may be b r i e f l y stated as follows: 
The signals from the QVA39 and the photomultiplier 

were applied to the potentiometer network (P) ( f i g u r e 18 -
show i n d e t a i l i n f i g u r e 20) i n opposite phase. The two 
signals were of the same frequency and wave characteristics. 

This signal from the CV90, a f t e r amplification i n the scaler, 
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was used to vary the p o t e n t i a l of the cathodes of the 6SN7 
mentioned above. The v a r i a t i o n , at the same frequency 
as the signal being fed onto i t s grids, ensured that i t 
would only conduct as a r e s u l t of a signal of that p a r t i c u 
l a r frequency. The two halves of the valve conducted 
al t e r n a t e l y r e s u l t i n g i n a steady current which was reflected 
i n p o t e n t i a l of the anodes of t h i s valve. 

The aim i n measuring the i n t e n s i t y of fluorescence 
was to estimate i t s magnitude as a f r a c t i o n of the i n t e n s i t y 
of the ex c i t i n g beam. This was done by balancing the out
put from the photomultiplier against that from the QVA39 
and reading the values of the resistances involved. The 
state where balance was achieved was detected by means of 
the p o t e n t i a l of the anodes of the 6SN7 valve. A simple 
potentiometer network was used with a galvanometer as 
detector as shown i n f i g u r e 20. When balance of the two 
signals was achieved the p o t e n t i a l of these anodes returned 

to i t s value before the signals were applied. 
The most noteworthy feature of t h i s c i r c u i t i s that 

i t only takes account of signals of the one p a r t i c u l a r f r e 
quency - about 280 c.p.s. Consequently i t should be free 
from disturbances of other frequencies. This was not a l t o 
gether t r u e , the photomultiplier being responsible f o r a 
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large amount of noise. Much of t h i s was removed by a 
"band-pass f i l t e r . I t may "be noted that the 6097 B photo-
m u l t i p l i e r was f©r superior to the "best of three RCA931A 
tubes o r i g i n a l l y employed. The RCA931A i s a much smaller 
tube and therefore easier to incorporate i n t o the apparatus 
"but d id not reach the required l e v e l of performance i n use. 

Lining-up 
Before any use could "be made of the apparatus the two 

signals had to be "brought i n t o phase as they were fed i n t o 
the synchronous amplifier. They were subject to unknown 
degrees of phaae s h i f t along t h e i r respective routes. This 
was effected by feeding the signals onto a laboratory 
cathode ray oscilloscope equipped with two sets of plates,. 
The traces were brought i n t o phase by sett i n g the sectors 
at a suitable angle r e l a t i v e to each other, the exact 
p o s i t i o n being found by t r i a l and error. 

I t was found during t h i s procedure that the sector 
i n t e r r u p t i n g the l i g h t beam f a l l i n g on the CV90 photocell 
needed to produce pulses at a frequency double that of the 
other sector (S^). This i s due to the nature of the 
scaler u n i t which only responds to pulses of a p a r t i c u l a r 
sign - positive-going or negative-going according to 
choice. 
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Procedure f o r measurement of Fluorescence 
Each section of the apparatus was turned on and l e f t 

f o r a minimum of 30 minutes to "warm up". The mercury 
lamp was started by "bringing a Tesla c o i l "leak t e s t e r " 
close to the lamp. (About 3 to 4 cms. was s u f f i c i e n t -
i t was never necessary to allow a spark from i t to reach 
the lamp). After t h i s i n i t i a l warming-up period the motor 
was set running and a f t e r about 5 minutes the apparatus 
was ready f o r use. 
1) With the shutter X ( f i g u r e 18) closed, Rfi ( f i g u r e 20) 
was adjusted u n t i l the square wave o r i g i n a l l y at the anodes 
of valve Vg as detected by a cathode ray oscilloscope disappear
ed. The two halves of the value were then balanced - i n 
t h a t , subject to an equal signal on i t s g r i d , either h a l f 
would pass the same current. 
2) Resistances R̂  and R̂  were adjusted u n t i l the 
galvanometer was brought to centre zero. This was done 
stepwise on three s e n s i t i v i t y ranges. The large condenser 

(4000 mfd) was not switched i n u n t i l an approximate 
balance had been achieved since i t had a r a t i n g of only 1 
v o l t . 
3) The shutter X was opened - t h i s produced a somewhat 
distorted square wave at the anodes of Vg, a signal from 
the QVA coming onto i t s grids. (No voltage yet applied 
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to the photomultiplier. Rg was adjusted u n t i l t h i s square 
wave disappeared, which indicated that the signal was 
appearing on each g r i d to an equal extent. 
4) The shutter was then closed, and E.H.T. (varying from 
900 to 1100 v o l t s negative as required) applied to the 
photomultiplier. This invariably caused the galvanometer 
to move o f f zero. I t was "brought "back again "by use of 
R̂  and Rg. 
5) Shutter X was once again opened. The combination of 
signals from the QVA39 and the photo-multiplier caused the 
galvanometer to be deflected. This could only be 
detected on the most sensitive range - a l l shunts cut out. 
The resistance down which the QVA39 signal passed was varied 
u n t i l the galvanometer returned to zero. 

This resistance was read from the calibrated scales on 
the potentiometer box. The t o t a l resistance down which 
the QVA39 signal passed was also recorded. Denoting these 
resistances by RQ and R̂  respectively: 

Rp QVA39 Current 
RQ Photomultiplier current 

This, then, gave a measure of the i n t e n s i t y of fluorescent 
l i g h t i n terms of the i n t e n s i t y of the ex c i t i n g beam. 
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6) The "fluorescent" l i g h t so measured included, i n 
addition to that from genuine acetone fluorescence, some 
l i g h t from U.V. scattered from the exci t i n g "beam, t h i s 
despite precautions taken to eliminate such l i g h t . I t s 
magnitude was very small but appreciable i n comparison 
with the i n t e n s i t y of "fluorescent" l i g h t being measured. 
A measure of t h i s contribution to the l i g h t entering the 
photomultiplier was obtained by freezing out the contents 
of the reaction c e l l . The i n t e n s i t y of fluorescence due 
to the contents of the reaction c e l l could then be calculated. 

PREPARATION OF SAMPLES FOR IRRADIATION 
This apparatus i s shown i n f i g u r e 2 1 . I t incorporated 

a means of producing pure acetone and also mixtures of 
acetone and iodine. Acetone, of AnalaR grade, once d i s t i l l e d , 
was stored i n the large reservoir R ( 1 0 0 ml capacity). I t 
was freed from dissolved gases by evacuation of the system 
with the acetone maintained at -78°C. 

Iodine was produced batch wise i n the way previously 
described i n chapter 4 ( A ) . Samples were f r e s h l y prepared 
and attached to the apparatus as shown i n f i g u r e 2 1 . 

The reaction c e l l was approximately 33 mm external 
diameter ( 2 8 mm i n t e r n a l ) with an overall length of 7 2 mm. 
I t had a volume of 4 4 ml. The window formed i n the side f o r 
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^viewing" the fluorescent l i g h t was approximately 20 mm 
i n diameter. I t was constructed of s i l i c a , chosen f o r 
i t s transparency to u.V. Connections were made to the 
rest of the apparatus "by means of s i l i c a — p y r e x graded 
seals. 

Experimental procedure 
Fluorescence of Acetone; 

For such experiments freedom from b i a c e t y l was essential. 
I t s sensitizing e f f e c t , even i n minute traces, i s well 
known. Consequently a flow system was required, b i a c e t y l 
"being produced "by the photolysis at such temperatures as were 
used ( a l l below 100°C). 

Acetone from the reservoir ^flowed through the 
system through taps and Tg» being condensed out i n the 
trap T. By f i n e control on the tap openings the flow-
rate could be controlled and at the same time the acetone 
pressure was capable of v a r i a t i o n as required. A f a i r l y 
slow flow-rate was maintained - about 1000 ml-?cm. per minute, 
i n terms of a retention time i t meant that, f o r example, 
acetone at 10 cm pressure.was replaced every half-minute. 

An estimate of the flow rate could be made to an 
accuracy s u f f i c i e n t f o r these experiments by opening T 1 

s l i g h t l y with Tg closed. The rate of increase of pressure 
i n the section was timed. When a suitable rate had been 
achieved - as close as possible to the 'standard' rate of 
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1000 ml-cm/minute, Tg was opened to an extent s u f f i c i e n t to 
maintain the pressure at the value required. 

Fluorescence of Acetone i n the Presence of Iodine 
The production of b i a c e t y l being e f f e c t i v e l y n i l i n 

t h i s system, s t a t i c conditions could be used. The space 
between taps and Tg was f i l l e d with acetone s u f f i c i e n t t o 
exert the required pressure when contained between constric
tions Xg and Xg. This acetone was condensed i n the cold 
finger a f t e r which X^, Xg and X 4 were sealed. The iodine 
was then released and condensed higher up the cold f i n g e r , 
whereupon X was also sealed. The acetone and iodine were 
then vaporised - quickly so as to minimise the r i s k of 
reaction i n the l i q u i d phase. The exposed sections of the 
apparatus were heated by wrapping an "Electrothermal" 
heating tape round them. The mixture was given about 
2 hours to become homogeneous before use. 
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RESULTS; 
These are shown i n tables 4, 5 and 6. 
The values headed "measured" are the t o t a l "fluorescence" 

observed - composed of l i g h t from fluorescence of acetone 
and stray U.V. etc., r e f l e c t e d i n t o the photomultiplier. 
The contribution made by the l a t t e r has been subtracted 
from the t o t a l to give the amount of true fluorescence. 
(Columns headed "corrected"). I n each case the values 

f o r two values of the E.H.T. applied to the photomultiplier. 
The accuracy of the readings i s no bett e r than + 0.01 

( I t was at a l l times d i f f i c u l t to keep the galvanometer 
anywhere near steady). Consequently there i s an uncertainty 
of at least * 0.02 on each of the "corrected" values. Each 
recorded reading i s the mean of at least two and usually 
three readings obtained unde r the same conditions. 

I n view of the disturbances a f f e c t i n g the apparatus 
( i t was especially prone to v i b r a t i o n i n addition to e l e c t r i 
cal disturbances) i t i s g r a t i f y i n g to note how well the 
resu l t s d i f f e r i n g only i n photomultiplier voltage agree. 

of RQ/RP are quoted. Two sets of results were obtained 

CONCLUSIONS; 
I n view of the incompleteness of the results and 

t h e i r suspected lack of precision no exact quantitative 
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conclusions can be drawn. The main value of these r e s u l t s 
l i e s i n t h e i r q u a l i t a t i v e significance. They show, 
"beyond reasonable doubt, that over the temperature range 
studied iodine decreases the fluorescence efficiency of 
acetone vapour. This i s a good indication that Brown's 
mechanism f o r the photolysis of acetone-iodine mixtures i s 
the correct one. Furthermore, the observed reduction 
being greater i n extent at 51°C than at 85°C, these 
resu l t s lend support to the b e l i e f that A" i s , i n f a c t , 
i d e n t i c a l w ith A**. (The fluorescence e f f i c i e n c y of A** 
decreases much more rapidly with increase of temperature 
than that of A*). These resul t s may also be taken to 
indicate that A** s t i l l contributes to the t o t a l fluorescence 
at 85°c to an appreciable extent. The r e s u l t s obtained 
here suggest the r e l a t i v e contributions from A** and A* 
to be about 2 to 1. at 85°C and 3 to 1 at 51°c. The l a t t e r 
f i g u r e i s i n approximate agreement from the work of Groh, 
Luckey and Noyes. (See f i g u r e 2 of t h e i r paper v ' ) . 

Further Work 
Whilst f u r t h e r work, on the l i n e s of the investigation 

already reported, was intended, t h i s could not be carried 
out due to lack of time. I n p a r t i c u l a r , an extension 
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of the temperature range and comparison of the effect of 
iodine with that of oxygen should prove t o "be useful 
l i n e s of approach. I t was found t h a t , with the apparatus 
as described, the maximum temperature which could he used 
was about 90°c. This was due to the photomultiplier 
getting warm - with consequent increase of the amount of 
"noise" i t produced. I n s t a l l a t i o n of a water cooling 
system, incorporated i n the lens system focussing fluores
cent l i g h t onto the photomultiplier, eliminated t h i s 
l i m i t a t i o n but no opportunity remained to take advantage 
of i t . 

The apparatus i s b a s i c a l l y sound and with further re
finements - p a r t i c u l a r l y greater e l e c t r i c a l s t a b i l i t y , i t 
should be capable of producing accurate and useful r e s u l t s . 
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7 . DISCUSSION OP RESULTS; 

(A) ACETONE- IODINE-OXYGEN 
This system w i l l be discussed before the acetone-

oxygen system since r e s u l t s and the deductions which can be 
made from them are of considerable value i n understanding 
the l a t t e r system. This comes about as a re s u l t of the 
competition between iodine and oxygen f o r the radicals. 

so 

This competition is Amuch i n favour of iodine that secondary 
reactions which complicate the acetone-oxygen system are 
almost completely suppressed. 

The work of Brownv has been extended and theories 
to account f o r the re s u l t s of these extentions can be made. 
Investigations on t h i s system are not by any means complete 
and i n consequence the theories are, i n p a r t , speculative, 
perhaps the most s i g n i f i c a n t advance has been i n recog
nisin g the longer-lived excited state of acetone A" as the 
one susceptible to deactivation./by iodine. i n t h i s system 
tJaere i s competition f o r the radicals between iodine and 
oxygen and, i t must be presumed, f o r the excited states of 
the acetone molecule. This does not now seem as simple 
as might have been expected but certain conclusions can be 
reached from the work. 
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The Primary process. 
The way i n which formaldehyde quantum yields vary 

with oxygen pressure at constant iodine pressure i s very 
similar to the manner i n which they vary i n the absence of 
iodine. I t may thus be supposed that the factor(s) res
ponsible f o r t h i s v a r i a t i o n i n the absence of iodine are 
also i n operation i n i t s presence. I f the factor respon
sible f o r the reduction of quantum yields a f t e r reaching 
a maximum i s correctly recognised as a deactivation of A** 
by oxygen, then i t must be concluded that oxygen i s s t i l l 
exerting t h i s effect i n the presence of iodine, which may 
be acting on the same species. This suggests that either 
oxygen and iodine deactivate d i f f e r e n t species, or that 
oxygen i s more e f f i c i e n t than iodine i n deactivating A". 
The l a t t e r seems the more plausible and has the support of 
the known high-efficiency which paramagnetic molecules show 
i n deactivating excited molecules i n the t r i p l e t state. 
An immediate objection might be raised on the grounds that 
$ should decrease on the addition 0 f oxygen i n increasing ^ Mei 
amounts. i n fact deactivation has probably reached i t s 
maximum by the addition of small amounts of either agent.. 
I n f a c t ^ i s not even constant - with the exception of 
the range of 0 to 1 mm oxygen pressure (1.15 mm; of iodine). 
As discussed below, t h i s i s believed to be due to a secondary 
e f f e c t . 
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COMPETITION BETWEEN IODINE AND OXYGEN FOR RADICALS 

Acetyl; 
Though very l i t t l e d i r e c t evidence i s available on 

the reactions of t h i s r a d i c a l i t w i l l "be dealt with f i r s t 
since i t i s "believed that herein l i e s the explanation of 
two phenomena which at f i r s t sight look very surprising. 
They both involve quantum yie l d s of products which r i s e 
with oxygen pressure - even at high values. The products 
are carbon dioxide (of carbonyl o r i g i n ) and methyl iodide. 

A competition f o r the acetyl r a d i c a l between iodine 
and oxygen may be supposed which i s generally assumed t o 
favour reaction with iodine. The extent to which acetyl 
i s removed by each of these reactants has not been estab
lished by analysis since previous attempts to analyse 
acetyl iodide have been a complete f a i l u r e . I t i s known 
to be a very unstable molecule, unstable to oxygen amongst 
other things. I t i s reasonable to suggest that any 
acetyl iodide formed i s susceptible to oxidation either by 
reaction (83) or by dissociation and subsequent oxidation 
of the acetyl radical (83(a)); 45(d)) 

CH3C0I + 0 2 > CHg.CO.Og* + I * (83) 
CH3C0I > CHgCD* + I * (83(a)) 
CH3C0 + 0 2 > CH3C0.02* (45(d)) 
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The l a t t e r a l t e r n a t i v e approximates to saying that reaction 
of acetyl radicals with oxygen i s favoured over reaction 
with iodine. I t appears from the results that the "balance 
i s i n fact f a i r l y even - much more so than i n many of the 
competition reactions i n t h i s system, and, accordingly, 
small changes of the two competing molecules have a noticeable 
e f f e c t . The course which reaction of CHg.C0.40g* would 
take i s i n e v i t a b l y open to conjecture p a r t i c u l a r l y with so 
l i t t l e evidence available on product yi e l d s . Reaction (73) 
would explain why large y i e l d s of carbon dioxide are formed 
but would not provide a means of formation of more methyl 
radicals - required to explain the increase of ^ CH 3I 

CHgCO.Og' > CH30 + C02 (73) 

Methyl iodide, and at the same time carbon dioxide, 
would be formed by the fo l l o w i n g series of reactions: 

CHgCO.Og* + CHgCOCH3 > CHg.CO.OgH + CHgCOCHg* (80) 
CHgCO.OgH > CH3C00* + *0H (81) 
CH3C00* > CH3* + GOg (83) 
CH3* + Ig > CH 3I + I " (19(a)) 
'OH + CH3C0GH3 > CHgCOGHg* + HgO (56(b)) 
CHgCOCHg* + I g > CH3C0CHgI + I * (84) 

Reaction (84) i s preferred to (61(a)) or (63(a)) which 
involve reaction with oxygen since the y i e l d s of formaldehyde 

http://CHg.C0.40g*
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are very minute. J u s t i f i c a t i o n f o r t h i s series of 
reactions l i e s e n t i r e l y with i t s q u a l i t a t i v e success i n 
explaining the behaviour of $ ^ and $ C O s ( c a r b o n y l ) 

with increasing oxygen pressure. I t does appear that 
$CQ 2(carbonyl) i s increasing more rapidly than $ 
This i s "based on much less experimental data than methyl 
iodide. I f t h i s i s true a plausible explanation could "be 
produced "by combining the above series of reactions with 
(73). Analysis f o r methanol would "be a useful p o i n t e r r 

as would "be analysis f o r acetonyl iodide, the CHgO* ra d i c a l 
reacting v i a (73) 

CH30" + CHgCOCHg > CHgOH + CHgCOCHg* (73) 

On t h i s "basis quantum yie l d s of a l l products of the 
methyl r a d i c a l should show a similar trend to that shown 
"by methyl iodide. The slope i s so s l i g h t that i t cannot 
"be established whether formaldehyde yields are increasing 
to t h i s extent or not. As can be seen i n f i g u r e 16, 
$ CH 0 * s a P P r o x * m a ' t e l y constant from about 1 mm pressure 
of oxygen upwards. This i s d i s t i n c t l y d i f f e r e n t from the 
behaviour i n the absence-of iodine ( f i g u r e 14A) where 

C H 0 i s steadily decreasing. This provides good ev i 
dence f o r believing that there i s here a source of formalde
hyde, and therefore of the methyl r a d i c a l , which i s not 
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effe c t i v e i n the absence of iodine. The above theory 
i s one, of which there may he others, which can account 
f o r t h i s . Further tests could he made by examining the 
va r i a t i o n of carbon monoxide and carbon dioxide yields -
with reference to t h e i r o r i g i n . Very l i t t l e data on 

are &/e y e 

these products ES available, and such as ss, s« not of 
s u f f i c i e n t accuracy, the yields being so small. i n addi
t i o n , as already indicated, information on acetonyl iodide 
and methanol should be revealing. 

Methyl: 
I n the presence of iodine and oxygen the same oxidation 

products of the methyl radi c a l may be expected as found 
i n the presence of oxygen alone. The magnitude of the 
yields of such products i s very much reduced, the majority 
of methyl radicals producing methyl iodide. The ease 
with which methyl iodide can be isolated and the reproduci
b i l i t y of such results indicates that methyl iodide i s stable 
under these conditions and i s not susceptible to oxidation 
as appears to be the case f o r acetyl iodide. Following 
the work of Bates and Spence^ ' on the system methyl 
iodide-oxygen, the very near absence of formaldehyde 
observed i n t h i s system precludes the occurrence of any such 
reaction here. 

Possibly the most valuable r e s u l t that t h i s system has 
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produced comes from examination of the yi e l d s of formalde
hyde and other products whose o r i g i n l i e s i n the methyl 
group. U t i l i z i n g the work of Brown f o r values of ^ co(methyl) 

and ^ COg(methyl) i t C a n t e s e e n t n a 1 ; a t 3 3 1 o x y g e n 

pressure of 1.68 mm these quantities are reduced on addition 
of iodine "by a factor not exceeding 10 and probably less.. 
(The precision of the results does not allow a more accurate 
estimate). $ QJJ o o n t h e 0 , f c n e r n a n d i s reduced under 

2 
similar conditions "by a factor of 300. This indicates that 
formaldehyde i s not a di r e c t product of methyl radicals "but 
i s produced "by a secondary r a d i c a l . This radical i s very 
probably acetonyl. The amount of acetonyl radicals cannot 
at present "be estimated but i s pro"ba"bly very much larger 
than the t i n y yields of formaldehyde. Such as are formed 
w i l l "be subject to the same competition as are the radicals 
i n the sequence of reactions which form them. Analysis 
f o r acetonyl iodide would, combined with formaldehyde 
y i e l d s , i f s i g n i f i c a n t "by comparison, give an idea of the 
extent to which acetonyl radicals are formed. I t seems 
l i k e l y "by comparison with methyl radical reactions that 
acetonyl iodide would "be formed i n greater y i e l d than i t s 
oxidation products. 

The average l i f e t i m e of the methyl radical i n t h i s 
system w i l l "be considerably reduced. I t may be supposed, 
therefore, that products of a termolecular methyl r a d i c a l -
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oxygen reaction w i l l be suppressed more than the bimole-
cular reaction. On t h i s assumption i t i s i n t e r e s t i n g to 
note a difference of behaviour of formaldehyde yields i n 
t h i s system from those i n the acetone-oxygen system. I n 
the l a t t e r system $ ^ and £ C o 2 ( m e t h y l ) f o l l o w e a c h 

other quite closely except i n the region of the * peak.!, 
where QH o i s c o n s i d e i , a l : , l y greater. i n the presence 
of iodine the formaldehyde peak i s less pronounced and i t 
i s thus tempting to ponder whether t h i s "excess" formaldehyde 
i s due to a termolecular reaction. Unfortunately values of 
§ CO (methyl) a r e m u c h n i£ker than formaldehyde - which, 
though thought t o "be due to the acetyl iodide-oxygen reaction 
does not indicate that much progress i s l i k e l y to "be 

achieved i n comparing § ^ and $ C o 2 ( m e t h y l ) i n t h e 

region of the formaldehyde peak. 

Summary; 
Work to date on t h i s system has already shown how i t 

can play a very useful part i n a study of the photo-oxidation 
of acetone. Tteett more p o t e n t i a l l y valuable results have 
yet to be gleaned. An accurate idea of the r e l a t i v e 
e f f i c i e n c i e s of iodine and oxygen i n reaction with the 
methyl rad i c a l i s s t i l l lacking. Brown supposed that 

^ CH20 = k 56(a) . [ 0 2 ] 

£ M e I k 1 9 ( a ) [ J 2 ] 
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In view of the doubt as to whether formaldehyde even i n 
the small amounts found here i s a direct product of the 
methyl r a d i c a l , and therefore a measure of the extent to 
which i t reacts with oxygen, i t would he safer to use the 

sum of f c o ( m e t h y l ) and £ C O g ( r a e t h y l ) a s a m e a s u r e o f 

methyl r a d i c a l reaction with oxygen. This would i n e v i t a b l y 
produce a rather more complicated expression which might 
not then be of di r e c t use. Such a revised expression 
would be 

$CO(methyl) + $COg(methyl) 

§CH 3I 

^56(0)1^48 + ^ ( a ^ M + ^49 

19(a) [*2] 
For such a test to be made more data on ^ co(methyl) 

and $ C ( V 

,(methyl) w ^ u l d be required with, i f possible 
some refinement of the a n a l y t i c a l technique to increase i t s 
precision. As discussed above, other data which would be 
welcome includes yields of acetonyl iodide and methanol• 
A further product, information on which could be of consi
derable use i s hydrogen iodide. I t i s regrettable that 
work i n t h i s system i s from the point of view of manipulation 
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so time consuming, 
rewards. 

Such e f f o r t s however promise r i c h 
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7.(B) ACETONE - OXYGEN: 

Introduction: 
At the outset of t h i s i n v e s t i g a t i o n , knowledge of t h i s 

system was such as to suggest that i t was of a very complex 
nature and chances of proposing a successful mechanism 
seemed s l i g h t . Whilst i t could hardly be claimed that i t 
now appears any less complex, i t i s believed that a 
mechanism can now be put forward. I t i s not possible f o r 
a mechanism proposed at t h i s stage to be complete i n every 
respect since there are s t i l l considerable gaps i n our 
knowledge of the system. I n p a r t i c u l a r , much i s lacking 
of our knowledge of the primary products at low oxygen 
pressures and the importance of one product reported to be 
present (methanol) has yet to be determined. 

The findings of previous workers have been discussed 
i n d e t a i l i n chapter 2 and a lengthy re c a p i t u l a t i o n here 
i s not necessary. Combining the findings of t h i s 
investigation with those previously discussed, the primary 
products may be l i s t e d as carbon monoxide, carbon dioxide 
and formaldehyde. MethangL merits such c l a s s i f i c a t i o n only 
at extremely low oxygen pressures. I t should be borne i n 
mind that the f r a c t i o n of carbon monoxide formed from the 
carbonyl group, whilst considerable at low oxygen pressures, 
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decreases as oxygen pressure rises to proportions which 
may "be regarded as neg l i g i b l e except at high temperatures. 
The carbon dioxide y i e l d i s predominantly of carbonyl 
group o r i g i n but some does come from the methyl group. 
The proportion of methyl o r i g i n i s s l i g h t l y dependent on 
oxygen pressure, increasing as oxygen pressure increases. 
Methanol i s at present an unknown quantity. I t s presence 
has been reported from q u a l i t a t i v e analysis of the 

(25) 

products (Hoare v ')T.and, having been found i n considerable 
y i e l d i n the photon-oxidation of a z o - m e t h a n e , i t may 
well be a major product of t h i s system. However, i n a 
system of such complexity, i t would be unwise to make any 
f i r m predictions about i t s importance. Further products 
on which information i s lacking include water and a number 
of peroxy products. The former can f a i r l y safely be 
assumed to be present i n appreciable amounts, though some 
quantitative idea from d i r e c t experimental work would be 
reassuring. 
The primary Process. 

As has been seen from fluorescence and photo-iodina-
t i o n studies, the primary process i t s e l f i s f a r from 
simple. The long-lived excited state, designated by A**, 
has been conclusively shown to be sensitive to dooptOvation 
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by oxygen. i n view of the suppression of oxidation 
products when oxygen pressures of the order of several 
millimetres are used, i t can "be supposed that the reaction 
i s : 

CH3COCH3** + 0 2 > CHgCOCHg + 0 g (36) 

and not: 

CHgCOCHg** + 0 g > D(+ 0 2) (39) 

(D represents products) 

The chief a t t r a c t i o n of t h i s theory i s that i t explains 
why yields of a l l known products of the photo-oxidation 
decrease ( a f t e r passing through a maximum) as oxygen pressure 
increases. The extent of t h i s effect decreases with increase 
i n temperature, as would "be expected on such a theory. 

A number of objections can be made though, with one 
exception, they can be shown to be of no importance. This 
exception i s t h a t , although no product has yet been found 
where the quantum y i e l d continues to increase no matter 
how f a r oxygen pressure i s increased, i t cannot be presumed 
that such a product i s non-existent, p a r t i c u l a r l y when know
ledge of the products i s so f a r from being complete. 
Other objections may be grouped together i n t h a t they are 
taken to indicate that reaction (36) i s of no quantitative 
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significance. Noyes and M a r c o t t e ^ 4 ) suggest t h i s 
following c e r t a i n observations, the important ones being: 

a) That the fluorescence from A** i s quenched by increase 
of temperature (100°C being s u f f i c i e n t ) i n addition 
to being quenched by oxygen. 

b) That as the temperature increases, the effect of 
oxygen on the fluorescence decreases. 
I t i s pertinent at t h i s point to enquire by what means 

the respective "deactivations" are brought about. I n the" 
absence of foreign gases, >̂ ^ i s maintained very close to 
uni t y over a considerable range of temperature, the lower 
l i m i t being about 100°C. The so-called deactivation 
which i s effected by increase i n temperature does not 
reduce the excited molecule A** to the ground state A. The 
res u l t of t h i s thermal deactivation i s s t i l l capable of 
dissociation but not of producing"fluorescent" radiation. 
One would expect A** to have more energy as temperature 
rises and i t i s suggested that here may l i e the key to the 
s i t u a t i o n . A** has a l i f e t i m e which i s r e l a t i v e l y long 
f o r a fluorescently-active state. As temperature increases 
t h i s l i f e t i m e w i l l decrease and the proportion existing long 
enough f o r fluorescence to occur w i l l decrease - eventually 
to n egligible proportions. The effect of oxygen can be 
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either deactivation of A** to an energy l e v e l lower than 
the minimum from which fluorescence can occur, or, alterna
t i v e l y , a reaction such as (40) which i n removing A** 
decreases i t s l i f e t i m e such that no fluorescence occurs. 
The former i s thought to "be more l i k e l y since i f the l a t t e r 
were the case product yields should increase to a maximum 
which would "be maintained on fu r t h e r increase i n oxygen 
pressure. 

A c r i t i c i s m of observation (b) i s worthy of r e p e t i t i o n 
here. I t i s that whilst the effect of oxygen decreases 
with increase i n temperature, as measured by i t s effect 
on the fluorescence, t h i s i s no indication that i t s 
effect on A** i s any less pronounced at high temperatures 
than low temperatures. 

A useful test of the function of oxygen could be made 
18 

by use of 0g. I f reaction (36) occurs, and i f , as seems 
very l i k e l y , A** i s a t r i p l e t , then the mechanism should be: 

This would lead to exchange of 0 g which could be detected 
i n the acetone by means of a mass spectrometer. 

A quantity which would give a f i r m i n d i c a t i o n of the 

(A** J 

CH3 CH 

CH 
c - o Q 

CH 
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effect of oxygen i s the quantum consumption, <P n . This 
" u2 

has only been measured by one set of workers - Noyes and 
( 2*5 24 ̂  

Marcotte v ' and with the exception of two experiments, 
results are only quoted f o r the range 0 to 0.5 mm. There 
i s an unfortunate spread on the results such that i t cannot 
be established whether ^ _Q * s r e a ^ ^ y constant or whether 
i t i s decreasing slowly at the upper end of the oxygen 
pressure range. Two experiments (reported i n t h e i r e a r l i e r 

(25) 

paper v ') at approximately 1 and 2 mm of oxygen suggest 
that ^ i s decreasing, and sharply too. These resul t s 
were, however, placed i n brackets which suggests that they 
were perhaps not completely r e l i a b l e . No mention was made 
of these results i n the t e x t . 

Summarising the evidence; there i s strong i n d i c a t i o n 
that deactivation of acetone v i a (36) occurs. Whilst i n 
the absence of certain information, p a r t i c u l a r l y on § . n , 
the existence of deactivation cannot be f i r m l y established, 
i t appears to be the only way i n which, on present evidence, 
the v a r i a t i o n of the major products can be explained at 
oxygen pressures which are greater than about 0,3 mm. 
Radical Reaction with Oxygen 
Methyl; 

The reaction of methyl radicals with oxygen has been 
given much att e n t i o n . Nevertheless, there i s considerable 
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uncertainty about i t s k i n e t i c s and about the way by which 
products are formed. Prior t o a publication of Hoare and 

(27) 

Walshv ' i t had always been presumed second, order. on 

t h i s basis (47(a)): 
CH3* + 0 2 >• R' (47(a)) 

fcktj y»Zxe.iiOn 
st has been shown to require very l i t t l e a c t i v a t i o n energy 
i n comparison with reaction ( 4): 

CH3' + CH3* > C2H6 (4) 

which i s known to a f a i r degree of certainty t o have zero 
ac t i v a t i o n energy. However, the rate of reaction i s very 
slow and requires the inclusion of a very low p factor -

-4 (27) about 4 x 10 on current estimates v I t i s d i f f i c u l t 
to see v/hy such a reaction should be subject to s t e r i c 
hindrance to such an extent and a more plausible explana
t i o n with considerable experimental support has been put 
forv/ard by Hoare and Walsh. Such a reaction as (47(a)) 
must proceed by some sort of t r a n s i t i o n complex which may 
be denoted by CHg.Og. This i s a very energy-rich aggregate 
and without an agent to remove some of that energy dissocia
t i o n w i l l occur (74): 

CH3.02 > CH3
# + 0 2 (74) 

before rearrangement i n t o a form suitable f o r product forma-

http://xe.ii


172. 

t i o n can occur. Accordingly Hoare and Walsh suggest that 
the methyl-oxygen reaction i s t h i r d order: 

CH3° + 0 g + M > CfLjOg* + M (44) 

They do not ignore the p o s s i b i l i t y of a "bimolecular 
reaction being successful i n product formation - i n fa c t 
t h i s i s probably s i g n i f i c a n t at very low oxygen pressures. 
The argument proposed with regard to CHgOg* formed by 
the bimolecular reaction i s s l i g h t l y d i f f e r e n t from that 
suggested here. 

The Acetyl Radical 
Study of the reactions of t h i s r a d i c a l has been 

p r a c t i c a l l y neglected. I n the past i t has often been supp
osed that the dissociation: 

CHgCO' J > CHg + CO (6) 

i s the only important reaction of t h i s r a d i c a l . Recent 
work has shown just how false t h i s assumption i s when oxygen 
i s present. I n p a r t i c u l a r reference may be made to the 
work of Brownv ; and Dunn and Kutschke v '. Whilst 
dissociation occurs to a considerable extent at low oxygen 
pressures i t decreases to ne g l i g i b l e proportions as oxygen 
pressure increases i n t o the range of millimetres. The 
posi t i o n can best be appreciated by an example - at an 
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oxygen pressure of 0.08 mm (Acetone pressure = 130 mm, 
temperature 120°C), ^ co(carbonyl) i s °» 2 5» Deactiva
t i o n "by oxygen has not yet "begun to show any appreciable 
effect as shown by ^) C Q and ^ QH o w n i c n a r e s t i l l on 

2 21 

the increase. A considerable f r a c t i o n of the acetyl r a d i 
cals formed (approaching f ) are reacting i n some other way. 
There i s an i n d i c a t i o n ^ 2 6 ^ that some acetaldehyde i s formed 
at low oxygen pressures but information i s i n s u f f i c i e n t to 
show whether enough i s formed by reaction (55) to account 
f o r the acetyl radicals which do not dissociate. 

CH3C0* + CH3C0CH3 > CHgCHO + CHgCOCHg* (55) 

Acetaldehyde has not been detected at oxygen pressures 
higher than about 0.25 mm., so i t seems reasonably certain 
that reaction occurs i n some way with oxygen. 

The r e s u l t of reaction with oxygen i s open to conjecture. 
Some kind of i n i t i a l complex CHgCO.Og can be envisaged which 
would react f u r t h e r by either breakdown or hydrogen abstraction 
The obvious results from breakdown would be carbon dioxide 
and the methoxy radical: 

CH3C0.0g* > CH30* + COg (72) 

The methoxy r a d i c a l might then disappear i n a number of ways, 
the most obvious being: 



174. 

CHgO* + CHgCOCHg > CHgOH + CHgCOCHg' (73) 
CH30' + 0 2 * CHgO + M02* (64) 

Reactions such as (78) and (79) below seem rather u n l i k e l y 
i n view of the small concentrations of the reactants. 

CHgO' + CHgO* > CHgO + CHgOH (78) 
CHgO° + CHgO > CHgOH + CHO* (79) 

A fur t h e r scheme of reactions f o r which there i s 
some j u s t i f i c a t i o n i n the system acetone-oxygen-iodine 
depends on abstraction of hydrogen by the ra d i c a l CHgCO.Og* 
p r i o r to breakdown; 

CHgCO* + Og * CHgCO.Og* 45(d) 
CHgCO.Og + CHgCOCHg > CHgCO.OgH + CHgCOCHg* (80) 
CHgCO. OgH > CHgCOg* + 'OH (81) 
CHgCOg" > CHg* + COg (82:) 

*0H + CHgCOCHg > CHgCOCHg* + HgO (56(b)) 

U n t i l some quantitative information i s available on 
methanol no f i r m idea of the importance of these reactions 
i s l i k e l y to be drawn. I t i s worth noting that Taylor 

(59) 
and Blacet v ' have found methanol as a product of the 
photo-oxidation of b i a c e t y l but compared with other products, 
notably formaldehyde and carbon dioxide i t was almost n e g l l g i b l 
On the other hand Hoey and Kutschke^ ' have found substan
t i a l quantities i n the photo-oxidation of azo-methane so 
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that i t would appear that methanol i s a product of the 
methyl radical-oxygen reaction. The results of Taylor 
and Blacet, where oxygen was used which had "been enriched 

18 
i n 0, suggest that such methanol as was formed was the 
re s u l t of methyl radical reactions rather than those of 
the methoxy r a d i c a l . (The oxygen i n the product was wholly 
of molecular o r i g i n ) . The formaldehyde was similar i n i t s 
•1 P 

0 content - i n f e r r i n g that i t too was the result of 
methyl radical reactions. I t i s i n t e r e s t i n g to note that 

18 
the carbon dioxide had an 0 content i n d i c a t i v e of equal 
contributions from the two sources. This i s i n agreement 
with formation "by such a reaction as (82) rather than "by 
(72). 

No f i r m conclusions can "be drawn from these res u l t s as 
to acetyl radicals i n the photo-oxidation of acetone since 
i n p a r t i c u l a r the two systems are d i f f e r e n t i n many respects.. 
I n addition the results of Taylor and Blacet are,.to quote 
the authors, "more e r r a t i c than one would have l i k e d " . I t 
w i l l , however, he readily seen that such studies could he 
of considerable value and f u r t h e r examination of the photo-
oxidation of "biacetyl would "be most welcome. 
The Acetonyl Radical. 

Before discussing the way i n which formation of products 
from methyl radical oxidation can he explained i t i s necessary 
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to consider the reactions of the acetonyl r a d i c a l . Whilst 
not a primary radical i t i s a radical of hardly less 
importance, being the r e s u l t of hydrogen abstraction reac
tions. Methyl radicals abstract hydrogen i n t h i s way: 

CHg' + CH3COGH3 > CH4 + CHgCOCHg* (8) 

This i s only of importance at very low oxygen pressures. 
Formation of acetonyl over the whole range i s probably 
mainly due to hydrogen abstraction by hydroxy radicals: 

"OH + CHgCOCHg » HgO + CHgCOCHg* 56(b) 

A fu r t h e r reaction which should be considered i s (75): 

HOg" + CHgCOCHg > HgOg + CHgCOCHg* (75) 

No at t e n t i o n has been paid i n the l i t e r a t u r e to the 
kine t i c s of the reaction between the acetonyl radical and 
oxygen. Being a r e l a t i v e l y complex molecule i n comparison 
with methyl a bimolecular reaction i s much more l i k e l y , 
acetonyl having many more degrees of freedom capable of 
absorbing the excess energy. 

The acetonyl rad i c a l can be visualised i n any of four 
forms: 

CHg—C—CHg CHg—C=C3H2 

0 0" 
(A) (B) 
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CH : 3-C=CH CHg C— 
OH OH 

(C) (D) 

Of these (A) and (B) can tie recognised as resonant 
structures "by comparison with the well known structures of 
acetone. ( c ) and (D) are less l i k e l y to contri"bute to a 
resonant hybrid since they involve movement of protons 
away from the normally accepted positions. 

I t may he reasonably supposed that reaction with 
oxygen w i l l proceed v i a the step which requires the least 
a c t i v a t i o n energy. I n the absence of qua n t i t a t i v e data 
some idea can he gained of the course "by which reaction i s 
l i k e l y to proceed from examination of the established pro
ducts and comparison with the products which might "be 
formed "by reaction of the above forms with oxygen. 

Considering f i r s t the forms which are not l i k e l y to be 
found i n appreciable proportion, (C) and (D), we may see 
that there i s no p r a c t i c a l support f o r these forms taking 
part i n acetonyl radical-oxygen reaction. ( c ) would be 
expected to r e s u l t i n acetic acid formation, whereas none i s 
formed. Since oxygen would attack at the point where the 
unpaired valency electron i s situated, (D) would have to 
undergo considerable rearrangement before breaking down 
int o products, the most obvious being acetaldehyde and formic 
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acid, neither of which are found i n the conditions used i n 
these investigations. 

CH3—C=GH + Og > CH 3—C=0 + CHO (76) 
OH OH 

'CHg—C = CHg + Og * H.COOH + CHgCO* (77) 
OH 

In the case of thecanonical forms (A) and (B), a 
clear choice i s possible "between the two. (A) would require 
considerable a c t i v a t i o n energy to undergo the reaction: 

CH3—C—CHg + Og > CHg— CO + *CHgOg (61) 
0 

'CHgOg would pro"ba"bly rearrange to formic acid which i s 
not found amongst the products. We are l e f t then with 
(B) which, reacting as i n reaction (63(a)): 

CH3—C=CHg 
1. + 0 g > GH3- + C0g + CHgO (63(a)) 

This has the strong hacking of experimental evidence since 
large yields of formaldehyde and large yields of carbon 
dioxide of carbonyl o r i g i n are found. As w i l l he rememhered 
the yields of "both these products a t t a i n such levels as to 
preclude t h e i r formation from primary radicals alone. 
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Reactions of the CH30„* Radical; 
In reactions of, or through, t h i s r a d i c a l l i e s the 

key to a considerable part of the problems of acetone photo-
oxidation. There exist several probable ways i n which i t 
may react. I t must be remembered that i t probably exists 
i n at least two forms - d i f f e r i n g i n t h e i r state of 
exc i t a t i o n , depending on whether produced by a bimolecular 
or termolecular reaction. The CHgOg* complex formed by 
bimolecular reaction w i l l have a shorter l i f e t i m e and having 
a larger energy content than that formed termolecularly i s 
more l i k e l y to react v i a (47(b)) and (47(c)) than by a 
hydrogen abstraction reaction such as (56(d)). Methanol 
may be expected to be a re s u l t of the termolecular reaction 
formed by such a scheme as shown below i n reactions 
(56(d)), ( 5 6 ( f ) ) , (73) and (56(b)) below. 

C H3°2* * 0 1 1 0" + H2° (47(b)) 
C H3°2* > G H2° + " 0 H (47(c)) 

CH30g* + CH3COCH3 * C H 3 ° 2 H + CHgCOCHg* (56(d)) 
CH30gH > CH30" + 'OH ( 5 6 ( f ) ) 

CHgO* + CH3COCH3 * CH30H + CHgCOCHg* (73) 
*0H + CH3C0CHj* > HgO + CHgCOCHg* (56(b)) 

An a l t e r n a t i v e reaction f o r methyl hydroperoxide i s (56(e)): 

CH30gH > CHgO + HgO (56(e)) 
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I f the existence of methanol as a major product i s v e r i f i e d 
then reaction 56(e) i s u n l i k e l y . j u s t i f i c a t i o n f o r 
consideration of methanol as a possible major product 
depends largely on q u a l i t a t i v e observations together with 
the findings of Hoey and Kutschke^ 5 6^ who have found i t 
i n large quantities i n the photo-oxidation of azomethane. 
Though t h i s system i s not s t r i c t l y comparable i t undoubtedly 
involves methyl radicals. 

j u s t i f i c a t i o n f o r 47(b) i s easy to f i n d i n that i t 
affords the only plausible explanation of the existence of 
carbon monoxide and carbon dioxide (each of methyl o r i g i n ) 
amongst the products: 

CHO* > H" + CO (49) 
CHO* + 0 g > *0H + COg (48) 
CHO* + 0g > HOg + CO (48(a) 

J u s t i f i c a t i o n f o r 47(c) i s easy to f i n d i n view of the large 
y i e l d s of formaldehyde found. This does not mean that 
i t i s i n f a c t an important reaction since, i n t h i s case, 
there are alt e r n a t i v e means by which formaldehyde may be 
formed. indeed, as seen from previous discussion i t seems 
l i k e l y that reaction 47(c) i s of no p r a c t i c a l importance 
at a l l . 
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A fu r t h e r reaction which could account f o r a r e l a t i v e l y 
stable CHgOg' ra d i c a l i s (85): 

2CH302' > 2CH30* + 0 2 (85) 

In view of the small standing concentration of CH„0o" 
reaction (85) would have to "be favoured "by a very high 
reaction e f f i c i e n c y to play a s i g n i f i c a n t p a r t . 

Variations of product yields: 
Examination of the varia t i o n s of yields of the known 

products cannot as yet f i x the series of reactions "by which 
the methyl peroxy r a d i c a l decomposes. S u f f i c i e n t i s 
however known to enable some valuable conclusions to be 
drawn and speculation about others. 

The very sharp peak i n the value of ̂  ^ has been 
somewhat puzzling. I t has been suggested^^ that i t 
represents a l l three carbon atoms from the fragments of 
primary dissociation but t h i s now seems a very much over
s i m p l i f i e d point of view. Whilst the acetyl r a d i c a l 
probably dissociate* to an extent approaching 100 per cent,, 
at low oxygen pressures some of the methyl radicals do 
r e a c t a otherwise as seen by the yields of methane, formalde
hyde -and carbon dioxide - yie l d s which, though each r e l a t i v e l y 
small, make an appreciable t o t a l , under the conditions 
used by Brown^ 1 1^ and by Dunn and Kutschke^ 2 8^ carbon 
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monoxide i s always predominantly of methyl o r i g i n and the 
quantum y i e l d of carbon dioxide of methyl o r i g i n i s always 
considerably less than that of carbon monoxide (methyl). 
This indicates that reaction (48) plays aMesser rol e than 
reactions (49) and (48(a)). Whilst some of the decrease 
i n (̂> C Q as oxygen pressure increases, i s no doubt due to 
reaction 48(a) coupled with a decrease i n the extent to which 
acetyl radical dissociates, i t seems l i k e l y that some 
other factor i s involved to make the drop so sharp. At 

the same time $ ^ ( c a r b o n y l ) a n d £ CHgO a r e e a c h i n c r e a s -
ing rapidly and i t seems reasonable to i n f e r that a reaction 
involving CHgOg" alternati v e to the formation of the formyl 
r a d i c a l i s taking place. such a scheme as that suggested 
above which involves formation of methanol seems very 
plausible p a r t i c u l a r l y i n view of the simultaneous formation 
of acetonyl radicals which could account f o r the large 
yields of carbon dioxide and formaldehyde. This i s a 
furt h e r case where data on methanol i s much needed. 

I f the above suggestion as to the changing mode of 
reaction of CHgOg" i s correct then i t would appear necessary 
to assume that i n the termolecular reaction oxygen i s 
much more e f f i c i e n t as the t h i r d body than acetone. As yet 
there seems no independent j u s t i f i c a t i o n f o r such an 
assumption which thus detracts something of the a t t r a c t i v e -
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ness of t h i s theory. Increase of oxygen concentration 
over the range i n question makes no s i g n i f i c a n t change 
i n the t o t a l reactant concentration. 

An explanation of the way i n which formaldehyde and 
carbon dioxide yields themselves decrease a f t e r reaching 
t h e i r maxima can he found i n another function of the oxygen 
molecule. This i s i t s r o l e as an agent f o r the deactivation 
of the excited acetone state A** which would otherwise: 
decompose i n t o radicals. Whilst i t i s not suggested that 
t h i s i s the only p o s s i b i l i t y , other schemes seem rather 
less l i k e l y since an al t e r n a t i v e reaction f o r acetonyl 
would have to he found which involves formation of neither 
formaldehyde nor carbon dioxide. such alternative reaction(s^ 
have yet to be established - by i d e n t i f i c a t i o n of products 
or otherwise, whilst the deactivating action of oxygen 
on acetone i s wel l established. I n t h i s d i r e c t i o n i t w i l l 
be of especial interest to observe whether methanol yields 
decrease i n the same way and over the same range of 
oxygen pressure as formaldehyde and carbon dioxide. 

REVIEW:: 
I t v / i l l be seen that though work i s f a r from complete, 

a general idea can be gained of the p r i n c i p a l reactions 
involved and to some extent t h e i r quantitative significance 
considered r e l a t i v e to each other. Accordingly the 
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reactions which are thought to he important are set out 
below. J u s t i f i c a t i o n f o r these reactions w i l l have become 
apparent from the previous discussion. 

This scheme i s not claimed to be either comprehensive 
or unique. There i s every chance of others being required 
either to add to those below or supersede them, p a r t i c u l a r l y 
as more information becomes available. Nor i s i t suggested 
that t h i s represents the only way i n which the existing 
information can be interpreted. I t does seem to the 
author the most plausible way at the present stage but i t 
i s not, unfortunately, without i t s anomalies. I n p a r t i c u l a r , 
the need to assume that oxygen i s a more e f f i c i e n t " t h i r d -
body" i n the termolecular methyl radical-oxygen reaction. 
For f u r t h e r progress to be made much additional information 
i s necessary. The spheres i n which a c t i v i t y i s l i k e l y to 
be useful are many but c e r t a i n f i e l d s are l i k e l y to be more 
productive than others. 

Much work remains to be done on the acetone-oxygen 
system i t s e l f . P a r t i c u l a r l y at the lower end of the range, 
some f u r t h e r analysis of the yields of known major products— 
with reference to t h e i r o r i g i n , from methyl or carbonyl 
groups of the acetone molecule, would be useful. Methanol 
4s outstanding as a product whose quantitative significance 
has yet to be investigated, though i t might be worth looking 
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f o r acetaldehyde at low oxygen pressures. 
Further information on reactions of the acetyl r a d i c a l 

and the acetonyl radical with oxygen i s called f o r . This 
would "best be done i n systems free from f u r t h e r complica
tions where the radical concerned i s the only one being 
generated. Acetyl can be produced easily enough by 
photolysis of b i a c e t y l but acetonyl sets a p a r t i c u l a r 
problem. photolysis of biacetonyl i s u n l i k e l y to produce 
acetonyl radicals alone, cleavage i n t o two unequal fragments 
being probable. The photolysis of acetonyl chloride, 
CHgCOCHgCl, i s said to form acetonyl r a d i c a l s ^ but adcts 
i t s own complication i n that chlorine atoms are also 
produced1. 

Information on the hydroxy and hydro-peroxy radicals 
and hydrogen atoms i s s t i l l lacking and forms one of the 
more unsatisfactory aspects of t h i s f i e l d . Reactions of 
these radicals are,in the absence of f i r m evidence, open 
to more speculation than most. Though a plausible scheme 
can be found f o r hydroxyl i t i s by no means certain that 
t h i s accounts f o r a l l hydroxyl radicals which are formed!. 

Carbon-14 has been the only tracer used i n investigations 
i n t h i s laboratory, and has been shown to be of great value. 
Another tr a c e r , use of which should seriously be considered, 
i s oxygen-18, preferably i n the molecular oxygen. In 
certain applications i t s use could prove invaluable. 
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MECHANISM:: PROPOSED PRINCIPAL REACTIONS: 

CH3COCH3 + bH — — > CH-COCH * 3 3 (1) 
CHgCOCHg* — > CHg" + CHgCO* (34) 
CH3COCH3* + M — > CHgCOCHg** + M (41) 
CHgCOCHg** — * CHg* + CHgCO* (38) 
CHgCOCHg** + 0 2 — — > CHgCOCHg + Og 05) 
CHgCO' — —* CHg* + CO (6) 
CH3° + CHgCOCHg ... — > CH4 + CHgCOCHg' (8) 
CHg* + Og —* CHgOg* (56(c)) 
CHg* + Og + M — * CHgOg* + M (44) 
CHgCO* + Og — — > CHgCO.Og* (45(d)) 
CHgCOCHg* + Og — CHgCOCHg.Og* (61(a)) 
CH3Og« > CHO* + HgO (47(b)) 
CHgOg* + CHgCOCHg ~ > CHgOgH + CHgCOCHg* (56(d)) 
CHO* — —-> H* + CO (49) 
CHO* + Og — — > *OH + COg (48) 
CHO* + Og —-— ? HOg* + CO (48(a)) 
CHgOgH > CHgO* + *OH (5 6 ( f ) ) 
CHgO* + CHgCOCHg 5> CHgOH + CHgCOCHg* (73) 
CHgCO.Og* — > CHgO* + COg (72) 
CO.Og* + CHgCOCHg — > CHgCO.OgH + GHgCOCHg" (80) 
CHgCO.O2H — 5> CHgCOg* + *OH (81.) 
CHgCOg" — ? CHg* + COg (82;) 
CHgCOCHgOg" — 5» CHg* + COg + CHgO (63(a)) 



187. 

'OH + CH3C0CH3 > HgO + CH3COCH2" (56 ( I D ) ) 
H* + 0 2 >HOg" (50) 
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8. SUMMARY: 

A study has "been made of the photolysis of acetone i n 
mixtures of oxygen and iodine with the aim of elucidating 
some of the problems of the photo-oxidation of acetone and 
of the primary photolytic process. Fluorescence of acetone-
iodine mixtures was also studied. A l l photochemical work 
was done at 120°C, and 3130A" rad i a t i o n was used throughout, 

12 
the absorbed i n t e n s i t y ranging from 2 to 6 x 10 quanta. 

n - l - 1 ml> . sec . 
14 12 14 

Labelled acetone, CHg CO CHg, was employed i n 
certain parts of the work as necessary. 

The a n a l y t i c a l techniques were based on those used by 
11 

Brown , modified where necessary. The i r r a d i a t i o n apparatus, 
was reconstructed but resembled that of Brown i n p r i n c i p l e . 
New techniques were developed f o r formaldehyde and acetic 
acid, that f o r methyl iodide was modified. The formaldehyde 
method was developed t o detect levels as low as 10"^ g. mol. 

From the results of these investigations together with 
previous knowledge i n t h i s f i e l d , i t has been possible to 
propose schemes to cover much of the known f i e l d of acetone 
photo-oxidation. Though there are s t i l l considerable gaps 
i n our knowledge of t h i s system some important conclusions 
have been drawn. In p a r t i c u l a r , formaldehyde has been 
i d e n t i f i e d as being predominantly a product of the acetonyl 
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r a d i c a l , and the methyl radical-oxygen i s probably to some 
extent terraolecular. There i s strong i n d i c a t i o n that 
deactivation by oxygen i s occurring i n the higher part of 
the oxygen pressure range. 

Much remains to be done i n t h i s f i e l d but with f u r t h e r 
a n a l y t i c a l information i t seems probable that a sound 
mechanism can i n due course be advanced. This w i l l 
probably feature the two excited states active i n the 
fluorescence, the second being susceptible to deactivation 
by oxygen. The radicals involved i n the various stages 
w i l l i n e v i t a b l y be many but the p r i n c i p a l p a r t i c i p a n t s 
can probably be recognised as methyl, acetyl and acetonyl. 

11. J. BROWN, PH.D. THESIS, DURHAM 1956 
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REACTION KEY; 

CHgCOCHg + hv> — > CHgCOCHg* (1) 
A + hv — > A X (1(a)) 
CHgCOCHg* — * CHg* + * COCHg (2) 
A' — > CHg* + • COCHg (2(a)) 
A" — 5> CHg* + 'COCHg (200) 
CHgCOCHg* — > CgHg + CO (3) 
CHg* + CHg' — > G2 Hi6 (4) 
CHgCOCHg* — ? 2CHg* + CO (5) 
CHgCO* — > CHg* + CO (6) 
CHgCOCHg* —- > CHgCOCHg* + H* CO 
CHg* + CHgCOCHg — ? CH4 + CHgCOCHg* (8) 
*COCHg + *COCHg — » (COCHg)g (9) 
•CHgCOCHg + *CHgCOCHg — ^ (CHgC0CH3)2 (10) 
CHgC + 'CHgCOCHg — > CgHgCOCHg (11) 
CHg* + # COCHg — -> CHgCOCHg (12) 
H" + H* (+ M) — > Hg( + M) (13) 
•CHgCOCHg — > CHgCO + *CHg (14) 
CgH5COCHg > CgH4 + CHgCHO (15) 
CHgCO' + Ig > CHgCOI + I * (16(a)) 
CHgCO* + I * > CHgCOI (16(D)) 
A' + Ig - > A" + Ig (or 21") (17) 
A" + Iff > A + M (18) 
CHg- + Ig — > CHgl + I ' (19(a)) 
CHg* +1* y CHgl (19(H)) 



I * + I ' (+ M) 

5cH 3I " ^CO = 1 

A' + M 
A" + I 8 

£ C H 3 I ~^CO = 1 ' 

A + A" 

? C H 3 I 

A + hv> 
A X 

A + A 
A + A 
A X

+ Og 
A* 
A* + A 
A* (+ A) 
A** 
A** + 0 2 

A** + A 
A**(+ A) 
A** + 0 2 

A* + 0 2 

A* + A 

> I 2 ( + M) (20) 
( l + ^ 2 ( a ) ? _ 1 ( l + ±2M_\~1 (21) 

> A" + M (22) 
> A + I 2 ( o r 2 r ) (23) 

^gfa) I"1
 ( l + k 2Cb) I " 1 (24) 

•> 2A (25) 

C *T2(a) J 
-» A X (27) 
-» D (28) 

A* + A (29) 
-» A** + A (30) 
-> ? (31) 
-» A + hvJ * (32) 
-> 2A (33) 
* P (+ A) (34) 
-» A + h\> ** (35) 
•» A + 0 2 (36) 
-» 2A (37) 
•* D (+ A) (38) 

J> + <>2 (39) 
* X,. (40) 
•> A + A** (41) 



> A* (42; 
A X + A > A** (43 
CH * + Op + 3 * M > CHgOg* + M (44' 
'COCHg + Og; ^ ? (neither CO nor COg) < 
'COCHg + Og > CHgO + COg (45 (a] 
'COCHg + Og .» (45(1) 
*COCHg + Og, y COg + CO + ? (45(e] 
°COCHg + Og > CHgCO.Og* (45(d] 

CHgCOCHg" + 0 2 

v GHgCOOH + HCO* (46] 
CHgCOCHg* + °2: > X (46(a] 
X • > CHgCOOH + HCO° (46(h) 

°V + °2 >. CHO' + HgO (47) 
CH3' + Og > R* (47(a) 

> CHO° + HgO (47(h) 
> CHgO + 'OH (47(c) 

CHO* + Og > COg + "OH (48) 
CHO* + Og > CO + HOg' (48(a) 
R- + Qg > COg + ? (48(h) 
HCO* > H" + CO (49) 
Re CO + ? (49(a) 
H- + Og > HOg (50) 
J-Og TBS" (3 + <* ) 0 (51(a) 
f-Og s - ••• 4 0 (51(h) 
CHgO + hV > H" + 'CHO (52) 



R' + Og 
R1 + CHgO 
CHgCO* + CHgO 
CHg* + o g + CHgCOCHg 
CH3* + Og 
'OH + CH3COCH3 

CH3- + Og 
CHgOg* + CH3C0CH3 

CH30gH 
CH30gH 
HOg' 
X + Og 
'OH 
CH3coeH2' 
CHgCOCHg* + Og 
CHgCOCHg* + Og 
CHgCOCHg* + Og 
'CHgCOOH 
CH3C0CHg0g 
CHgO* + Og 
KC103 

KClOg 
IgOg + 5CO 

^OCH, 
CHgCf + H90 OCH3

 2 

COg (55) 
no CO, nor COg (54) 
CHgCHO + *CHO (55) 
CHgO +'OH+CHgCOCHg*(56) 
CHgO + 'OH (56(a)) 
HgO + CHjjCOCHg" (56("b)) 
CH302- (56(c)) 
CH30gH + CHgCOCHg'(56(d)) 
CHgP + HgO (56(e)) 
CHgO' + 'OH (56(f)) 
£HgO + I 0 2 (57) 
COg + 'OH + CH3C00H(58) 

(59) 
(60) 

CHgCO* + 'CHgOg; (61) 
CHgCOCHgOg* (61(a)) 
CHgO + * CHgCOOH (62) 
CHg' + COg (63) 
CHg' + COg + CHgO(63(a)) 
CHgO + HOg* (64) 

(65) 
(66) 
(67) 

CHgO + 2CH30H (68) 

4 H2O + i o 2 

CHgCO* + ••CHg* 

o 2 + ? 
KC1 + lfc Og 
Ig + 5C0g 



C 6H 1 2N 4 + 6H20 
12 14. Li.00 C. CHg 

Ll.00 1 2C. l 4CHg 
L i g l 2 c o 3 

CHgCO.Og 
CHgO* + CHgCOCHg 
'CHg02' 
HOg# + CHgCOCHg 
CH -C=CH 

3 I 
OH 

+0, 

•CH2-C=CHg 
OH + Or 

CHgO* + CHgO* 
CHgO* + CH20 
CHgCO. Og* + CHgCOCHg 
CHgCO.02H 
CHgCOg* 
CHgCOI + Og 
CHgCOI 
CHgCOCHg* + Ig" 
2CH302* 

Heat^ 
400°C 
Heat 
400°C 

6CH20 + 4NHg 
14 

12 ^ 3 

(69) 

CO 12 
^<L4 CH3 

L i 2 0 + 1 2 C 0 2 

-> CHgO + COg 
CHgOH + QEgCOCHg' 
CHg* + Og 
HgOg. + CHgCOCHg* 

+ Llg^COg (70) 

(71) 

(72) 
(73) 
(74) 
(75) 

CH,-C=0 
3 I . OH CHO 

-> H.COOH + CHgCO* 

(76) 

(77) 

CHgOH + CHgO (78) 
(79) 

CHgCO.OgH + CHgCOCHg*(80) 
CHgOH + CHO 

CHgCOg* + 'OH 
CHg* + COg 
CHgCO.Og# + I 
CHgCO* + I * 
CHgCOCHgl + I " 
2CHgO' + Og 

(81) 
(88) 
(83) 

(83(a)) 
(84) 
(85) 



TABLE 4 

FLUORESCENCE OF ACETONE VAPOUR 

E.H.T. APPLIED TO 
PHOTOMULTIPLIER 900 VOLTS(~ V e) 1000 VOLTS( - V e) 

ACETONE 
PRESSURE 
(CM. Hg) OBSERVED 

/hp 
CORRECTED V OBSERVED 

ftp 
CORRECTED 

0.00 0.08 0.00 0.17 0.00 
TEMP. 5.5 0.27 0.19 0.59 0.42 

51°c 
8.5 

11.9 

0.35 

0.52: 

0.27 

0.44 

0.80 0.63 

0.00 0.10 0.00 0.23 0.00 

TEMP. 4.5 0.18 0.08 0.44 0.21 
= 8.4 0.23 0.13 0.55 0.32: 

-85°e. 10.4 0.26 o.ie 0.64 0.41 
13.4 0.32 0.22 0.81 0.58 
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