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TRACER STUDIES OF REACTION MECHANISMS -

14

THE PHOTOLYSIS OF ACETONE LABELLED WITH C.

Investigations of the primary process and the reaction
of the radicals formed in the presence of added iodine

and oxygen.
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I. INTRODUCTION.

The ultra-violet photolysis of acetone has figured
prominently asmong the chemical researches of the past
thirty years, along with similar studies on other, more
complex, ketones. The inherent interest of these com-
pounds is augmented, in the case of the lower members,
(acetone - methylpropylketone), by the appearance in the
reaction of organic free radicals which are intermediates
in the formation-of the final products.

Since these photodecompositions are known to be free
from chain characteristics, (for a review of early work
see Davisl and Noyes and Dorfmannz), they provide useful
reproducible sources of such radicals and find applica-
tion in the study of their properties. In particular, above
about lOOOC., the photodecomposition of pure acetone
vapour gives one radical pair, (methyl + acetyl), for
each quantum absorbed, i.e. the quantum yield of acetone
decomposition is unity. However, before applying
photolyses in this way it is prudent to investigate the
conditions under which these radicals arise. Fairly recent
investigations, by Martin and Sutton3 and Pitts and

4

Blacet,” have illustrated the fallacy of assuming that
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the primary radical yield in the photolysis of pure
acetone is necessarily maintained in the presence of
other agents. Those of Martin and Sutton, which were
performed in this laboratory, have shown that, in the
presence of iodine, the quantum yield of acetone decom-
position, Qd’ falls well below unity at 100°¢C. - To
have assumed that unit quantum yield of each radical was
made available, initially, for reaction with iodine
would, in this case, have led to a misunderstanding of
the true significance of the results. To be able 1o
predict the radical quantum yield under any given
conditions would require a more comprehensive knowledge
of the mechanism of thé primary process than has hitherto
been available. The present work has therefore been
directed towards extending the information available,

in this context, on the photochemistry of the éimplest
ketone, acetone. Acetone was chosen because it was
already well investigated in other directions and because
of its simplicity, only one radical pair being possible

regardless of which bond is broken.



II(a) THE PRIMARY PROCESSs A REVIEW.

Before defining more precisely the aims of the present
work it is expedient to present the colleected evidence,,
from a number of sources, on which the scheme was based.
Since the voluminous nature of past publications on the
photochemistry of acetone prohibits a comprehensive
survey, an attempt has been made to present only that
information which is strictly relevant, (a), to an
understanding of the primery process and, (b), in pro-

viding a background to the experimental work envisaged.

PURE_ACETONE.

The great weight of evidence now available on the ultra-
violet photolysis of pure acetone vapour indicates,
reasonably conclusively,l’z’ that all the observed dats
can be explained on the basis of a single primery
reaction |

CH_COCH + hy —— om

3 3 3
Two other reactions suggested in the past

+ COCH3 (1)
CHBCOCH3 + .hV R— C2H6 + CO (2)

CH,COCH, + hv — 2CH; + CO (3)

may be regarded as making a negligible contribution, if

any, to the photodecomposition since, in the presence of

3



iodine,3’4’ the quantum yield of carbon monoxide, @CO’
falls to a very low figure ( < 0.01).

The reaction (1) certaiﬁly occurs at 25378 end
31303, the two principal wavelengths used in past
researches, Variations in the amounts of major products
formed under charging conditions of temperature, pressure,
and Wavelength are explained by secondary reactions of
the radicals in (1) computed on the baéis of the
experimental evidence. The validity of such deduced
réactions is usually supported by predictions, from their
kinetics, of values of quantum yields and rate constants
which can be verified by experiment. Two such reactions
are worthy of note heres

(a) At high temperatures, ( >'100°C.), the quantum yield

of carbon monoxide,, @CO‘,; is very riearly unity, and
pressure independent, at either wavelength. In the
absence of chain characteristics this leads to the |
assumption that the acetyl radical becomes increasingly
unstable as the temperature rises and decomposes according
to the equati6n

CH;CO. —— CH; + CO (4)
or alternatively

CH,CO + M =—— CH3 + CO + M (4a)

3

4.



t0 the extent of almost 100% above 100°C. It follows
that Qd’ the quantum yield of acetone ‘decomposition,,
is also virtually unity and that the reactions
2CH00 — (CH3C‘O)2 (5)
§ ——
CH3 + CHBCO CH3COCH3 (6)

compete most unfavourably above this temperature.

(b) At low temperature, («-2500.), the quantum yield of

acetone decomposition is considerably reduceds at 31303,
at 100 mm.. acetone pressure, it is approximately 0.3,l
but appears to tend to unity as the acetone pressure
tends to zero.

This héé been explained in the past in terms of
increasing efficiency of (6) with fall in temperature
and increase in pressure rather then by a reaction which
might reasonably inhibit the primary decomposition (such
as the formation of a fairly long-lived intermediate
excited state of acetone which could be increasingly
subject to collisional deactivation by 'normal' molecules
as the temperature falls). However, recent work,3i7’8’
reviewed below, required mechanisms based on at least
two excited species to explain the observed phenomena in
two independent investigations with different sdded

materials. Thus the presence of such excited modifications



has been reasonably established and the possibility has
arisen that a comprehensive evaluation of their properties
might well allow the explanation, on a single basic

scheme, of the trend of results in the photolysis under
any conditions of temperature, pressure, wavelength, and
added materials. In particular, in the photo-oxidation
of acetone, to be discussed at length later, no
satisfactory explénation of the resulis at room temperature
has been previously advanced although tentative reaction
schemes have been advanced for results obtained above

120°¢.

PHOTOLYSIS OF ACETONE-~IODINE MIXTURES.

The principal investigations into the photolysis of acetone
in the presence of iodine have been carried out by Gorin,5

Benson end Forbes,® Martin and Sutton,> end Pitts and

Blacet.4
The experiments of Gorin, and Benson and Forbes,,

were carried out using techniques inferior to those of

the later workers, especially in the analytical departments

of the work. A reassessment of Gorin's work, after

‘correcting the calibration figure used in the original

paper, showed his results to be improbably high end lacking

agreement with those in (3) and (4). Similerly the results
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of Benson and Forbes, after weighing carefuily against
the later results, can only be counted of limited
qualitative importance. In the subsequent discussion,
therefore, only the work of Pitts and Blacet, and Martin
and Sutton, is referred to. Their results, obtained.
independently and by different techniques, show
excellent agreement and, coincidentally, are complementary
in presenting a fairly complete picfure of the wave-
length, temperature, and pressure depehdence of the
reaction yields.,
The following is a summary ofAthe mgin points
arising from these results;-
(2) No ethane was found at 100°C. at 3130%,and 26544%, at th
lowest pressure of iodine employed.

(b) The overall quantum yield of methyl iodide, Q CH,.I,

3
was temperature dependent at 3130% and constant (120 mm.)
acetone pressure, rising from 0,12 ét 80°C., to
0.28 at 177°C. Since.the carbon monoxide quantum
yields were very small, @CHBI was approximately

the same as Cb acetone decomposition.
(¢) The methyl iodide quantum yield was wavelength de-~

pendent. At 100°C., at constant acetone pressure,(120m

it rose from 0.17 at 31308 to 0.50 at 26543.

* The wavelength 26548 was ' ' i
Presumably employed to obviate
g;;;:ry resonance effects which are so troublesome ag



(d) The methyl iodide gquantum yield at 100°%c. was
pressure dependent, decreasing with increase in
the pressures of both acetone and iodine. The
pressure of iodine required to reduce the guantum
yield of aceéetone decomposition drastically below
the value of unity was very small.

(e) Small amounts of carbon monoxide were found at 31303,
and at 26543, the amount increasing with
decrease in wavelength, and pressure, and increase
in temperature., However, even at 26542.¢Ecpid not
rise above‘0.06 at lOOpC., and at 31%0% d4id not rise
above about 0.020 even at low acetone and iodine
pressures.

(f) Traces of methane were recorded at.the higher

temperatures and shorter wavelength.

The analyses used to obtain these results differed in the
two_investigations but gave similar results where direct
comparison was possible. The analytical methods were
also rigorously checked with synthetic samples (of known
strength) of the materials to be analysed. Neither set
of workers Was able to produce consistent acetyl iodide
results yet the appearance of this compound would be

expected in the near-absence of carbon monoxide. Pitts



and Blacet, however, were able to demonstrate that

the apparent yields of acetyl iodide obtained from their
photolyses gave no indication of the true yields.
Analysis of synthetic samples, containing known amounts
of acetyl iodide, showed that it decomposed very

quickly in the presence of daylight and mercury, making
accurate analysis impossible with the techniques
available,

The main products of the reaction were, therefore,
methyl iodide, acetyl iodide (by deduction), and small
amounts of carbon monoxide, and, in the absence of
ethane and methane,

‘I’d = QCHBI - <I>co’
This is true if the reasonable assumption is made that
the acetyl radical cannot produce methyl iodide except
by dissociation into carbon monoxide and a methyl radical.

Although much of the work covered in both cases
overlapped, the experiments of Pitts and Blacet were
organised in such a way that very little variation in
acetone or iodine pressure occurred. Consequently it
was left to Martin and Sutton to derive g mechanism
which would explain the most difficult, but interesting,

point (d) which was demonstrated in the course of their
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work. It was of considerable significance that (I)d,
which in the absence of iodine was pressure and tempera-
ture independent above about 100°C., became dependent
not only on the added iodine pressure but on that of the
acetone too,

MECHANISM.

In the straightforward photolysis of pure acetone vapour
the absorption of a quantum of radigtion at 31303 is
followed by the formatidn of an electronically excited
state of the acetone molecule which is unstable. To
explain the observed results in the direct photolysis
this state must dissociate, above lOOOC., to the extent
of almost 100% into radicals, which give rise to the

final products.
A + hv —— 4! rate = I | (7)
AV CH; + COCH; rate = kg(a')  (8)

In the presence of iodine, however, the state A' can be
converted into a second state which, though still excited,

has different properties from A!
A"+ I, — A" (+ 2I?) rate = kg(4")(I,) (9)

This state, A", which is identified with that sensitive

to deactivation by iodine and acetone, presumably differs

from its partner A' in being longer-lived, allowing the
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following possibilities:

A" —— CH, + COCH, Tate =k;, (A" (10)

5 3

A" + M — A + M " —kll(A")(M) (11)

In the déactiVation process, (11), M represents iodine
or acetone and, if the deactivating efficiencies are
assumed equal, then M can be equated to the total
pressure in the system in kinetic calculations,

Secondary reactionsg postulated are:

CH, + I, —— CH,I + I (1l2a)
3 | 2 3 (12)
CH3 I — CH3I (12b)
'CH300 + I, — CHBCOI + I (13a)
(13)
CH3CO. + I — CHBCOI (13b)
2I + M — I, + M (14)

Small yieids of carbon monoxide are attributed to
reaction (4) rather than to any direct dissociation of

the acetone molecules as in (2). Reactions (12) and (13)
are assumed fast enough to quench effectively other
secondary reactions of the radicals, even at low pressures
of iodine, appreciable competition coming only from (4).
Some sources (2, 4, 6,) have suggested that CO probably

arises from a small proportion of "hot" acetyl radicals,,
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formed, in the initisl dissociation, with sufficient
energy to split immediately i.e. before being caught
in the iodine "trap". Martin and Sutton, however,
extrapolated the (DCO /{DCHBI ratio to infinite acetone
pressure at 31303 and arrived& at a value of not more
than 0.0l1, and possibly zero, inferring that such hot
acetyl radicals are not essential to the process and,
in fact, are doubtful entities, A similar trend was
observed at 25378. but the results were less accurate
owing to mercury resonance troubles.

Note. "= the value of (DCH I used is that arising

3
from A' only

1

14 (k9/1c8)12

Further comments of importance ares

(1) The photolysis of acetone in the presence of added.
o, (194 mm.) caused a reduction in the value of ([)CO,
but only a very slight one (([)CO = 0.93 £ 0.03). No
other polyatomic molecules were used as potential
deactivating bodies in this series of experiments and
this information is therefore not as valuable as it
might have been in providing details of the

efficiencies of various substances in this context,



(i1)

(1ii)
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The fact that the system was so sensitive to
iodine prompted Martin and Sutton to consider
the possibility that the state A" could be g complex
of iodine and acetone ( A'I, ) rather than another
electronically excited state. Since, however,
such an assumption does not glter the relevant
kinetic treatment, no decision between the two
possibilities can be made. It is equally feasible
that the lodine molecule could have a particularly
favourable 'resonance! lével for deactivation of
A' to A",

By usual kinetic methods an equation for ¢d"

independent of the acetyl mechanism, was obtained.

o, = B0 = <I>d =

3 3 |
.. =1
k. k
1 - {1, L 1 4+ 0 (15)
kg (15) kp ) Q)

When this function was plotted against pI2 at
various acetone pressures, (after calculation of
the appropriate constants from two results at
constent acetone pressure), the resultant curves
were in reasonably close agreement with the other
experimental results obtained under Varying

conditions of pressure,
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(iv) Making reasonable assumptions regarding collision
diameters and efficiencies, the hagalf-life for
the spontaneous decomposition of A' must be
approximately 4 x 10~7 sees.

(v) Experiments on the effect of added visible light
in the acetone—ioding photolyses were not entirely.
conclusive, but showed what might have been g

significant increase in ([) when mixed light was

CHBI

employed. If the increase was due to reaction of
iodine atoms with one of the intermediates then,
to account for the magnitude of the effect, a
half-life of about 10~ secs  Or more had to be
assigned to the intermediate and might represent

a minimum lifetime of 4.

ALTERNAT IVE MECHANISM.

In postulating the above mechanism Martin and Sutton édded
the resérvation that, even though it explained the results,
it might not be unique and that other mechanisms might
reduce to the same kinetic expression, This is, indeed,
the case and a more plausible mechanism is now advanced
which does reduce to the same expression, differing only
in the significence of the reaction rate constants. |

The first scheme, already described, may be
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summgrised thusi~

I M
A + hv —m— ! — A" — A
N\
- Products

The alternative mechanism merely Interchanges the deacti-

vating functions of the iodine and acetone molecules :—

M I,
A + by —— §p' S pn =y (a),.
Products

A' —— Products
or A + hwv —— 44 M (o),
\‘ A" ——» Products

l I
a7

which is essentially a more complete statement
of the same thing,

end follows withg-

Al —s CHy CH,C0 rate = k (A')  (16)
A' 4+ M —— pn LW "= kL(anan  (17)
A" & 12——-—~ A (+ I2) n = k18(.A")(I2) (18)
A" — CHz + CH,C0 "' = kyg(am) (19)
Meking the same assumptions about secondary reactions,
: =1 -
k k 1
¢ » <b =1~ J1 + 19 1 4 16
CHBI ~ a- N —— (20)
| Eag( I ky (M)

which will be seen to be of the same form as equation (15).
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The attractive features of this mechanism are,

(a) The two states A', A", are both present initiglly
and there is no need to invoke the exceptional formsa-
tion of A" from A' by collision with iodine. This
point is important in correlating the iodine work with
the fluorescence studies reviewed later.

(b) If the reaction

A" 4+ A — A o+ A (21)
is assumed possible, but with considerably reduced
efficiency in competition with (19) as the temperature
rises, then the reduction in (I)d in the photolysis of
pure acetone at lower temperatures than 100°C. can be
reasonably explained. (This seems consistent with -
the view that A" is long-lived and, therefore,

temperature sensitive.)

FLUORESCENT STUDIES.

Sutton néted3 that his iodine mechanism was similar,

in certain respects, to the scheme advanced7 to explain
.certain fluorescent phenomena resulting from the action
of U.V. light, of 31302 wavelength, on acetone vapour.
However, more recently,,Groh, Luckey ahd Noyes8 have made

available further data on the fliorescence and in the
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light of this work g more detailed comparison of the

two fields of investigation can be made. The following
is a summary of the present position on the fluorescent
work abstracted from the investigations of Luckey and
Noyes,7 and Groh, Luckey, and Noyes;8 these being the only
accounts of major importance.

A study was made of the effect of, (a), rise in
temperature, and, (b), addition of oxygen, nitrogen and
nitric oxide, on the lifetime of the blue fluorescence
in acetone vapour irradlated with light of 31303 wave-
length, The green fluorescence was not considered
since it had been shown to be almost certainly due to

9,10

biacetyl sensitized by collision. The main

findings were as follows.

(a) The fluorescence was complex. Followiné a flash
excitation the fluorescence at room temperature
showed a rapid decay followed by a slower exponen—
tial decay. The lifetime of the shorter-lived part
was estimated at ~8 x 1070 sec., and of the longer
lived part at 2 x 107 see, at 25°C. ‘The latter
had a demonstrable: structure, |

" (b) Structure was not evident if the temperature was

raised to 120 to 150°C. or if oxygen was added in
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sufficient quantity at room temperature. Nitrogen
did not have the same effect as that of oxygen but
nitric oxide did.

(¢) The short-lived fluorescence persisted even at high
temperatures and high oxygen pressures. Thus,
quenching of the fluorescence by oxygen above 120°C.
‘was small,

(d) The guantity 1/Q, the inverse fluorescent efficiency,,
rose sharply with oxygen pressure and levelled out at
a value dependent on acetone pressure. (An increase
in acetone pressure resulted in an increase in 1/Q).

(e) The intensity of the short-lived fluorescence was
independent of the rate at which the long-lived
fluorescénce was reméved, indicating that the former

did not form the latter reversibly,

MECHANISM.

The mechanism advanced by Noyes, Luckey, and Groh in the
most recent paper8 is as follows:

X

A + hvy — 4 (22) rate = I,

2x — D (products) (23)
AY s 4 — A¥* + A (24) A* = short-lived state
A 4 A s g% o4 (25) A*#* = long-lived

fluor. state.
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Two reactions, (23) and the additional AFro,.— 2 (26),

2
are not really necessary to fit the observed facts but
must be considered as possible. If (23) is ignored
then dissociation must follow from A¥ or A*¥ to the
extent of nearly 100% above 100°C. since the fluorescent
efficiencies are smail.

The following equations are also cited as necessary

to explain the results

A¥ — A + hv#* (27) rate = ky, (4%)

A¥ + A — 24 (28) " =kyg (4%)(4)

a* (+ A) — D(+ 4) (29) " = kyg (4%)
and, for A##*,

pow — &+ hewr (30) U = kg (ane)

A¥* 4 A4 — 24 (31) " = kyy (a%*)(4)

A¥¥ 4+ 0, —= 4 + 0, (32)" = kso (a%#)(0,)
The reaction

A¥% (4 A) —— D (+ 4) (33)

is neglected since Noyes supposes the amount of A¥¥% to

be small in any case. The only evidenee for this appears
to lie in the fact that, although oxygen quenches the
fluorescence attributed to A*¥, it does not appear to

influence the quantum yield of acefone decomposition.lll
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12,1%,14

Further work on the acetone-oxygen system makes

it more doubtful whether so simple a.conclusion can be
drawn, with any certainty, in view of the fact that ¢>c
(the quantum yield of carbon atoms in all the products
of the photoxidation).rises substantially above the value
of 3 which would correspond to (I)d = 1,0. In any

event, even if this reaction is not significant from the
photochemical point of view, it is wrong to ignore its
possible influence on the fluorescence mechanism without
specific justification. In addition to the reactions

postulated another can be added,

A®* 4+ 0, — D 4 0, (34),

since there is no evidence that.the fluorescence‘disappears
by deactivation rather than by dissociation. If (34)
were, in fact, correct then the need to infer a small
concentration of A*#* would be éliminated.

A critical examination of the mechanism presented
in equations (22)=(32), in the light of the results on
which it is based, is not reassuring when agreement with
other photochemical work is sought, and, although the
various reactions may be correet, they do not present a
complete statement of the proecess as is shown below,

In the Noyes, Luckey, and Groh paper8 results and
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values of reaction constants are given which have been
abstracted from various investigations covering this
field as well as from the authors'own researches, -
notably from the work of Kaskan and Duncan.15

In particular

k = 3,4 x 10‘:5 sec-I"and from ratios

27
k28 (a) k29

— ang ——

Koq ko7

it is found that kg = 5 x 1077 com/mole sec. and

k29 =6 x 108 sec. L. (It is not clear, however, on
looking at the derivation of k27 in Kaskan and Duncen's
paper15 whether the lifetime can justifiably be
‘assigned to A% rathervthan to Ax). If these values are
assumed to bé correct, and (4A) can assume values of

6 to 6 X110’6 molq/ccm.(corresponding to pressures

1.2 x 10™
of 20 end 100 mm. respectively referred to OOC.) then it
will be seen that k28(A) and k29 are comparable and~1§rge
compared with k27 which can be ignored in considering the
photochemistry - a point already evident from a practical
knowledge of overall fluorescent efficiency. If it is
also éssumed, for the mément” that only A# contributes

significantly to the photochemistry, (which is one of

Noyes suppositions), then



22,

Koo (A*)
¢d = —2%'_ where (A*) = Ia
a k27 + kQB(A) + k29,

since o« ® 1, (where o is the fraction

transferred to A*).

Neglecting k.., A = Ia and
27 k. o(4) + k
28, 29
_ Ko _ 1
q = =
kzéﬂ)+ k29, 1+ k28(A)
. . ) - k

29

~Now, if values for the ratio k28(A) obtained from

k
_ 29
observations on the fluorescent efficiencies at 50°C.Aand :

30000., reépéctively,(are substituted in the expression

obtained it is found that

¢d o = 1 = 1 = Q. 55.
50 T +0.83 1.83
¢ . 11
dz000 = i3 = 0.77. (both at 100 mm. of acetqne)i

(Noyes quotes values of 0.7 and 0.99 réspectively without
setting out the method of calculation). The values
calculated above do not agree with photochemical
observations of ‘bd at 300°C. where theAvalue should be
1.0 and the mechanism as quoted must, therefore; be

considered deficient. It also follows from the expression
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deduced above for <I)d that (29) could not be second

order, since the term would become k28.(fA) » and (bd would
kpg(a)

be pressure independent at all temperatures which is
contrary to observation at room tehperature.l In fact

to explain the photochemical data on the basis of &
mechanism as simple as that from which the gbove
calculations were made, the rate of increase in k29 relative
to k28(A) wou}d have to be much larger than the fluorescent

data provided indicates.

ALTERNATIVE MECHANISMS.

At least two possible alternatives to the above mechanisn
are immedistely apparent which do not involve the
rejection of the above reactions, but do require rather
different assumptions. For instance, reactions (24)-(32)
may all be correct as far as the fluorescence is
concerned but dissociation mey occur via (23) to a
marked extent, Such an explanation would require small
concentrations of both A% and A** and implies that the
effect of oxygen on the fluorescence would not be
obviously associated with its effect on the photochemistry,,
since the contributions of the fluorescing states to the
latter process would be smgll. The idea is not

objectionable but has the disadvantage of making the picture



24,

more complex than does the alternative discussed below,
especially when comparison with the acetone-iodine
photolysis is made (see p.26 ). This is not, however,
sufficient reason for its rejection.

A further alternative . to be considered possible,

in addition to the other reactions presented, is
A*¥ + A T A¥% 4 ) (28a)

or A
Aw¥ which would yield the same kinetiec
expression as that obtained by considering (28a). This
would involve the same suppositions regarding the primary
process as the second of the mechanisms presented to
explain the acetone-iodine work and, therefore, possesses
certain advantages which.will be considered in the next
section of this review. It would also involve -
accepting the principle that.the concentration of A%¥*, gnd
its subsequent contribution to the photochemistry via
reaction (33%), could be quite llarge. Also if (I)d = 1.0
for the acetone-oxygen photolysis then the reaction (34)
must be incorporated into the mechanism too. Here; of
course, (I)d represents decomposition of acetone
molecules by light quanta, and not by subsequent radical

chain "abstraction" reactions. Such a mechanism would,,
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in principle, be fairly desirable since, even at
saturation oxygen pressures, the residual fluorescence
is dependent on acetone pressure. This could be
explained by (28a) in that the acetone pressure would
determine the amount of A%¥ formed at the expense of A%
for subsequent deactivation by the oxygen. If (28a)
were assumed irreversible Noyes observation on the mode
of formation of A%* would not then be violated, More-
over, since two gases with similar magnetic properties,
(02 and NO), both quench the fluorescence, whereas
nitrogen does not, it is not unressonable to suppose that
A*¥* mgy be a triplet state and that the intgraction of
this state with a paramagnetic molecule might result in
decomposition according to (34) rather than simple
deactivation (32). 4 question which is not immediately
answered by any of these mechanisms is the mode of
quenching by merely raising the temperature, unless the
relative values of the rate constants alter rapidly to
favour (29) ‘instead of (28a)or, alternatively, (33) or
(31) instead of (30). | |

Once a reaction like (28a) is introduced into the
mechanism, however, the kinetics of the process do not

involve two well-defined separate treatments for A%
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and A*;* respectively. Instead the expression for d)d,,
for instance, becomes quite complex, involving all the
rate constants for reactions determining the fates of

A* and A*#, and more than one term containing the
acetone concentreation. It is of the right form but

it is virtually impossible to derive from it, in
conjunction with the available experimental data, values
of the important quantities required for testing the |
accuracy of the mechanism (as Noyes was sble to do using
the simpler, incorrect, mechanism which allowed indepen-

dent conslderation of A% and A%*),

COMPARISON OF ACETONE-IODINE AND FLUORESGENT STUDIES.

It would appear logical, at this point, to consider the
photochemistry of acetone-oxygen mixtures and its relation
to the fluorescent work with oxygen, especially with
a view to extending the conclusions which can be drawn
from the two regarding the nature of the primary process,
Unfortunately the photochemistry is complex and the
picture of it presented by recent inveast:i.gationsll-14 is

‘incomplete in several respects and, confused to g
certain extent, More important, no reliable conclusionsg
can yet be drawn from this work regarding the primary

process itself, At this juncture, therefore, much is to
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be gained by first comparing the information from the
fluorescence and iodine studies and postponing the
oxygen discussion, which is still essential in providing
a background to the work envisaged, till later..

The studies of both Martin and Sutton,3 with iodine,
and Noyes et al.,7’8 on fluorescence, require the
postulatién, for their explanation, of at least two
intermediate excited states of the acetone molecule,

Each mechanism also requires that one state be long-
lived and one short-lived and the lifetimes advanced

in eaéh case, for these modifications, are remarkgbly
similar, The possibility arises that A' of Shtton%r
mechanism and 4* in the fluorescent work are the same
and, likewise, that A" is the same as A%*, Tnis implies,,
in fact, that the results from both investigationé can be
explained on the basis of two states only. To prove
such a point it would be necessary to predict, from the
evidence outlined above, what the effect of such a
coincidenee would be on a complex photolysis involving
mixtures of acetone, iodine, and oxygen and to see to
what extent it was followed in practice, This would not
be easy because the necessary background knowledge to such

a course of actlon is not well enough defined, Results

from both the iodine ang fluorescence studies are ambiguous,
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the former by virtue of two possible reaction mechanisms
each of which is satisfactory in explaining the observed
kinetics, and the latter because the mechanism previously
proposed is considered deficient and there is insufficient
evidence to confirm either of the two proposed,.in its
place, in this account. The uncertainty could probably
be considérably reduced if the acetone-oxygen photo-
chemistry were better understood.

In spite of the equivocal nature of arguments which
may be advanced at this stage, it is interesting.to
consider the major possibilities. The alternative
mechanism proposed for the acetone-iodine photolysis seems
the more plausible, as is the second alternative
proposed for the fluorescence, and it is interesting that
the initiai processes are almost identical, If, in fact,
A' and A% (and A" and A**) are the same, the key |
equations (17) and (28a) are the same for both mechanisms,
end ,in addition, could probably form a basis for the
explanation of the phenomena observed in the straight-
forward photolysils of acetone, as has been already
suggested. Such an approach would involve accepting
the existence of comparable concentrations of A' (4%)
end A" (A%#), A" (A*%*) would have the following

properties,
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(a) 1t would be susceptible to deactivation by acetone
at low temperatures, this effect becoming negligible
at about 100°C. to explain the primary yield of unity
at‘this'temperature in the direct photolysis.

(by it would be susceptible to deactivation by iodine
at all temperatures studied but, again, with decreasing,
efficienc& as the temperature rises.

(¢) 1its response to oxygen, on present limited evidence
that (Dd = 1.0 in the presence of oxygen above 120:°b. »

would appear to be a dissociation (34),

From (b) and (c) it becomes apparent that, if the
efficiencies for reaction of the long-lived state of
acetone with iodine and oxygen are comparable, then the
addition of iodine to an acetone-oxygen phétolysis should
result in deactivation and a fall in ¢ g+ Similarly,
the addition of oxygen to an acetone-~iodine photolysis
should, from (c), result in an increase in <Dd' If point
(¢) is incorrect, however, then it is possible that this
would not be observed and, in fact, that oxygen itself
might further enhance the deactivatibn process,
| The arguments adVanced above are merely those which

appear most probable from whgt is already known. It

must be pointed out that they do not represent the only
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point of view to be considered. The process might be
complicated rather than simple and it is not impossible
that the scheme may be of the following form,
: D (products)
A+ hv —— X527 aw 0
J’I\‘A*#—-—-Q-’ ]
2

an Ay 4.

which is essentially a combination of the original iodine
mechanism and the first alternative fluorescent mechanism,
in which the amounts of A% and 4%#% are supposed small and
dissociation follows directly from A* (now identified with
A'). Such a hypothesis renders it impossible to predict
(for experimentagl verification) the effect of oxygen, which
guenches A%*, on A" or, altérnatively, the function which
oxygen might fulfil if added to an acetone-i@dine photolysis..
The reaction scheme is also undesirsble in that it does not
allow such a ready explanation of the direct’photolysi&:
studies if A" is not formed by acetone deactivation of ',
but only by the action of iodine.

The above suggestions are merely the outcome of g
great deal of speculation, but they do indicate that an
investigation of the charscteristics of acetone-iodine~
oxygen photolyses would he worthwhile and might, possibly,
provide a more definite experimental bagsis for adopting

one or other of the mechanisms put forward,
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II(b) THE PHOTO=-OXIDATION OF ACETONE

Before a useful study of the photochemistry of acetone-
iédine—oxygen mixtures can be made it is necessary to

havé a good working knowledge of the two contributing
systems, acetone-iodine and acetone-oxygen. The former
has been discussed. It remains, therefore, to consider
the position regarding the latter, and whether useful
informatioh can be added to it by further experimentation.
This 1s also important from the point of view of correla-
ting the photochemical and fluorescent phenomens if they
are,.indeed, related.

Since 1951, a sucéession of paper:sll-14 has appeared,
each of which has shed further light on the acetone photo~
oxidation and, at the same time, invalidated some of the
conclusions previously drawn. They have not, however,
been compared to obtain meximum informetion. In 1951,
Noyes and Marcotte published the firstll of two papers
on this subject and suggested that the mechsnism of the
photo-oxidation was very simple at temperatures above 120°C.
and up to 200°¢. The experimental details on which the

mechanism was based were, brieflyi-

(a) No ethane was formed even at oxygen pressures as low

as 0,01 mm,
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(b) Methane was formed only at low oxygen pressures, the
oxygen pressure required to prevent its formation
rising with increase in temperature.
(c) the quantum yield of oxygen consumption was ~ 4.0
‘and varied remarkably little with experimental conditions,
(a) (1)00 was a function of oxygen pressure, passing through
a maximum of ~ 3.0, This maximum was determined by
inference since, at the 1owe‘st oxygen pressure used,
the value was still rising. A4t high oxygen pressures
it could fall below unity.

(e)l ([)CO2 varied such that QCO + (DCO2=.- 3.0.

With CO and CO2 apparently the only pfodue;ts, and the
total quantum yield almost constant at 3.0, the results
seemed very straighforward and consistent with the idesa
that <1>d,, the primary quantum yield of acetone decomposi-
tion, was unity asnd thet subsequent radical reactions gave
rise to three molecules of products, each with a single
carbon atom, The fact that, at low O0Xygen pressures,
CDCO + CO2 + ¢CH4> 3.0 proved no stumbling block to
such an interpretation since the proposed mechanism allowed

the probeble sppearance of a molecule of carbon monoxide

as a consequence of the formation of g molecule of methane,
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uantum
MECHANISM PROPOSED. Yield
CHsCOCH; + hv — CH; + COCH; ( 1) )
CH5CO — CH; + CO (4) x
CH,CO + O, —— €0, + (CHz0) (35) (1-=)d
CHy + CHsCOCH, —— CH, + CH,COCH; (36) A (| +)P
CH,COCH, + O, —— CH,COOH + HCO (37) A(|+«=)®
HCO | — H 4+ CO (38) ¥(|+0)d
CH; + 0, — HCO + H,0 (39) (1 -8)(1 +=<)
HCO + 0, — CO, + OH (40) (I =¥ )(1 +e)d
H + 0, — 1o, (41)  ¥(1 +e<)P

The fates of OH,, H02, and CH3O were not specified, Kinetie

treatment of the results indicsted that

E(36) - E(39)

9.6 £ 0.5 Kcal.

Since E(36) - 3E(42) = 9.7 Kcal.l6,
where CH3 + CH3 —> CH, (42),
then E(39) - 2E(42) ~ O (both probably small).,

Also the steric factor pzg, (by comparison with p36/p42% 16)

2

must be as low as 2 x 10~%..

Small reservations were made in this paper,ll namely
that the quantum yields at very high oxygen pPressures,,
or at temperatures as low as 12000., were not entirely
satisfactory but these points were ignored in the

discussion. This was most unfortunsate because an extension
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of the range of the results, which was subsequently made
and presented in g second paper,l2 showed that, although
points (a), (b) and (c) were true, the conditions outlined
in (d) and (e) were only fulfilled. under idealigzed
conditions, at high tempefature (ZOOQb.) and medium oxygen
Pressures. Presumably the first investigations were
centred mainly in this ideal range and presented g

falsely simple picture of the results. The new investiga-
tions produced the following amendments to the results

already stated:-

(f) ¢h0‘ + ¢b0 does not always approximate to 3.0..
- 2
Above 225°C. it may be more, making reasonsble assess—

ments from graphs presented by the authors, (approx.

3.5 at 225%. at 1.2 mn. oxygen pressure), and, at

lower temperatures, the value of 3.0 is certainly not
realised at high oxygen pressures. In fact, at .12000. .
150%c., and 175%., q’eo shows a meximum when plotted
against oxygen pressure.2 To the high pressure side of
this maximum both CO and 002 yields are falling together

end a relationship of the type & K.

+ ¢ R =
co 002

1s therefore impossible.
(g) ¢Co;—-—’ 3.0 at very low pressures at gll temperatures

but must, of course, pass through a maximum since
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<p00 = 1.0 at zero oxygen pressure., At high
oxygen pressures (i.e. up to 2 mm.) it tends to a
limit which depends on the temperature (120°¢, —
0.3 approx. and 200°C. — 1.0 approx.).
(h) ¢002’ in the low pressure range, rises as QCO
falls but eventually achieves a maximum gt a pressurg
dependent on the temperature. AT 20000., however,
even at 2.4 mm. of oxygen, this maximum has still not
been achieved, although the carbon dioxide quantum
yield is levelling out. After the maximum the
yield Talls and eventually levels out as for ‘bCO? (at
120%. ®,, — 0.8 approx., 200°%. — 2.0 epprox.)
(1) ¢CH x_nay2be quite significant. .4t 120°C., at
50 micion-‘s pressure of oxygen, (])CH = 0 but at 10
microns = 0.45. At 17500., @ = 0 at 130 microns

. CHy
but at 30 microns = 0.85. a4t 200°C. it is t111
appreciable (0.2) at pressures in excess of 200 microns,
of oxygen.
To .account for the observed results Noyes and Marcotte
considered that only one equation in the mechanism already

proposed needed alteration., This was equation (35)

which became

CHBCO + 0, — ? (nelther CO nor 002) (35a)
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This reaction, in competition with (4) and subsequent
methyl radical reactions, was held to account for

simultaneous reductions in both CO and CO yields with

2
rising oxygen pressure beyond the CO2 maximum, A
further alteration was also included. The reaction
(35a) was thought to consume iwo molecules of oxygen since
the oxygen consumption then alters from (3 +o<)(b to
4$ (i.e. becomes: «< independent which is essential to
explain the non-variance of the oxygen consumption). The
products of reaction (35a), which must be major products,
were not identified. A consequence of this regction is
that all the CO, must arise from reaction (40), and,
originally, from methyls.,
Further points which were made about the photochemistry,
which should be noted ares
(1) At low préssures of oxygen q)CO —* 3,0 and CPCOE —* 0.
It, therefore, seemed reasonable to infer that the
acetyl radical, in this range, dissociates according
to equation (4) to the extent of almost 100% and that
each CHB radical produced in the resctions (1) and (4)
gives 1 molecule of carbon monoxide. This suggests,
at first sight, that c[;d = 1.0 and that oxygen does not
interfere with the primary decomposition, as iodine

does,
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(ii) it was considered significant, in support of the
above statement, that at 12000., where the primary
quantum yield in fhe direct photolysis is unity, the
effect of oxygen on the fluorescence is small.

(iii) Radical reactions ineluded, as speculations on the
mechenisms of reactions (35), (37), (39), and (40),

- were of the typeéz
R + 0 — RO, (43)

2
RO + R' ——+ ROSR! (44) (less likely)
Roi + R'H —— ROQH + R' (45) (would require
large activation energy
..improbable),
(i#) Reacfions of OH and HOQ; although unspecified, could
not lead to hydrogen abstraction as this would lead

to chains via reaction (37).
HOARE'S INVESTIGATIONS.

The position, at this stage, was still relaiively simple,
although the unspecified course of (35a) was unsatisfactory..
However,'in 1953, HOare13 reported the results of studies

on acetone photo-oxidation and, also, of photolyses of
acetone-oxygen-formaeldehyde mixtures., His analytical

techniques included the use of the mass spectrometer and
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he identified by this means,'as products in the acetone-
oxygen photolyses, carbon monoxide, carbon dioxide,
methane, formaldehyde, gcetaldehyde, acetic acid, methanol,
water, and perhaps a little methyl formate. No formie
acid was reported and the actual importance of these
products was not elaborated on except in the case of
formaldehyde. In gddition to obtaining carbon
monoxide and dioxide yields, (between 120°C. and 20000.),
in substantial agreement with those of Noyes and Marcotte,
Hoare claimed that formaldehyde was formed in quantities
approaching, or exceeding unit quentum yield. This
immediately cast doubts on the merits of the argument
advanced in subséction (1) above, but, in the gbsence of
actual values for the formaldehyde yields at low oxygen
pressures, did not provide evidence for rejecting it.
The method of analyzing for formaldehyde was not entirely
satisfactory owing to loss in cold trapé and some contaminge-
tion with 002. Acetaldehyde was cited as an impurity
in the formaldehyde - a point not borne out in later work.
Hoare's work, however, was primarily directed towards
deciding whether or not, the formyl radical (HCO) could,
in fact, be an intermediate in the photo-oxidation and to
this end he photolysed acetone-oxygen, acetdne-formaldehyde,

formaldehyde-oxygen and, finally, acetone-oxygen-formaldehyde
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mixtures, His results were somewhat complex and

partly obscured by the fact that formaldehyde, too,

is sensitive to ultra-violet photodecomposition. However,
if Noyes and Marcotte's mechanism is expanded slightly,

as follbwss

CH; + 0, — X (39a) (in one or more steps)
X + 02 —— 002 (40&) (n " " ] " )
X — co (38&) (» " " " " )

then Hoare was able to state with some confidence that X
is not HCO in (40a). This decision was arrived at

by comparing the ratio COz/CO, in the presence of oxygen,
for both formaldehyde and acetone. The variation of

this quantity with oxygen pressure did not show any simil-
arity in the two cases, yet in the formaldehyde

photolysis the formyl redical is almost certainly an

7.1
intermediatelT’ 8

in the formation of the CO and 002.

It is important at this stage that too much should
not be inferred from this evidence. The fact that the
formyl radical does not resct markedly with oxygen to
produce carbon dioxide does not mean that X cannot be
formyl in (39a). It may be that (40a) should be
amended to

Y + 02 — CO2 (401b)

i.es X and Y are different specles altogether ang (38)
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end (40) are not competitive for the seme radical. 4
point which is significant in support of this is that
other sources of methyl radicals, when photolysed with
oxygen, gave C0,/CO ratios which were nearly independent
of oxygen pressure.19 A further point of great
importance is that when formaldehyde was added to an
acetone-oxygén photolysis, so that the formaldehyde
was considerably in excess of the oxygen (say tenfold),,
the quantum yield of oxygen consumption was reduced to
2.0 and the 002 yield to very low values. (at 120°¢. this
was certainly true but at 200°C., although similar effects
ware obtained, the results were less valuable becguse of
the greater corrections necessary to-.allow for
formaldehyde photoxidation and some chain oxidation of
the acetone). Purthermore, as the CO2 yield dfOpped with
increasing formaldehyde concentration (relative to oxygen),,
the carbon monoxide yield rose to unity. This effect
was considered to be due to g competition between

CH,CO + O

3 2

and CH300 + CH2O — CHBCHO + HCO (46).

— 7 - (35a)

Reaction (46) had already been proposed to explain results
in the photolysis of acetone-formaldehyde mixtures. Since
this result (increase in CO) was ohserved to occur with

a simultaneous decrease in the yield of COs it seems



4‘1o

reasonable to suggest that the original equation (35)
does represent the fate of the acetyl radical rather
than (35a). If the course of (35) is complex, involving
2 molecules of oxygen, as suggested by Noyes for (35s),
then reaction (46) would explain the fall in oxygen

consumption to 2.0 from 4.0,

CHRISTIE'S INVESTIGATION,

Foliowing Hoare's work a rurther paper appcaredl4 setving;
out the results of wprk done on the photoxidation of
acetone by Christie under the auspices of Professor
Noyes. The work presented two interesting innovations,.
the determination of formaldehyde colorimetrically, by
two methods, and the photolysis of acetone lagbelled in

the 1.3 positions with radiocarbon (14cH COl4CH3).

4

The following is a summary of the results obtaineds-

(a) At 120%., CDCHzO increased with increasing oxygen
pressure from 1.6 at 17 microns of oxygen to 2.3 at
262 microns and then decreased to 1.2 at 2240 microns.
These figures checked to within 4 0.1 - 0.2 of those
obtained by the second colorimetric method. Virtually
no acetaldehyde was reported.

(v) at 175%., (I)CH o 1lncreased from 1.0 at 20 micfons

2
to 2.5 at 400 microns O2 and then decreased to 1.6

~at about 5000 microns (2.0 at 22%0). TLittle
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acetaldehyde was reported except at the lowest pressure
of 20 microns, where the yield was 0.3.
(¢) Runs with radioactive acetone were held to show
that (i) 4All, or most, of the CO, came from the
end carbons
(11) an acid, assumed to be acetic was estimated
by condensing products not volatile at - 100°C.
into Ba(OH)2 and removing acetone by ignition
at 45000. The quantum yield of this acid
was at least unity, The reservation was
made that these results were uncertain since
an unidentified impurity in the labelled
acetone caused CO2 yields obtained with the
- radioactive material to be higher than those
from pure acetone. No tables of results

from these experiments were included.
ALTERNATIVE MECHANISM.

The mechanism was now amended to the following:

. Yield
CH;COCH; + hv —  CHz + COCH, (1) b
CH,CO ——  CH; + CO (4) LX)
CH;CO + 0, —— YY (35a) (1 -e)d
CHj + CH,COCH; ——s CH, + CH,COCH,  (36) BCI + o)
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CH, + o2 + CH,COCH, — CH,0 + H,0 + CH COCH3 (47)

’ > i TIPSR,
CH,COCH, + 0, —* XX (48) (1 +e)d
| XX —— HCO + CH,COOH (49) §(| + )@
HCO + O, — CO + HO, (50)  ¥(1 +)P
1o, — B0 +%0, (51 ¥ +«)d

XX + 0, — CO, + OH + CHBCOOH (52)
(1 =-001+)d
OH — B0 +30, (53) (1 =¥ +=)]

(51), and (53), were merely speculations based on the
fact that no peroxides were detected. With appropriate
limiting values of &, 8 , and § , the above mechanism
gave an apparently satisfactory explanation of the maxima
and minima observed in quantum yields of CO, 002, and
CH,. The reaction (47) was thought to be a complex one

and the following steps were proposed as most likely

CHy; + 0, — CH0 + OH (472)
OH + CH,COCH, —— H,0 + CH,COCH, (470)

or alternagtively,,

CH; + 0, > CH0, (47¢)
CHyO, + CHzCOCH, ——» CHj0,H + CH,COCH, (474)
CH50,H - CHQO‘ + HO (47e)
(47a) has been proposed many times before O 28 4 g
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likely reaction but (47d4) may have some foundation
since methyl hydroperoxide has been isolated in the

23 at low

mercury photosensitized methane oxidation
temperatures. A suggestion that XX might be methyl
glyoxal (+ OH) was made on the basis of another suggestion
that it 1s an intermediate in the oxidation of
acetonyl in the liquid acetone-oxygen system.24 No
reaction was postulated to explain satisfactorily the fate
0of the acetyl radical. |

The following criticism is offered of the above
mechanism, If the primary equation (1) is realised
in unit quantum yield and e<= l.Q, as is probable af
very low oxygen pressures, then ¢CO + CDCOZ should be
equal to three, (or less if the various radical resctions
leading to their formation were inefficient), ¢CH o *

2
CbCH should have a meximum value of 2.0 and ¢CH

4 3COOH
should be equal to about 2.0. It seems significant,
therefore, that Hoare did not mention acetic acid as a
major product, along with formaldehyde, unless he did
hot follow up his mass spectrometric detection of the
‘acid with quantitative analyses. Moreover, the

formedehyde quantum yield, in Christie's results, showed:

a maximum of ~2.5 at both 120° and 175°C. This would
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seem impossible on the basis of the above mechanism unless
the acetyl radical, not previously-considered in this
respect, were capable of producing more than one

molecule of formaldehyde by reaction with oxygen. The
ignorance existing regarding the course of (35a) is

rather unsatisfactory, and, in the absence of a complete
analytical scheme which would allow all the products

to be determined, speculation is of relatively little
value, | However, it is strange that the known major
products of the reaction have been explained away on

the basis of methyl radical reactions only. .As long

as & = 1.0 this is reasonable but at higher oxygen
pressures, where acetyl radicals would be expected to
react with oxygen, either acetyl radicals give one or

more of the products aiready mentioned, or some other
product is still to be identified. Another peculiagr
feature of the results presented is that above about 0.3 mm,
of oxygen at 120°C., and 0.9 mm. at 175°C., all three
quahtum yields (coO, 002, CH20) appear to be falling
together. Is this the result of an oversll deactivation
or is it a consequence of a reaction of the acetyl radical
to give en unidentified product? Before a mechaﬁism

can be written with more confidence these are points
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PHOTO-OXIDATION AT ROOM TEMPERATURE.

At this point it should also be recalled that no
mechanism has been proposed to explain the acetone-
oxygen photolysis at room temperature. The results,
obtained by Noyes and Marcotte,ll in their first series

of investigations,were, briefly, as followsi-

46.

(a) No methane or ethane were formed at all above 0.02 mm..

0, (the lowest pressure studied).

(v) @ co Wes lower in the presence then in the absence
of oxyéen but was almost constant as the oxygen
pressure varied.

(¢) The carbon dioxide yield was greater than that of
¢.,-

(a) ¢O was less than unity and approximately constant
and i121dependent of oxygen pressure.

However, these statements represent an over-simplifica-

tion of the results obtained. The four sets of values

presented varied in a peculiar manner, 4s the oxygen
pressure varied through 20.4, 50.4, 123 and 245 microns,
at constent acetone pressure,

@, = 0.044, 0.048, 0.040, 0,032

¢002 = 0.20, 0.18, 0.26, 0.16,
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and <b02 = 0.56, 0.48, 0.58, 0.40.
Calculations from these results ofexin equation (4)
gave negative values, if the mechanism already cited
for higher températures was held to apply at 25°C. In
Noyes origingl paperll the CO2 yield was thoughtto arise
from acetyl radicals by reaction with oxygen, a point
of view later abandoned. It is interesting, however,
that, by making further reasonable assumptions, Noyes
and Marcotte were, then, able to explain the results
of fhe process at 25°C. with a fair degree of accuracy.
If it is assumed that all the CO arises from acetyl
dissociation at this temperature, and that all the.CO2
does arise from (35) rather than (40 ), then |
(bd = ¢CO‘ + QCO"' ~ 0.24 which is remarkably near:
° to the accepted value for
this temperature and
pressure in the photolysis
of pure acetone.l
Also, the number of.methyls = 2C0 + 002.= 0.28 and, if each
methyl and acetyl consumes one oxygen molecule, then
<[>02 =0.28 + 0.20 = 0.48 which is in the range of

values found, Reactions advanced to explain the fate of

the methyl radical at this temperature were taken from
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previous work, and were remarkable in anticipating some

of the later high-temperature findings:

cH3 +0, — CHO + OH (47a), suggested by
20

' Bates and Spence,

and CEE‘BO? + CH, — CH3OH + CH,0 (54), suggested

by Blaedel, Ogg, and Leighton.25

The latter, however, would require two methyls to one
okygen which is not strictly compatible with the results
on the basis of the assumptions made.

The significant point arising from this work, in
relation to the high temperature work, is that, at a
'low température, where the acetyl radical is known to_be
more stable, the 002 yiela is considerably in excess
of the CO yield, This, coupled wiﬁh Hoare's observation
that the 002 yield in the photoxidation falls under
conditions where the acetyl radical is removed by
formaldehyde rather then oxygen, suggests guite strongly
that CO2 is, in fact, formed from acetyl radicals to a
marked extent, even though Christie's work with
radioactive acetone seems to contradict this.

In conclusion, it may be said that, althouwgh several
uncertainties exist in the interpretation of results at

all temperatures, (aad in: the preceding discussion no
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inference has been made from the photoxidation fegard-
ing the primery process for that reason), the evidence
points to the fact that, even though Qacetone
decomposition is greater than 1.0 at high temperatures,
the actual decomposition by light quanta, as opposed
to radical chains, is still unity in the Presence of

Oxygen.
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III  AIMS OF THE PRESENT INVESTIGATION.

When the present work was stérted the aims in view
seemed reasonagbly simple, since only one acetone-=iodine
mechanism had been put forward, and only two papersll’12
had appeared regarding the oxygen-acetone photochemistry.
The eppearance of results of additional oxygen-acetone
studies and the realization of a second, equally valid,,
acetone-iodine mechenism caused eppreciable changes.
However, one of the original intentions was to photolyse
1.3.140-1abelled acetone in the presence of oxygen to
establish the actual sites in the molecule from which

the products, carbon monoxide and dioxide, arose.
Consequently, when Christie's work was published, results
in,this direction were already avallable and in direct
opposition to the trend reported. In view of the
uncertainties regarding the purity of the labelled

acetone used in Christie's experiments, it was decided

to proceed further with this work, and more so, since

a private communication26 of results from studies on the
photoxidation with 180 indicated that Christie's conclusions
were wronge.

The following, then,represent the modified gims of

the work which is described in the subsequent chapters of
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this thesis.

1.

2o

To extend the investigations of the acetone-iodine

system. It was realised that acetone-oxygen~-iodine
photolyses might be expedient under conditions of
acetone and iodine pressures, and temperatures, not
previously studied. In such cases the relevant
acetone-~iodine result would be essential for comparison
with the more complex case to ascertain the effect of

added oxygen.

To photolyse gcetone-oxygen mixtures using acetone

labelled in the 1.3 carbons with 140 as described
above, (this to enable the determination of the
Proportions of CQO and 002 arising from the methyl and
carbonyl groups, and, thereby, to provide more

valuable information than was hitherto available), It
was also intended to attempt analyses for acetic acid.
The formaldehyde results quoted by Christie were felt
to be reliable since they were determined with

unlabelled acetone and double checked.

To photolyse acetone-oxygen-iodine mixtures in an attempt

to solve some of the problems posed in the comparison of

the iodine and fluorescent work,
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To collect the information 80 obtsined and to

use it, in conjunction with that already presented,
to clarify the conception of the primary process

in the U.V. photolysis of acetone at 31303.

52.



IV  EXPERIMENT AL TECHNIQUES
(1) FILLING THE REACTION VESSEL

The filling system adopted was essenatially that

described by Sutton3

but with several modifications
peculiar to the requirements of the present investiga-
tions. These modifications are described below,

followed by an account of the filling procedure.

131

(a) Source of Iodine. Sutton, in his work,used I

as tracer to follow the reactions of the radicals,
from acetone, with iodine. This provided him with
a convenient method of producing ioqihe sources of
known strength for his photolyses.

The radioéctive iodide, supplied as KI, was
diluted with carrier KI and the iodine precipitated

as palladous iodide with slightly acid palladous

53,

chloride. The palladous iodide formed was then de-.

composed to elementary iddine, under vacuum

conditions, and the iodine condensed in a long

capillary, which was subsequently sealed off and sub-

divided into shorter lengths.. The strength of each
iodine capillary was then determined by counting in
a standard position relative to an end window

B counter end, finally, by breaking one or two
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capillaries under potassium iodide and titrating
them with thiosulphate, the relationship between counte
ing strength and iodine content was established.

The first iodine sources for the present work were
prepared in this way, but some time before they were
needed, to allow the iodine activit& té decay to a
negligible level. In the preparation of the capillaries,
however, it was observed, in assessing the total
counts for the capillaries prepared, that the iodine
obtained by the precipitation énd vacuaum decomposition
procedure gmounted to at léast 95% of the carrier iodide
added, initislly, to the active sample.  During
sublimation of the iodine the capillary was kept open
to the pumps to prevent clogging, some loss of iodine
almost certainly occurring, and, in reality, a figure
for iodine recovery greater than 95% should be quoted.
The inference from this result is that palladous iodide
can be decomposed ﬁnder vacuum conditions to‘give up
all of its iodine and, .therefore, if the palladous
iodide used is weighed, its iodine "strength" ig
immediately known without further determinations. The
molecular weight of palladous iodide is élso quite

high and emounts equivalent to fairly low iodine
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pressures in the reaction vessel considered for this
work, could be weighed fairly accurately (0.5 mm. I2
at 120°C. = .0050 gm. PdI,).

.This method of preparing iodine sources was
adopted since it has two immediate advantages. It
obviates the need for radioactive iodine, which
constitutes an unnecessarily expensive method of
preparation, and also permits accurate reproduction of
the same iodine preésure, if required. Suttbn's
method was less commendable in this latter respect
since it was somewhat difficult to subdivide a long
capillary into sources of equal strength with rough
counting measurements as the only guide.

For trial experiments on acetone and iodine the
palladous iodide was merely weighed into a short glass
tube, which was attached to the filling apparatus directly
at some convenient point. This was heated when
required, the iodine liberated being condensed in the
reaction vessel ¢195°C.) These trial experiments did
not, however, yield reproducible results for runs in
which the conditions of temperature, pressures of
reactauits, evc. were the same, Since it was necessary
to include a porous plﬁg above the palladous iodide,

to retain flying palladium flakes liberated in the
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reaction, it was thought that the nature of the plug
employed might be responsible., The first material
used for this purpose was glass wool, which could hgve
contained air and presented the possibility of
liveration of indeterminable amounts of permanent gases
during the heating process. Substituti§n.of a
platinum plug in a constriction did not alleviate
the problem however and a red deposit of mercuric
iodide was observed on heating the palladous iodide in
both cases. It was difficult to see how this arose since
the equilibrium pressure (vapour pressure) of mercury .
in the system at roomvtemperature represented an
infinitesimgl amount of mercury and, before decomposition,,
the mercury reservoirs were sealed off from the
palladous iodide.

The following added precautions were then taken.
A trap was inserted between the iodide and the mercury
reservoirs in the system. Acetone was condensed into
this, after measurement, and distilled into the
reaﬁtion vessel at -60°C., thus eliminating the
possibility of distillation of mercury into the
eventual iodine containing part of the assembly during

this procedure, These precautions did not, however,

stop the formation of appreciable amounts of mercuric
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iodide and the consequent indeterminate depletion

of available iodine. If two days elapsed between
preparation of the apparatus and actual operation, as
at week-ends, the mercuric iodide formation was
particularly heavy and in one case amounted to 0.116 gm.
of H'gI2 from a palladous iodide source of 0.238 gm. -
a quite considerable loss. The evidence pointed
conclusively, after this finding, to the fact that
palladous iodide, left in an atmosphere ssaturated with
mercury vapour et room temperature, reaéfed with the
mercury present to give either mercuric iodide or g
palladium - mercury iodide complex which decompo sed
preferentially into mercuric iodide on heating. The
obvious solution to this problem was to pre-decompose'
the iodide into a container which could be sealed off
but with provision made for breaking later to liberate
the iedine when needed. The apparatus used suffered |
various minor alterations in the course of the work

and finally assumed the form illustrated in Pig. 1.

Procedure in Preparing a Source

The apparatus was pumped down to sticking vacuum
with liquid nitrogen around the trap U. This

prevented contamination of the palladous iodide (in 4)
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with mercury from the McLeod gauge attached to the
main vacuum line. When a sticking vacuum had been
obtained the constriction,cp was sealed off, isolating
the iodide decomposition section from the rest of the
apparatus, including mercury reseFvoirs. The iodide
in A was then decomposed at g temperature just below
the softening point of the glass and the iodine
condensed in B, moblle palladium flakes being retained
by a coarée sinter S. 02 was then sealed gnd drawn
off, and the tube B, (sealed at its upper end by a
weak glass septum), removed to the filling apparatus
where 1t was attached by glassblowing. 4 tube of

the form of B was pref erred to. a capillary since it was
less fragile in general construction and much more

easily filled with the regquired amount of iodine,

(b) Source of Oxygen. Noyes and his collabbrators,7’8'll’12

working on acetone-oxygen mixtures only, i.e. without.
iodine, produced their oxygen in 8ross quantities from
potassium permanganate and purified it by passage
through liquid nitrogen. It was introduced into the
reaction system, from a calibrated tube, by means of g
permanently attached T8epler pump which could also be

used to replenish oxygen at low pressures where the

danger of depletion was greatest. This method could
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not be adapted to the present work on account of the
presence of iodine, which precluded the use of a
mercury containing pump. In this-case it was necessary
to introduce a fixed amount of oxygen during the
filling procedure and to avoid low pressures where
possible. Since the most interesting part of the
problem was centred in the high-medium oxygen pressure
range this did not constitute a serious limitation

of the usefulness of the technique for its immediste
purpose. Methods were therefore investigated for
introducing oxygen to the reaction system by heating
sultable s0lid materials.

(i) DPotassium Permangsnate. To introduce the small

quantities of oxygen required it was decidéd to
evaporate dilute solutions of oxidizing agents and
to decompose the residues. (1 mg. of KMnO4 was
equivalent to epproximately 0.l mm. pressure of
oxygen in the reaction vessel at 120°C.). Potassium
permanganate was tried for this purpose but gave

most unsatisfactory and inconsistent oxygen yields,
probably due to thé instability of dilute solutions
of fhis materigl, especially under the small
compressed éir jet used to facilitate evaporation

of solvent.



(ii) Potassium Chlorate seemed stable under the

evaporation prbeedure employed but its subsequent
decomposition, without catalyst, left much to be
desired. In the presence of manganese dioxide as
catalyst it is reputed27 to‘give up all of its
available oxygen. However, decomposition, under
vacuum conditions, of chlorate-manganese dioxide
mixture, yielded more than the theoretical smount of
oxygen. Investigation of the dissociation pressure of
oxygen over manganese dioxide showed that it was as
high as 0.03 atmospheres at 372°C.°° and, under the
conditions obtaining, it would decompose, in contrast

to its behaviour when the oxygen pressure over the

mixture is greater than the dissociation pressure.

(iii) Potassium Chlorate 4 Ferric Oxide., Other

catalysts mentioned by Mellor as being active in
promoting the decomposition of potassium chlorate
included ferric oxide, which seemed eminently suitable
for the present purpose, the reaction starting at
110%C. and ferric oxide having a dissocigtion

pressure as low as 0.0066 atmospheres at 1100°C.
Measured volumes ( ~ 1 ml.) of dilute potassium

chlorate solutions were evaporated in an oven, at
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about 1000C., with a stream bf compressed air
continuously removing water vapour about two inchés
above the liquid surface, Without the air stream
the process was very slow, since the solution was
contained in a thimble of pyrex glass up to 10 cm..
long and 1 cm. in diameter. The residual chlorate,
which adhered reasonably well to the pyrex after
evaporation of the solution, was dusted with ferric
oxide catalyst, sealed onto the necessary gas
measuring assembly, and heated to just below the
softening point of the glass to liberate oxygen.

The oxygen liberated was collected and measured after
‘passage through a trap at the temperature of liquid
nitrogen. Consistent yields, proportional to the
amount of chlorate taken and independent of the

amount of catalyst, were obtained but, within the
2
3

experimental error, only 66T % of the theoreticall

oxygen was obtained

i.e. KCl0, — O, + 7 (55)

as opposed to the expected

21&(:103 — 2KCl + 30, (55a)

Some idea of the reason for this departure from the
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normal decomposition was provided by the appearance,
in the liquid nitrogen trap, of a yellow ring which
guickly dispersed on warming up the trap. This

could have been chlorine, or g chlorine oxide, It
is a well-known fgct that KClO3 - MnO2 mixtures,
after decomposition under normal atmospheric
conditions, are altered physicelly and contain traces
of KMnO4. This points to some intermediate formation
and it is conceivable that under vacuum conditions

a volatile intermediate could be removed
continuously, altering the course of the reactioh.
This phenomenon was not further investigated since
the immediate need for a reproducible source of

oxygen had been satisfied and such an investigation

was beyond the scope of the work,

(c) The Filling System snd Method of Filling the Reaction

Vessel.
The main requirements of the filling system, in

addition to those already outlined, were:

(1) that it should be tapless, to prevent absorption
of radioactive acetone in tap grease and the risk

of subsequent error from this source.

(ii) that provision should be made to isolate the
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iodine source from any source of mercury prior

to its release into the reaction vessel.

(iii) +that it should be possible to prevent condensa-
tion of appreciable amounts of mercury in the

reaction system during filling operations..

(iv) that, for convenience, the reaction vessel should
be detachable since it was inconvenient to arrange
the irradiating system in situ, nor had.such an
arrangement any practical advantages, owing to the

design of the rest of the section.

These requirements could only be satisfied by
constructing a system involving glass constrictions as
potential seals, and make-and-break components generally.
These elements of construction had to be renewed before
each experiment - a time consuming process but an
essential one in view of the reactive nature of the
réaction mixtures envisaged. The system evolved is

illustrated in Fig. 2.

Acetone was contained in two reservoirs Rl and R2 isolated

behind mercury seals at Cl and 02. The acetone in R2

was inactive but that in Rl contained 0.2 millicurie of

14

acetone labelled in the 1,3 carbon atoms with 14C (14CH3COCH3).
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The activity, originally in a few milligrams of material,
wés diluted to about 6 cc., with acetone from R,y to give
a suitable level of activity for eventual analytieal
measurements. The inactive acetone in R, Was used for
calibration runs which merely involved gas-volumetric
measurements and did not require measurements of radio-
activity; These calibration figures themselves, however,,
were only used when it had been demonstrated that active
and ihactive samples gave the same calibration results
under the same conditions of temperature, pressure and
absorbed quanta. This procedure was followed to conserve
radioactive material for those experiments in which its
use was éssential-

The inactive acetone was obtained by distillation of
'AnalaR' grade acetone ii a concentric tube column of
several theoretical plates, the first and laét.thirds
of the distillate being rejected. It gave no reaction with
dilute potassium permanganate solution at room tempersture
nor did it reveal any biacetyl when attempts were made to
detect this compound (by formation of dimethylglyoxime
with hydroxylamine and subsequent formation of the nickel
eomplex). It must be conceded however that this tegtj
at the level of sensitivity employed, really demonstrated

that the biacetyl concentration did not exceed 1 part
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in 10,000 parts of acetone, since at lower concentrations
the test was not sensitive enough to allow definite
conclusions to be drawn, even though the colours of the
test solutions compared very favourably with blanks
carried out under the same conditions. "AnalaR" acetone
which had not been distilled at all was shown to be
equally insensitive when tested for unsaturated compounds:
and biacetyl s0, when later it was desired to replace

the acetone in R,_, this was done with "AnaleR" acetone,

2,
which was vacuum distilled from magnesium sulphate direct
to the storage bulb, Presumably the quality of

commercially agvailable acetone has improved considerably

29

since thé time when Ricé™” found his material to contain
cyclic compounds. It is notable that Trotman-Dickenson
and steacieBO observed that the behaviour of acetone in

the direct photolysis was relatively independent of its

purification, some samples merely being distilled and

others distilled from permangansate.

Ihe reaction vessel, R.V., was in quartz gnd

cylindrical, being 24 cm. long and 6 cm. in diameter
(vol. ~ 664 cc.). The ends were plane polished quartz
discs containing virtually no distortion which could

interfere with the path of the light beam. The vessel
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was attached to the rest of the apparatus, in pyrex, via a
quartz-pyrex graded seal G.. Since the diameter of the
vessel was large, being approx. three times most employed
by other workers;, it was thought that fairly low pressures
could be studied safely without serious interference from
wall effects. The side tube containing C.F. and V was a
permanent appendage in pyrex glass, C.F. being a cold
finger on which condensable matter could be frozen out
during irradiation, if required, and V a greaseless valve
with ground glass seating under which acetone could be
isolated, by freezing out, while the vessel was still
attached to the system in a vertical position. The reactioq
vessel was closed by a weak glass sesgl surmounted by =a
B.14 Quickfit cone to provide a means of attaching the
vessel to the analytical system following irradiation.

The secetion bounded by the conétrictions X and Y
contained the oxygen and iodine sources. The iodine was
present behind a seal either in the form of a capillary or
in a tube with a weakened seal as already described (Fig. 1)..
The seal, in either case, could be broken, magnetically, by
raising and releasing a glass weight w1th an iron core,.

The oxygen was present as K0103 in the auxiliary thimble
shown, The U-tube between the KClO3 and iodine limbs

served to remove less volatile products from the KClO3 - Fe2o3
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reaction, Since the iodine and oxygen sources, R,V.Bl4
and seal, and constrictions X and Y could only be used
once (being consumed, broken, or sealed up) the system
to the right of X had to be reconstructed each time a full
run was performed. |

C3 was a mercury cut-off by means of which the system
could be isolated from the vac. line and the tap T, the
only one involved, M was a manometer for registering

acetone pressure,

Procedure. After pumping down to high vacuum and raising
the mercury in 03, to isolate the system from the pumps,
acetone was admitted, from the appropriate reservoir, to
the desired pressure, registered on M. A knowledge of
the volumes of various parts of the system allowed the
estimation of the evéntﬁal Pressure to be realised in the
reaction vessel after sealing off,. After closing off the
reservoir used (using Cyy or 02) the acetone was condensed
in the reaction vessel sidearm below V at -140°c. and
pumped on to remove any gases in the acetone volatile at
this temperature, It was then isolated, by dropping the
valve V into place, (again maghetically), and kept at -195°Cu
until required. For runs involving iodine, where the |

presence of mercury vapour constituted an undesiragble source

of error, precautions had to be taken to prevent condensation
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of mercury onto the frozen acetone before V was dropped

into place. This was done by cooling the U-tube

to the left of X, immediately after the acetone was
condensed in the tube V. Distillation of acétone at -140°¢.

was negligible..

In calibfation runs, using the photolysis of pure

acetone as actinometer, the constriction Y was sealed
immediately the acetone had been condensed in V, and the
vessel removed for irradiation. In other runs with iodine
and/or 6xygen the constriction X was sealed at this juncture,
isolating the right hand side of the system from mercury
vapour. The capillary or tube containing the iodine was
then broken and the iodine liberated condensed at the base
of the reaction vessel away from V and the acetone.

Finally oxygen was liberated by heating the chlorate-ferric
oxide mixture and allowing the oxygen to diffuse to the
reaction vessel through the liquid nitrogen trap mentioned
previously. The oxygen was not condensable at the low
pressures used but did not interfere with subseQuent
sealing off of Y. The reaction vessel, now detached, was
polished at its ends and the contents allowed to warm up,,
care being taken not to allow iodine to.vapourise so

quickly that it could come into contact with acetone as



liquid and give rise to liquid phase reactions.

veésel was then removed to the irrasdiation oven.

The

69.
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EXPERIMENT AL TECHNIQUES: (2) IRRADIATION.

The irradiation system was quite straightforward and is
illustrated in fig. 3. Radiation was supplied from a
250 watt, medium pressure, mercury burner, L, which was
struck and run from a lQQ‘V D.C. supply through a variable
resistance in series with the lamp. The lamb was
operated without its protective envelope.

Q.F. was a spherical quartz collimating flask,
furnishing an approximately parallel beam of light, and
containing the first of a series of filters in the form of

a 50 gm./litre solution of nickel sulphate (NiSO .7H20).

4
Cell 1 was in silica, having a diameter of 6 cm. and
contained 10 mm, of potassium chromate solution (0.48 gm./
litre) with sufficient NaOH.added to prevent the formation
of dichromate, which has different trensmission characteris-
tics. 2 was a Chance OX7 glass window, 2 mm. thick, and

3 contained a silica window and another thickness of

Chance 0X7 glass enclosing 10 mm. of potassium biphthalate
solution (5 gm./litre); This system, which was similar

to those used by previous investigators, was intended to
filter out all but 31302 radiation. The transmissions of

the various components were checked using a Unicam

spectrophotometer and are shown below.
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Table I
Transmission Characteristics of Filter System Components
(in 10 mm. silica cell relative to H,0 = 100%).
Biphthalate Chromate 2 thigfzzzsfgxg?anCé
Wave- | % trans- Wave- |% trans- Wave- % trans-
length | mission length {mission length |[mission
26008 | 17.5
30003 0.0 27002 29.0
30303 0.7 29003 0.2 28008 | 40.0
30508 | 12.5 31008 | 29.6 29003 49.0
31303 | 89.4 31304 | 32.2 31303 61.0
31508 | 30.5 35008 67.0
32008 | 19.2 38003 42.5
39008 17.0
33420 | 0.5 4000% 2.5

Both solutions deteriorated with time and were changed
fairly frequently. However the deterioration did not cause
serious chenges in the relative trensmission characteristics
of the solutions for various wavelengths, the main effect
being merely to increase the optical density of the system
and cut down the transmitted intensity. Light emerging
from this system was always essentially 31303 radiation,,

considering the availaeble lines in the mercury arc and the
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characteristics of the filter system.

S was & shutter, removal and re-insertion of whieh
provided a means of starting and stopping the process of
photolysis. 1T was a cylindrical tube ( -6 cm. diameter)
with colloidal graphite painted on its inner surface and
served to prevent stray light from entering the reaction
vessel'along with the direct beam. The lamp and filter
system up to the end of the cylindrical tube T were
shrouded so that light could not reach the photocell §
except by the direct path through the reaction vessel..

The reaction furnace, F, was heated by a nichrome spirgl
and was constructed to give temperatures up to about
220-250°C., if required. Temperature control within this
maximum wes adequately effected by using a simple Sunvic
energy regulator,

The direct beam, after tréversing the reaction vessel,
was measured by means of the selenium photocell S, in
conjunction with a Unipivot galvanometer G, resistance
111 ohms. The photocell current response to incresgse in
intensity was linear providing the load resistance was not
more than 200 ohms. This was checked for the system under
consideration by interposing calibrated Screens between the

light beam and the photocell, The linearity provided g
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convenient method for estimating quantum yields. Some
actinometric standard was required for this purpose and

it was decided to use the acetone photolysis itself,
measuring the CO yield and making the assumption that

QCO? = 1.0, which has been adequately demonstrated for
temperatures above lOOQC. by previous workers., Since
iodine sand oxygen do not absorb at this wavelength, the
absorption of 31302 light is solely a function of acetone
pressure and, by performing a calibration run, and the

run proper, under the same conditions of temperature and
acetone pressure, the amount of g product equivalent to a
quantum yield of unity could be deduced from the relative
photocell deflections and the carbon monoxide yield in the
calibration and, of course, the period of irradiation.
Procedure.

After removel from the filling line, the reaction vessel
was placed in position in the furnace F, as shown in fig. 3.
The furnace was already at approximately the required
temperature and, after closing in the reaction vessél, the
assembly was allowed to come to this temperature and left,
at least, a further half-hour to gllow the contents to mix
and reach equilibrium. During this period the mercury arc

was struck with the shutter in position and gllowed to

settle down to steady running conditions at the same time
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as the reaction vessel and its contents were coming to
thermal equilibrium with their surroundings. When both
had achieved their respective "steady states" the system
‘'was ready for irradiation, The shutter was then removed
for the required time and the valﬁe of the photocell
current plotted at half-minute intervals, The lamp
output was found to vary slightly over the 5-15 minutes
usually required and the values obtained were averaged
to give one intensity figuré operating over the whole of
the périod of irradiation. The photocell was mounted
in a stiff frame wﬁich was bolted to the furnace, ensuring
accurate reproduction of its position relative to the
fixed parts éf the system. Its output decreased somewhat
with rise in temperature so, to give reproducible conditions,
it was placed in position immediately the reaction vessel
was introduced into the furnace (and the end replaced) so
that 1it, too, could achieve a steady temperature along
with the furnace and its contents.

After irradiation the vessel was allowed to cool

before passing to the analytical system.
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EXPERIMENTAL TECHNIQUES: (3) ANALYSIS.

Initially it was desired to analyse for carbon monoxide,
carbon dioxide, and methyl iodide, where applicable.
Further analyses, for acetic acid and formaldehyde,
required techniques which could not conveniently be
incorporated in the procedure evolved to desl with the
first-mentioned products, and determination of these
compounds involved separate experiments with special
analytical techniques. These techniques are discussed
later, |

No difficulty was anticipated in effecting separation
of carbon monoxide and/or dioxide from unreacted acetone
and other less volatile products, The main problem
presented was that of separating micromole quentities of
methyl iodide from millimole quentities of acetone and
establishing a suitable method of determining their
radiocarbon contents, Since methyl iodide could only
.arise from the radioactively labelled methyl gfoups within
the acetone molecule the radicactivity of the sample could
be used for direct estimation of the total yield, providing
the specific activity of the methyls was known. The
procedure involved extracting the active product-methyl

lodide with a known amount of inactive carrier methyl iodide
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and observing the reduction in specific activity resulting
from this dilution (technique of isotopic dilution).

This technique had the virtue that, once dilution had been
effected, only a portion of the iodide had to be recovered
end counted to provide the necessary information i.e. 100%
recovery was not essential providing the sample separated
was pure and free from contaminagting acetone. In Sytton's

1311 as tracer,

work, using radioactively labelled
contamination of methyl iodide with materials not containing
iodine was relatively unimportant, since the iodide content
was precipitated. In the present work, however, the
activity of the iodide and the parent acetone was carbon-14
in both cases, and the presence of even trace qﬁantities
of strongly radiocactive acetone in relatively weak, diluted,
methyl iodide could have led to appreciable errors so that,
even though4Quantitative recovery of iodide waé not
essential, the highest possible degree of separation from
the acetone was.

To this end attention was first directed to s method
of rendering the acetone involatile, and complexes with
sodium iodide, sodium bisulphite,band dinitrophenylhydrazine
were tried. gynthetic acetone-methyl iodide mixtures were

treated with the above reagents, volatile products distilled
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at about -80°C. end the distillate tested for acetone
colorimetrically. The spot test employed was that given
in Feligl's "Spot Tests". To the solution suspected of
contéining acetone were édded the appropriate quantities

of ethyl alcohol, sodium nitroprusside, sodium hydroxide
and glacial acetic acid, till acid. The presence of
acetone was indicated by a violet coloration and the

test was made semi-quantitative by comparison of the

colour with a range of colours developed in acetone solutions
of known concentrations. The results of these tests
showed that sodium lodide was of no value and that, although
sodium bisulphite and dinitrophenylhydrazine, under
suitable conditions, retained much of the acetone, the re-
actions were not quantitative enouéh to prevent prohibitive
amounts of acetone from distilling. PFurthermore the
reproducibility of this type of derivative formation was
uncertain and the need for other reagents (e.g. H,0,
CH3COOH, and EtOH) in the reaction mixtures led to further
undesirable separation problems. Also, looking ahead, it
Was apparent that there existed the possibility of
producing other volatile compounds, in the photolyses,
which would not separate from the iodide by such simple

treatment, It was therefore decided to gbandon this

approach,
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On turning to the chemistry of methyl iodide for a
possible method of attack a fairly eiegant method
presented itself involving the reduction of methyl iodide
to methane with zinc-copper couple in alcohol. It was
hoped that such a procedure would not effect the acetone
at all and experiments were performed to confirm this..

Such a method had two obvious virtues,

(a) methane so formed could easily be freed from acetone,
and most other imaginable volatile products except
permanent gases, by passing the gas formed in the
reduction through a liquid nitrogen cooled trap. (V.P,
methane at -195°C. = 9,5 mm, ), Since permanent gases
could be dealt with before this reduction stage, the
method seemed ideal.

(b) it was intended to convert ‘4o to 14002 for gas
counting, and also to gas counf 14002 from acetone-
oxygen photolyses. The logical extension of this was
to convert 14CH4 to 14002, thus standardizing the

radioactivity determinations. Such a procedure was to

hend, and fairly simple.>t

Reduction of methyl iodide to methane

Z1ine copper couple was prepared by the action of granulated

zine on 2% copper sulphate solution, Test solutions of
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of approximately 0.0% ccm. of methyl iodide in 0.5 ccm.

of methyl alcohol were made up and vacuum distilled onto
Zn/Cu couple and asllowed to warm up to room temperature,
Reaction soon commenced and methane was extracted for

gas volumetric measurement after about 2 hours and also
after leaving overnight. Without following excessive
precautions against loss of methyl iodide vapour in the
initial manipulations, methane was recovered, after

two hours, equivalent to about 75% of that theoretically
p0ssible,.and, after overnight, about 85% yield was
obtained. After checking that acetone-alcohol-zn/Cu
mixtures gave no permanent gases under the same conditions
the procedure was repeated for methyl iodide (0.03 cem.),,
acetone (0.2'ccm.), methyl alcohol (0.5 ccm.-1.0 ccm. ),
Zn/Cu mixtures snd the results confirmed. 0.0% ccm., of
methyl iodide yielded, approximately, after allowing

for oxidation losses and counting efficiencies, the amount
of gas required to fill the gas counter to be used, and
0.2 ccm. of acetone was enough to f£fill the reaction vessel at
the pressure orders envisaged, so these experiments
represented a close approximation to actual running
conditions. The identity of the gas produced in these

reductions was checked by lowering the temperature of part

of the measuring apparatus to =195°C., when the vapour
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pressure registered was 0.95 cm. i.e. the vapour pressure
of methane at this temperature. It was assumed that acetyl
iodide, under these conditions, could not produce

methane,

Possibility of rxchange

It was thought desirable to check that the mechanism of
reduction of methyl iodide in methyl alcohol did not lead
to exchange of radiocarbon between the active iodide and
the inactive alcohol. Some 140 labelled methyl alcohol
was procured and a portion burned to give 002, the activity
of which was determined. Part of the same alcohol sample
was then converted to methyl iodide by the action of

iodine and red phosphorus, and the iodide obtained reduced
to methane and then oxidised to 002@ The COé s0 obtained
had, within the experimental error, the same specific

activity as that from the original alcohol, demonstrating

the absence of exchange.

RESULTS OF EXCHANGE EXPTS. TABLE II.

Source of CO P (Active) Sp.Act.(c.p.m./cm.COQ
2 co,

Active 14CH3OH 3,90 cm. | 809 + 13

active “¥GH,I 1.92 cm. 787 & 20

Errors in specific activities included about 1% due to
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.counting'in each case and also a rather larger error
(approximately 2% in the second result) due to the small
pressures of active gas realised, which were measured on

a simple millimetre scale. However, the experiment
served its purpose in showing that no troublesome exchange

occurred in the reduction process.,

Analytical Procedure, with Commentary

The anaglytical system devised to meet the requirements
stated i.e. analysis of micromole quantities of CO,

coO and CH,I is illustrated, diagramatically, in PFigs. 4,

2’
and 6.,

3

(a) extraction of products. The reaction vessel, after

removal from the irradiation oven and cooling, was
transferred to the analytical system A, (see Fig. 4),
where 1t was attached by means of the Bl4 joint with
whiqh it was initially provided. It contained excess

reactants and photolysis products (e.gq. 14(CH3)2C@, 0,)

14 |
Iy» " cn,I, Co, Yeo, co,, t4co,, ana 14CH20). The

2’
system was evacuated via taps T5 and T6. Methyl iodide
carrier, present in methyl alcoholic solution, was kept
frozen out in the carrier tube C.T., behind Ty during

the evacuation process,

When a hard vacuum had been obtained, the taps
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T5” T6? and T8 were closed and the weak glass septum
sealing the reaction vessel was broken magneticslly,

by means of a steel ball, with the trap E immersed in
liguid nitrogen. The contents of the reaction vessel
passed through the tube A, packed with silver powder on
glass wool to retain unused iodine, and non-permanent
gases condensed in E. (It was deemed essential,
especially in runs with oxygen, to have E cooled before
breaking the seal, since acetone could not be condensed.
efficiently against the residual oxygen pressure

after passing through E, and neglect in this respect could
have led to acetone being collected as permanent gas yield).
T8 was then opened in the appropriate direction and
bPermanent gases volatile at -19500. were pumped into M

by means of the Toepler pump, P, using the valve 2 (steel
ball on ground seat) as a non-return valve. When the
permanent gases had all been transferred by this procedure,
T8 was closed and T7 opened, allowing the carrier solution
in C.7T. (brought to room temperature) to distil

onto the frozen photolysis products. The contents of

E were theﬁ allowed to warm up to mix the.carrier iodide/
alcohol mixture with the active iodide products and, also,
to liberate any occluded permanent gases, These

permanent gases were asdded to the gas already in M after
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refreezing volatile matter into E with liquid nitrogen.

(b) measurement of Dermanent gases. The gas measuring

device M was rather a special one and merits a detailed
explanation. The narrow gauge, constant bore, tube M,
and P, constituted a combined McLeod gauge and Toepler
pump, The calibrated seetion M was equipped with two
valves, 1 and 2, each consisting of a steel ball on @
ground glass seating. The capacity of M was about

1 cem. of gas at a pressure of 12 cm. Hg. and,, to
measure gas, the tube was closed at ifs top end by the
ball 1, sealed by a suitaeble head of mercury (>12 cm.),
and the gas pumped in using 2 as a non return valve in
the usual way. with tap T8 reversed to form a closed
circuit, and with the valve 1 open, the device was used
as a normal Toepler pump to circulate gas through the
tube containing iodine pentoxide and the trap U.

(¢) estimation of CO by oxidation. This procedure varied,

somewhat, under different conditions., In runs which 4id

not involve oxygen, the time of irradistion was

adjusted so that the capacity of the measuring device, M,
.Was greater than the permanent gas yield and the gases

were measured before, and after, cycling through iodine pento.
xide at a temperature of 15000., a process which was

specific in converting carbon monoxide to carbon dioxide.
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The carbon dioxide formed in this way was condensed out
in U, the course of the oxidation being followed by the
decreasing quantity of residual permanent gases
measured in M at intervals during the cycling procedure.
The process was taken to be complete when consecutive
readings of the McLeod were the same and the residue
Was assumed to be methane.  The residual gas was then
punped away and the 002 in U allowed to warm up for
recollection in M, Thus the total permanent gas yield
and its two cohstituent'members, CO and CH4, could gll1-
be measured.

When the Apiezon grease (N) on the taps T, to T

1 4
and T8’ Was newly applied it was found that the condensable
gas in the closed system increased, i.e. condensgble +
permanent residue > initial permanent gases. It was
suspected that this was due to continued removal of
dissolved condensable matter from the tap grease,
especially when U was at -19500., since such evolved

gas was continuously condensed under these conditions,
Reasonable confirmation of this point was obtained by
leaving the system closed overnight and observing

the increase, (1), for a run with newly applied grease
and, (2), for the run immediately after (1). The results

are shown 'in (Table III),
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The discrepancies between the suméof’the components
and the original totals decreased with age of the grease.
In view of the constancy of the residue, it was felt
that the most accurate figure for the carbon monoxide
yield was that obtained by subtracting the residue
frpm the total, which, in itself, was relisble since
it was extracted, initially,via the trap E at -195°C..
In gll runs, to minimize this trouble with
condensable gas, the trap U was not kept permanently
at-195°C. during the cycling procedure, but only
during collection of the residusl permanent gases into
the McLeod. The foreign gas liberated from the grease
was probably CO2 since an attewpt vo revain it in U, |
while collebting the 002 from the oxidation process
at -135°C., failed.

In runs which involved oxygen, the excess oxygen
collected in the extraction of permanent gases made
it impossible to measure these gases in M before
oxidation of the carbon monoxide content, In such a
case the gas from E was pumped, via ball 2, direct to
the iodine pentoxide tube with tap Tl closed. T8
was then reversed, Tl opened, and the gas cycled

through the oxidising tube, as before, for approximately

the same time as had been observed previously to give .
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complete reaction of the order of carbon monoxide
yield obtainéd in these experiments., At the end of
this time the 002 produced was condensed out in U,
using two or three strokes of the pump, and the excess
oxygen and any residues were collected, with Tl closed,
between Tl and mereury suspended, above the ball 1,
for this purpose (and subsequent CO, measurement).
The 002 in U was then allowed to warm up and was
collected in M. This procedure was repeated until
the CO2 reading in M was constant and was noted,
Trouble was expected in this context from evolution
of condensable gas from tap grease, which would tend
to meke the CO, figure high, and no "subtraction
check" was possible. However, from the reproducibility
.of resulté obtained using this technique, little trouble
was encountered and this was attributed to the relatively
high permanent gas pressure which presumably prevented
the elimination of condensable matter from the'tap
8rease to a marked extent.

002 obtained from oxidation of CO in runs with
oxygen was partially radioactive and, after dilution
with a sample of insctive carrier-COz, (introduced

via the sample tube, S.T., after pumping away oxygen
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and residues), to facilitate extraction, it was
condensed in S.T. and removed to the counting assembly
(see IV, (4).).

(d) extraction and measurement of CO, from E. This

product was found only in photolyses involving oxygen,

For its extraction E was warmed up to =-150°C. and 002
which volatilized at this temperature, was pumped

into M. Since 002 is very soluble in acetone, which
itself is solid at -150%C., the contents of E had to be
thawed and refrozen several times (usually about 5) before
the reading in M became constant. After measurement

the 002 was diluted with inactive carrier, as described
above in (c¢), and removed. for counting. Care had to

be exercised in interp;etation of results at this stage

since Hoare13

was of the opinion thgt formaldehyde was
not completely involatile at this temperature and
distilled, in small emounts, with the co, (up to 10%
quoted).

In experiments involving the photolysis of acetone
with both iodine and oxygen, slight deterioration of
the methyl iodide carrier (introduced in the course of the

initial extraction of products from the reaction vessel)

produced prohibitive quantities of g gas which

appeared in the CO, frgction (C2H6 ?) end rendered



(@) PLAN - (b) SECTION

COPPER BLOCK

(c)

FIG.5.




88..

guantitative volume estimates useless, although the
radioactivity could still be estimated without error..
For this feason the experiments had to be repeated,
without iodide carrier, for the purpose of obtaining
the 002 yield and, incidentally, checking the CO figure.
Thé device used to produce a temperature of —lSOOCe
in the trap E is illustrated in fig. 5. It was found
to be more satisfactory than the use of slush daths at
this temperature. Figs. 5(a) and 5(b) represent a
vertical plan and a section, respeatively, of a copper
cylinder, hollow and without top, which contained three
subsidiary cylinders, also in copper (1, 2, and 3).
Of these, 1 and 2 were short,, extending only % of the
way down the container, and closed at the bottom, while
3 was not closed but opened direectly into the hollow
chamber under the other two. Compartment 1 housed the
trap to be cooled i.e. E. The sécond, 2, enclosed the
thimble, A, of a vapour pressure thermometer shown in
Fig. 5(c). 3 served as an inlet whereby liquia nitrogen
could be introduced into the hollow chamber. To ensure
g£004 thermal contact betWeen.the parts, and a good
evaporating surface for the liquid nitrogen, the gaps:

between the cylinders, and the hollow chamber itself, ’



were packed with copper turnings. Contact between
the copper tubes and the glass of the thermometer and
trap was effected with 40-60°C. petroleum ether.
The thermometer bulb was filled with a material with a
suitable vapour pressure, in this case krypton which
has a vapour pressure of 1 atmosphere at about —15200.
If the bulb A was above —15200. the mercury in the
U of the thermometer was held, by the pressure of the
krypton, so that there was no circuit between the
tungsten terminals T, and T2, While this state of
affairs persisted, liquid nitrogen was blown into 3,,
from a Dewar flask closed by a rubber bung (with inlet
and outlet tubes), using compressed air. This air,
in transit to the Dewar, had to pass through a port,
in a brass block, which was kept open by activating a
solenoid to depress the necessary plunger magnetically.
The‘solenoid was fed from the mains through g Sunviec
Mcurrentless” relay. When the temperature of A had
reached the required value the pressure in the
thermometer had dropped to one atmosphere and contact
between T4 and T2 was established via the manometer
mercury. This completed a second circuit, also fed

from the Sunvic, and tripped the relay, cutting off the

89.
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solenoid and, thus, the air and liquid nitrogen
supplies. The trap and thermometer then began to
warm up again until the circuit was broken at T, and
the flow of coolant resumed.

The device was slightly more versatile than is
indicated by the abowe procedure. The righthand limb,,
C, ended in a three-way tap. If this was open fo the
atmosphere then the temperature at which the bulb
settled was -152°C. end, for most runs, this was the
temperature employed. If, howevér, the tap was
connected to a source of vacuum the thermometer could be
used to produce and control temperatures below -15200.
depending on the residusgl pressure employed. Thus, if g
temperagture of -15900. were required, the pressure in the
limb C was adjusted to 400 mm. of mercury since the
Vapour pressure of krypton achieves this value at -15990.
and the mercury could again make contact at Tl’ Since
the vapour pressure changes by 36 cm., over a mere seven
degrees of temperature it will be seen that the instrument
Was quite sensitive in this range, In practice it
was used so that the distance the mercury travelled.
between breaking and making contact at T, was as smgll
as possible. Since there was an appreciable time lag

between introduction of liquid nitrogen and fall in
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temperature in 1 and 2, it was reélised that a further:
controlling device was necessary to make the instrument
really accurate which would give an intermittent nitrogen
delivery, with suitable on-off times, even while

the solenoid was 1ive. The balls Bl and B2 served

to prevent motion of the mercury beyond the obvious
limits,

(e) megsurement of methyl iodide. After extraction of

CO2 from E, at -lSOOC., the remaining contents of the
trap were distilled into the tube Z and sealed by
means of the constriction in the side arm. The

tube Z contained zinc copper couple which, along with
the aloohol iu the methyl iodide carrier solution,,
reduced the methyl iodide to methane, a process which
was allowed to proceed conveniently overnight,

When reduction was cqmplete 4 was attached to
the second part of the analytical system illustrated
in fig. 6. After pumping down to vacuum all the
taps were closed and the weak glass septum.sealing Z
below the B.1l4 cone was broken, magnetically, with Y
immersed in liquid nitrogen. Acetone and 6ther
condensable matter were thus retained in Y while the

methane liberated was pumped, via T2, P, and T, to the

3

oxidation tube in the furnace F. The oxidant was
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51 (containing 1%

specially prepared copper oxide
Fe,0,) contained in a silica tube and maintained at

293
750-800°C. , although 700°C. was reputed >

to be high
‘enough. After reversing the 3-way tap T2 to form

a closed circuit, the Toepler pump P was used to

cycle the methane through the hot copper oxide. The
products of the oxidation, carbon dioxide and water,
were condensed in the U-trap X and, after pumping away
permanent residues, the 002 was distilled from X at
~120 to -130°C. and condensed in S.T., water being
retained in X. The tube S.T. was then removed to

the counting apparatus.

| In circulating gas through the oxidizing mixture
in some early experiments, (e.g. those for demonstrating
that no exchange occurred in methyliodide reduction -
see p. 80 ), it was observed that the rate of oxidation
was very slow and the yields realised were disappointing.
Some investigation was, therefore, deemed advisable on
the effect of various items of procedure on the
efficiency of thevoxidation process. The_following'
points were observed.

(i) 1If 002 and H20 were progressively condensed in X

as they were formed, by keeping a liquid nitrogen

bath around X during the whole of the cycling procedure,,
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the oxidation was slow. The reason was fairly
obvious: although methane is reasonably volatile

at =195°C. its vapour pressure is only 9.5 mm. The
total pressure of methane developed during an

average run, measured with the mercury filling the whole
of the Toepler bulb, was approximately 10-15 cm. Thus,
with X at =l95°C. throughout the experiment only a
small fraction (<10%) of the methane was available
for oxidation at any one time and the methane
concentration was much lower than it need have been.

By circulating the gas without the cold trap the
reaction efficiency was improved.

(ii) 1If the mercury in the Toepler pump was left in the
raised position near to T3 for some time during each
stroke, (instead of raising and lowering immediately
afterwards for recycling), then the efficiency of each
stroke increased. Presumably this action was twofold -
the gas concentration was at its maximum attsinsble
vValue and the gas could have longer contact with the
reaction zone. When time wags available this process
was extendéd further, the gas being left ia this
compressed state for 2 to 3 hours and this effected

most of the oxidation, only a few cycles being



94.

employed at the end of this time to‘cbndense out
CO2 and H20. The reaction could be followed by

the appearance of water droplets at the ends of the
combustion tube.

(1iii) Since each methane determination consumed a large
proportion of the copper oxide content of the
combustion tube, it was reoxidized, after every run
in which methane determination was involved, by
admitting air to the not tube.

The specific activity of the 4

CO2 obtained
from the methane was used to estimate, direetly, the
yield of methyl iodide, since the specific activity
of the acetone methyls and also the weight of carrier

iodide added were known. Since methyl iodide could

only have arisen from the methyl groups in the acetone

molecule,
Yield CH3I Sp.Act. of COé from CH4 oxidatio
Wt. of carrier iodide Sp.dct.of CHBS in orig.acetone

or, more correctly,

Yeon,1
TZ__Z_ = Sp.det. of CO, from CH,oxidation
CHBI + carrier CH,I
3 Sp.Act. of acetone methyls
14
However, CH;I was usually less than 1% of the added
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carrier and the use of the original statement of

the abowe equation did not introduce serious error.
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EXPERIMENTAL TECHNIQUESs (4) RADIOACTIVE COUNT ING.

(a) Merits of Gas Counting. The estimation of carbon-14

can be effected by the counting of external (solid)

14

sources, (e.g. Ba 003). or by internal gas counting,,

in which the counter is filled with the gaseous material,
(e.g. 14002 or 14CH4),,to be counted. The former,,
while convenient, had two distinct drawbacks from the
point of view of the present work. Exchange of GO,
with the atmosphere was liable to occur, introducing
indeterminate errors, and, more important, high
specific activities of acetone would have been
required to render the method sensitive,, on account of
the low counting efficiency of this method for the

low energy (0.15 MeV) 140- B verticles. High specific
activities had to be avoided to reduce the possibility
of complications which might have arisen due to
radistion decomposition of the acetone (under its own
radiatiop).

The second method, that of internal gas counting,
was capable of providing almost 100% counting efficiencies
.for theseﬁ particles within the sensitive volume of
the counter used. Furthermore the counting

- . s 1
characteristics of 4CO2 had been fairly widely investi-
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gated, and since it was fairly convenient to estimate

each of the products mentioned agbove (1400, Yo, ana

14

2”

CHBI) as 14002, after simple conversions where
necessary, this method seemed almost ideal for the problem
in hand, especially since the manipulations of these
compoundS*in a closed (vacuum) system reduced considerably
the chancges of losing, or contaminating, very small
yields.

(b) Cconsiderations influencing procedure. Numerous

methods exist for the counting of carbon dioxide in

the manner indicated above, each differihg from the
others in some as?eot of procedure or %echnique reputed
to give more satisfactory re;ults. Consequently it was
decided to investigate some of these points before
selecting a specific procedure for the estimations:
requiréd in the course of this work.

52

Rohringer and Broda have claimed that it is

14

possible to count CO2 in the Geiger region without.
any added charge transfer gas, by using a suitable
electronic quenching arrangement. Attempts here to re-

produce their results failed and it was found that satisfac:

ory plateaux could only be obtained after the addition
of a suitable chemical quenching agent, an observation

- also made by other auihors.33’34 It cgnnot be
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inferred from the present work that Rohringer and

Broda were wrong becéuse they stressed that the CO2
should be very pure, and free especially from traces

of air end moisture, and also that the Neher-

Pickering quenching circuit should be employed. In

this work carrier CO2 was stored in a 2 litre flask after
distillation of "Drikold" at -80°C. and, although

air free, may well have contained traces of moisture

in excess of the level at which the CO. could have

2
been counted alone. Also the quench units used

were a type 10144 and a Neher-Harper since it was

thought that they should be satisfactory. The reason
that the €O, was not further purified, in an attempt

to make this method a success, was that reasonsgble
pléteaux could be obtained with added carbon

disulphide and, in the present work, it was more
convenient to have a reasonably sensitive, robu§t,
system, in which the CO2 purity was not so critical, than
a particularly refined one in which it was (and which,,

in the present context, could not Justify the addea
precautions necessary to its success because added
accuracy was not required).

14

CO, is

Use of ngras charge transfer gas. o

difficult to count alone because the 002+ ions formed
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in the cascade process will form 002- ions at the
cathode33 rather than neutral molecules. Such negative
ions are able to re-initiéte the discharge giving
spﬁrious counts which are reflected in poor counting
characteristics. The addition of even a small gmount

of carboﬁ disulphide to the carbon dioxide gives a
counting mixture with reasonable propertieSBB’34 i.e.

a reproducible plateau of reasonable length and slope.
It is generally assumed that the function of the 082
is to give CSQ% ions by charge transfer and that these
ions do not give negative ions at the cathode,

Further pdints, affecting fine details of counter
performance, were investigated with a view to
obtaining the longest plateau with the least slope.
from a CS,-CO

2 2
usually one containing a cylindrical cathode inside

filling. The form of counter used was

a glass case with a tungsten wire snode running along
the axis of the ceylinder and seagled through the case

at the ends (see fig. 7.). Some tests were also made
on counters in which the cathode also constituted the
wall, i;e. end window counters used as internsl counteré,
and these wére also satisfactory. Their sensitive

volume was, however, smgll and they were not adopted

for this reason. The following are some of the
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&ariations tested within the above general outline.

(i) cCathodes. Cylinders in brass, stainless steel
andICOpper were tried, the counters being
fabricated in the laboradory. The choice of
cathode did not affect the counter characteristics
lappreciably. Backgrounds varied with the volume
of the caihode cylinders but were similar for all
three materiéls. The cathodes employed in the
three counters used for subsequent determinations
were brass (approx. 2 cm. diameter and 8 cm. long),
stainless steel (2.5 cm. diameter and 11 cm. long),
and copper (1.9 cm. in diameter and 10 cm. long).
The backgrounds of the last two counters were:
initially 31 and 24 c.p.m. respectively.

(ii) Anodes were always of 50 # or 1004 tungsten
wire, the change in diameter merely affecting the
working voltage.

(iii) Quenching Time. Since the positive iong

formed in en ionising cascade required a finite time
to clear to the cathode it was necessary to prevent

the counter from becoming operative again until

these ions had dispersed end, to this end, an externsgl

electronic quenching device was used to suppress the

voltage on the anode for a finite period following



101,

each event, The "dead-time" neeessary was, fairly
obviousl&, dependent on the dismeter of the cathode
cylinder and it was found that, for a counter with
a cathéde cylinder of 2 cm. diameter, the plateau
length was improved from gbout 40 V, at 300 M Sec.
dead-time, to 80 V, at somewhere between 500 and
1000 » sec. dead-time, with a siwuliv.ueous maiked
decrease in the plateau slope.

The magnitude of the guenching pulse was
increased by putting an extra 120 volts on the anode
of the qﬁenching valve in the 10144 head amplifier
employed. This innovation, recommended by AT,

35

Henson””, led to a further increase in plateau

length of 40: V and a further decrease in the slope.,
The counter finglly sadopted had g plateau

120 volts long with a slope of 3%-5%/100 volts . The

filling consisted of 2 cm. pressure‘af carbon

disulphidé and 10 cm.. pressure of carbon doxide,,

The éathode was a copper cylinder, diameter 1.9 om,

end the anode was of tungsten wire, diameter 100 pa ;“

and the operating voltage was 2280 volts. While

these characteristics were not as good as those

reported by various other woi'kers,,32”33’34 who had

carried out more extensive research into the con-

< VA
“V‘“k‘gclmcsm&/’r
{29 NOV 1956

N

féga‘*
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struction and operation of gas counting systems,

they were comparsble with those ovaudric and Long,36
and enabled accurate and reproducible measurements

of active samples to be made within the limits
required by the work. It was shown that counting
rates accurately proportional to the partial
pressures ofn;4002 used were obtained.. The counter
pulses were quenched by a 10144 probe unit (with the

above mentioned modifications) and registered on

a 10094 scaler.

(¢) Counting procedure (details). The counter filling
éystem is illustrated in fig, 7. The sample tube, S.T,,
contained the active sample of CO2 to be counted and
Was attached to the assembly, as shown, by a B.12 cone.
The system was pumped down to vacuum with the carbon
dioxide frozen at ~195°C. behind T,. When a
sticking vacuum had been obtained the mercufy in the
Toepler pump was raised to the ventille Vl inAthe side
arm and to the sinter S in the méin arm of the pumping
system, The volume of the inlet side to Vs (with Ty

and T, open, and T3 and T4 closed), was known, as was

also the variation in this volume with the reading of

the manometer M2. Likewise the volume of the counter

1tself, bounded by S and T5, was known so that the
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pressure developed in the counter, after transfer of a
given pressure of gas from the inlet side, could be
ealculated. With the mercury in the "raised" position,
T6 was closed and carbon disulphide vapour was admitted
to the counter from the storage bulb by dropping the
mercﬁry in the cut-off until the required pressure of

2 cm. was registered on le T5 was then closed..

The radioactive carbon dioxide in S.T. was allowed to
warm up to room temperature with T3 and T4 closed and
the pressure registerea on M2 observed.. The gas

was then pumped to the counter using V. as a non-return

2
valve and, subsequently, enough inactiwe COb was added
(via T3 and the inlet measurihg and pumping systems) to
bring the total pressure in the counter to 10 cm.
The partial pressure of active material was, of course,
known from the reading of M, end the relative volumes
of the inlet and counter compartments, as mentioned
above, |

Initially samples were counted with the counter
permanently attached to the system, a practice which
was discontinued owing to difficulties in providing

adequate shielding. For the major part of the work the

counter was fitted with a B.1l0 cone and small tap so that
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it could be detached from the filling apparatus and
removed to a lead castle to provide good shielding and
minimum background. Also the main counter tube case
was equipped with a two inch cold finger, C.F¢, in
4 mm. pyrex glass tubing, into which the counter contents
could be frozen down at —19500. and allowed to warm
up again to facilitate mixing of the disulphide and
carbon dioxide. This innovation was made when it
was discovered that, without it, the counter requiread
up to an hour to settle down end give consistent
counting rates. The inconsistency over the first hour
took the form of a steady decrease in the counting
rate for a given filling and was presumed to be due to
inefficient mixing of the charge transfer gas with
the main filling of 002, since it was also observed
on testing the characteristics of inactive 002-082
fillings with externally mounted K sources. Presumably
the "extra counts" over the settled value represented
spurious counts from negative ions. After eliminating
this fault the only time lag between the introduction
of the counter to the castle and actual counting, was the
fifteen minutes required to allow the high tension supply

to settle down. Although the counter was always

filled to the same pressure it wgs deemed advisable,



105.

where time permitted, to take a plateau each time, to

establish the optimum counting voltage.
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V. SOME COUNTING PROBLEMS: (1) SPECIFIC ACTIVITY
OF ACETONE USED.

Three reasongbly convenient methods were available for
measuring the specific activity of the 1.3 14C-labelled
acetone, The method adopted here involved complete
combustion of a specimen of the acetone to carbon

dioxide and water, followed by distillation of the CO

2
and determingtion of its specific activity, allowance
being made for the inactive carbon atom;

i 1 1
14CH30014CH3 Sompnetion, oMo, o 205, (56)

The other methods, used by Christie,14 consisted of
combustion, to carbon dioxide, of samples of methane and
ethane from the photolysis of pure acetone, They were
employed in this work only as a convenient check bn
the preferred method, since they were felt to be subject
to sources of error of an unreasonable magnitude. For
instance, at normal absorbed intensity levels of about
lO12 to lO13 quants/cc/sec. the system was only capable
of producing a micromole of gas per unit quantum yield
(actually 3 x 1012 quanta/cc/sec. = 10‘6 mole/5 mins) in five
minutes of ifradiation. It was felt that long periods of

irradiation were, in principle, undesirable, on account

of uncertainties which could arise in the course of the
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process due‘to building up of produets to fairly high
concentrations and, here, the time required to produce
large amounts of gas was held to be prohibitive. Al-
though it seemed quite practical to pursue the method
using 10-5-10"6 mole quentities, with an accurate measuring
system, 1t was found, in practice, that the manipulation

of such small amounts of gas from measuring system to
oxidizing tube and back again, with attendant condensations
in liquid nitrogen in apparatus containing exposed new
stopcock grease, resulted in contamination with appreciable
quantities of condensable matter from the grease (of

order 5% on one sample of ~ 3 x 10-6 gm. mol. of ethane).
This method could, of course, have been refined but in
view of the availability of the other, in which gross
acetone samples could be combusted to give two counter
fillings of co,, (approximately 2.7 x 1074 - 5 x 1074 moles),,
it was deemed unnecessary. With these quantities of gas
available contamination at the level mentioned was
unimportant and ordinary manometers could be read to an
accuracy of at least 1%.

Experimental Details

The active acetone originally obtained from Amersham had
already been diluted once to provide a material of suitable
activity for photolytic runs. It was, however, too

concentrated, even in this form, for direct combustion
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and measurement in the manner envisaged. A further
dilution of the acetone was therefore made (about 100
times) to bring the activity down to the required value.
The dilution was effecfed in the following manners a
B.1l4 cone was drawn down to a 1 mm. capillary at its
smooth end and the whole weighed. Subsequently a small
amount of acetone was tranSferrgd to this capillary

( ~0.05 gmn.) by vacuum distillation and, as soon as
condensation of the acetone was complete, the capillary
was sealed across. The B.1l4 cone was then rigorously
cleaned with benzene, to remove any Apiezon grease, and
" the cone + capillary weighed to ascertain the weight

of acetone taken. The benzene cleaning technique was
quite satisfactory since trials had shown that a tube
could be wei, hed, greased, cleaned and feweighed to
within 0.0002 gm. In condensing the acetone care had
to be taken that no mercury condensed in the capillary
at the same time and, to this end, the acetone was usually
condensed quickly in an auxiliary limb (adjacent to the
capillary) and the section immediately sealed off from
any source of mercury. The acetone was then transferred
to the capillary at leisure, which was desirable in view
of the relatively lengthy procedure involved in oapillary

condensations. The capillary was then broken under g
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weighed amount of inactive acetone ( ~ 5 gm.) and shaken
immediately to complete mixing.

Small aligquots of the diluted acetone were pumped
through the copper oxide combustion train, (Fig. 6),
and there oxidized to carbon dioxide and water. The
carbon dioxide was separated, for counting, by distillation
from X, at -135C., to S.T., at -195°C.  Large yields

of ¢O sufficient to more than fill the counter to a

2’

pressure of 10 cm., were obtained and, providing care

was taken in determining the dilution rafio of the acetone

itself, gquiteaccurate determinations of the specific

activity could be made in this way. It was necessary to

ensure complete oxidation had occurred and this was

best achieved by not overloading the oxidizing agent with

too much acetone. If this precaution were not

observed pyrolysis occurred, as opposed to oxidation, with

resultant higher activities due to the appearance of

fragments or products containing more than one carbon stom.
One further possibie source of error was also discovered

and eliminated. It was found that freshly prepared |

rgdioactive acetone, obtained from the_Radiochemical Centre

at Amershem, contained, as impurity, a volatile compound

which appeared, in actual photolyses, in the carbon

dioxide fraction (collected from the products at -150°Q.).
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This compound was, of course, not isotopically diluted

on addition of inactive acetone to the origingl active
material and consequently retained a very high specific
activity such that only extremely small gmounts were
necessary to cause havoc in estimating the radioactivity

of the carbon dioxide fraction. Before attempting
determination of the specific activity of the acetone

this impurity had to be removed. This was not easy. An
attempt to remove it by distilling the acetoﬁe onto
carbosorb was unsuccessful, but it ought to be observed
that the carbosorb was perfectly dry and might not have
taken up carbon dioxide under these conditions. Alternative~
ly the impurity might have been not, carbon dioxide, but

a gas with similar volatility at -150°C.  The activity
was significantly reduced by pumping on the acetone at
about -80°C. for a considerable time when the impurity
distilled out preferentially. However, the time required
to reduce the residual activity of the —150°C. fraction
from a blank run, i.e. no photolysis, was considerable

and the technique eventually agdopted here, to conserve
acetone, was to leave the acetone at room temperature over-
night and to pump away evolved gases for a short time,

at -80°C., the next day and this process was repeated until

a reasonable blank was obtained. The process of allowing
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the vapour over the acetone to achieve an equilibrium
concentration of impurity overnight, followed by a
short period of pumping, was less wasteful on radioactive
acetone supplies than the method of continual depletion
of vapour by continuous pumping, since acetone is itself
lost by this process at -80°C.

If this impurity.was not removed from the acetone,,
and a small sample of acetone was withdrawn to a
seéparate reservoir for specific activity combustions, then
each successive aliquot of acetone taken from this
reservolr to the combustion tube was less rich in impurity
than its predecessor and consequently had a smaller
activity. Thus each successive activity approached negrer
to the true value for the uncontaminated acetone. The
effect is illustrated below by comparison of specific
activities (a) from a conteminaeted semple and (b) from
a "well-gged" one, The results themselves are not
comparable for (a) and (b) since the dilutions used were

different.

(a) contaminated acetone |(1) 464.0%3.3 (2) 422.443.1
(3) 415.143.0 (4) 409.244.2

[(b) "well-aged" acetone (1) 213.832.2 (2) 211.042.6

(3) 211.342.1

Table IV. Successive gectivities of different types
of acetone
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Note The specific activity of the acetone methyls
(which was required for calculation of that portion of
any yield which had arisen from the methyls) was one
and a half times the activity observed for the carbon
dioxide from complete combustion of the acetone.

'Activiiy of Carbon Monoxide in Calibration Runs.

The activity of CO from calibration_runs, with active
acetone fillings, was found to be zero.proving that the
acetone was labelled as indicated i.e. in the methyl

groups only.

(2) CONTAMINATION OF CQUNTER s MEMORY EFFECT.

It was found, by experience from many determinstions, that

none of the cathodes used in counters was susceptible to

l4002. Usually evacuation of the

counter for agbout fifteen minutes was sufficient to

memory effects with

remove the active filling and reduce the counter background
to ité normal value. However, when attempts were,made

to count the carbon dioxide fraction from gcetone-oxygen
runs, extracted at 715000., it was observed that the
background increased subsequent to each determination,

and that this was true for any of the cathodes employed.
Moreovgr, the acquired background was permanent and did

not decrease significantly even when the counter

was flushed severagl times with inactive carbon dioxide.
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The material responsible was obviously not carbon dioxide

13 of formaldehyde

and, in view of Hoare's experience
contamination in this fraction of the photolysis products,
it was thought that formaldehyde was being polymerized

By the counter discharge and leaving traces df involgtile
active material in the counter. It proved extremely
inconvenient since the background rapidly became
embafifassingly high and the counter had to be discarded .
and time consumed in construction and calibration of g
new one.

To prevent this undesirable effect the analytical
procedure was modified slightly. After extraction and
measurement of the carbon dioxide containing fraction, and
dilution with carrier 002 to facilitate manipulation, the
diluted material was circulated through the copper oxide
combustion train and then recollected for counting. This

procedure: converted any organic material to CO. and the

2
acquisition of mémory in the above manner was then rendered
impossible. It should be noted however that the

brocedure was only valid if the contaminatilg: compound
contained one radioactive carbon atom in its molecule.

The only products of the acetone-oxygen photolysis volgtile
at this temperature were CO, QOQ, CH2O, and perhaps GH4”
so that in this case it was correct.



ACETONE | IRRAD- |  TRANS- 2T Tavs, x
£0C.) | (MIN.) | (4RBITRARY quanta/ v
‘ UNITS) | cc./sec.
Al 120°C. 62,0 w min. 27.0 10.53 3,20 0.078
A2 : 61.0 " 32,0 11,55 3.52 0.072
A3 " 62,0 " 27.5 9.87 3,00 0,072
Al " 63.0 " 2L, 0 9,11 2.77 1o.0ﬂm
D1 " 62.0 " 2.5 13,48 L.10 0.110
D2 d 62.5 " 29.0 16,02 L.88 0.111
D3 (Redicactd " 62.5 " 27.0 14,92 L, 5l 0.111
D12 122°C. 63.0 " 33,0 18.33 5.57 0.111
E2 121°c, | 128.0 " 18.5 2, 8l 7+55 0.269
E3 |120%. | 129.0 = 22.5 29.15 8.86 0. 260
Gl 175°C. 37.2 10 min. 23,0 15.95 2,43 0.0692
Gl 176°C. 37.0 10 min. 15.5 10.47 1.59 0.0675
K1 |120°%c, 32.0 10 min. 45.0 20,78 w.mm 0.0L62
K12 |120°c. 32,0 10 min. 51.5 23,08 3.51 0.0450
K21 (Radicact)120°C. 32.0 10 min. 40.5 17.93 2,73 0.044L3
_emcwm Ve Calibration runs from various series, Radioactive D3, K21,

{(rest 3inactive).
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VI. THE PHOTOLYSIS OF ACETONE IN THE PRESENCE OF ADDED
OXYGEN

After the problems presented in the construction and
operation of the filling, irradiation, analytical, and
counting apparati had been resolved, experiments were
performed to confirm that the combination of these
techniques was capable of providing reproducible results
for calibration runs performed under identical conditions
of acetone pressure and temperature, Calibration runs merely
involved photolysing pure acetone vapour with 3130ﬁ
radiation and the only analysis necessary was that for
carbon monoxide. The ratio of carbon monoxide yield to
transmitted intensity, in such runs, gave the amount of

gas per unit of transmitted intensity equivalent to unit
quantum yield over the period of irradiation, at the
particular acetone pressure and temperature employed,
(providing the temperature was above 120°C.). The results
are illustrated in table V, It was also demonstrated

that the calibration yields, under identical conditions

of temperature and pressure, were the same for both radio-
active and inactive acetone, This was essentisl since
some photolyses were Known to be sensitive to eveﬁ extremely
small amounts of impurities and it was realised that the
radioactive acetone used could have contained radiation
decomposition products. It was also confirmed, briefly,

that the methods outlined gave comparable values to those



,mm@ mew. wmwwomm. mmwnmmd IRRADIATION I, Tone
£0C. | ~+%C.- (MINUTES) | (pppitrary U,) | (x 1072
F2 | 120°C | 32.5 O.42 10 36.5 2,52
D11 | 120°C | 63.0 0.L42 5 31.5 530
D13 | 120°C | 63.0 O.L42 5 28,0 Lee 71
E4 | 120°C | 128.5 0.42 L 2L.0 9.62
75 | 120% | 32.0 0.8l 10 50.0 345
D14 | 120°C 63¢5 0. 8L 5 37.0 6.22
E1 | 120°C | 129,0 0.8L 5 29.5 11.80
76 | 120°%C | 32.5 1,68 10 3545 2,53
D15 | 1200C | 63,0 1.68 5 2L, 5 12
E5 | 120°C | 129.0 1.68 5 20,0 8,02
G2 | 175°C | 37.0 | o.u8 10 19.3 2,05 |
H2 | 1759C | 72.0 C.L8 5 30.3 7.47
63 | 175°C | 37.0 0.96 10 23,3 2,118
H3 | 175°C 72,0 0.96 5 15.5 384
rmm 175°C | 37.0 1,92 10 19.0 2,02
H5 |1759C | 72.0 1.92 5 12.0 2.97

TABLE VI

ACETONE -OXYGEN PHOTOLYSES (12
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of Sutton3 for acetone-~iodine photolyses.

At this stage, for reasons already given in Chap. III,
it was decided to re-investigate some of the work carried
out by Noyes and co-workers, on the photo-oxidation of
acetone, but using the 1l.3. 1LLC—lab’elled acetone to
establish the origin of the photolytic fragments. By
irradiéting acetone-oxygen mixtures with 31302 at two
temperatures, namely 120°C. and 17500., and analysing for

12

1LLCO, 1200, 1LLCO2 and “CO results were obtained which

D
were in good agreement with the results of Noyes and
Marcotte, i.e, for total CO and total 002, but did not
agree in distribution of radioactivity with those of
Christie and were incompatible with some aspects of the
mechanism proposed in the last paper of the series.lu The
results are given in table VI, The main points may be
summarized as follows,

(i) The majority of the carbon monoxide yield was fadio-
active although a certain amount was still obtained
from the carbonyl group by acetyl dissociation.

(ii) The amount of active carbon monoxide decreased with
increase in oxygen pressure under otherwise identical
conditions but was relatively unaffected by acetone
pressure. For this reason the results have been
grouped according to oxygen pressure rather than acetone
pressure, Although the figures for the inactive

carbon monoxide quantum yield varied from 0.02 to 0,10
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the pattern was irregular and probably represents a.
measure of the inaccuracy of the measuring system rather
than a genuine variatidn of that magnitude. It would
seem that the results are probably subject to an error
of about + 0;03.

(iii) Most of the carbon dioxide was inactive. The
portion which has been represented in the table as
radioactive was probably largely formaldehyde rather
than 002, since it contaminated the counter, giving
rise to the memory effects mentioned in Chap., V, if
suitable precautions were not taken. For this reason

no significance has been attached to these figures
except that they represent an upper limit for radioactive
002 and that this limit is always small compared to

the inactive figure. It is, however, noteworthy that
this yield is guite irregular and is the only yield which
does not increase markedly with rise in temperature,
which seems compatible with partial withdrawal of
formaldehyde at —15000., as found by Hoare, and also
inferring that there is very little, if any, active 002
formed et all, Two carbon dioxide yields, those in F2
and D;5 were rather low and it was suspected that this
was due to incomplete extraction of the 002 from the
acetone rather than a deviation in the trend of the
results,

(iv) The overall inactive quantum yield, qko + qko s Was
_ 2
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interesting in that it assumed values greater than 1.0
both at 12000., at low oxygen pressure, and at 17500.
ovef the whole range studied., . This is by far the most
significant result since it points to generationlof
further acetyl radicals by a different process to (1),
a factor which was certainly not apparent from Noyes

results,

The effect of rise in temperature on the yields mentioned

above was to increase all the yields without appreciably
altering the pressure dependence, except that for ¢bo
(carbonyl) which also showed a decrease with increasing
OXygen pressure, ‘

It must be stressed at this point that these results
do not represent the whole picture.but do provide a
considerable improvement in the detailed knowledge of
results on the high oxygen pressure side of the maximum
which Noyes observed to occur in the carbon dioxide
yield curve. Result (iii) is a direct contradiction of
Christie's findings that all the CO, was active and
some justification should perhaps be presented here for
accepting the results of this werk in preference to the
others,

The major Justification is provided by the fact that
Kutschke, performing the photolysis with 180,2\6 has
obtained results substantially the same as those guoted

in (iii).  Secondly, in the section dealing with
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radioactive counting problems, (Chap. V), it has been

shown that new radioactive acetone as supplied from the
Radiochemical Centre at Amersham contained an impurity
which, if not removed, appeared.undiluted in the 002 fraction
and presented the illusion that the 002 itself was highly
active.l It was even possible that the contaminant was
1”002, and, if Christie's acetone had been so contaminated,
she would have observed the same effect even though her
method of analysis first involved ébsorption in KOH, This
was felt to be likely since Christie observed in her paper
that some unidentified impurity was present in her acetoné.
. Also no results were actually quoted and, presumably, few
experiments were performed with active material, In the
present work, the presence of the foreign activity was not
detected until several runs had been performed and it

was observed that the activity of the 002 fraction had
fallen unaccountably (due to preferential removal of the
impurity from the acetone in the reservoir in the earlier
runs).

Christieis formaldehyde yields were obtained by two
different methods, each checking against the other, and
both colorimetric. .They were, therefore, felt to be
reliable and no attempt was made to reproduce them here.

ACETIC ACID

Christie's experiments with 1.3. 1L"C—labelled acetone also
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led her to the conclusion that acetic acid was a major
product in the photo-oxidation although, again, no results
were given except a statement to the effect that the guantum
yield was &t ledst unity assuming no other acid was

formed. The method of estimation of the 1L‘c;HjaOH was

not clearly stated but involved, initially, condensation of
the photolysis products not volatile at -100°C. into barium
hydroxide solution, and removal of acetone by subsequent
evaporation to dryness and ignition at MBOOC. In view

of the lack of detailed information on these points it

was decided to attempt estimation of acetic acid as part

of this work.

The method adopted was one which followed fairly
closely the available steps in Christie's method. Products
from the photolysis were condensed as wsual and any
permanent gases which could have interfered later were
pumped off at -19500. Carrier acetic acid, in water, was
then introduced, i.e. condensed onto the photolysis products,
and the whole mixture was distilled back into the reaction
vessel, since it was possible that a product like acetic
acid might have been adsorbed onto the walls of the vessel.
This mixture of carrier acid and products was then distilled
into a solution saturated with barium hydroxide, and, in
fact, actuallystanding over solid barium hydroxide octahydrate,

The contents of the tube containing the baryta were allowed
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to warm up and the acetic acid reacted with the hydroxide
leaving a weak solution of barium acetate over an excess of
Ba(CH),. 411 volatile matter, including acetone and

water, was then pumped off leaving a solid mixture of barium
acetate with excess barium hydroxide. When such a mixture
~was heated to about 500°C. the methyl carbon atoms of the
acetic acid were evolved as methane and were separated

from any source of impurity (other than permanent gases) by
collection from a trap at -19500. Any radioactive acetic
acid from the photo-oxidation was thus converted to 1MCHA'
This wa8 oxidized to carbon dioxide in the usual way and
the specific activity of the carbon dioxide determined.
From a knowledge of this specific activity, the specific
activity of the original acetone, and the amount .of carrier
acetic acid added, the yield of active acetic acid from

the photolysis was deduced (isotopic dilution). It was
felt that such a method could distinguish acetic acid from
most other products, A.precaﬁtion which had to be
observed was that the silver powder normally used for
trapping out excess iodine was removed from the system,
since it was capable of reacting with the acetic acid,
presumably due to traces of oxide and, perhaps, of iodide,
In spite of this, however, the experiments were a failure,

The first photo-oxidation performed for the purpose

of estimating acetic acid gave a counting rate in the 002
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obtained which was equivalent to a quantum yield of about
0.78, which seemed to bear out Christie's observations.
However, this was soon shown to be fallacious. A
calibration run, performed with acetone oniy, i.e. no added
oxygen, gave an agpparent quantum yield of acetiec acid of
approximately 0.52, and a blank on acetone only, i.e. no
photolysis, gave a counting rate equivalent, on a similar
calibration figure, to 0.3L. The'most reasonable
conclusion which could be drawn from this was that the
acetone itself yielded small amounts of acetic acid in the
presence of .alkali. To counter this an attempt was made
to perform the reaction under dry conditions.

A sample of potéssium hydroxide was melted under vacuum
to eliminate traces of water vapour.A A blank run was then
performed -in which the usual amount of radioactive acetone
was diluted with carrier acetic acid in acetone solution
and distilled onto the hydroxide, and allowed to react.

The volatile matter was then pumped away. The colour of

the hydroxide had become yellow presumably due to some
reaction. Methane was liberated and oxidized and counted.

The counting rate corresponded to a yield df approximately 17.9
X 10—7 gm. molecules of acetic acid which, on the calibration
figure used initially, represented a quantum yield of about
0.89. A further experiment in which barium hydroxide was

used in place of KOH (on account of its milder alkaline
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action) gave a poor methane yield which was thought to be
‘due to the modified physical state of the baryta after
melting, Nevertheless the specific activity of the
methane obtained was equivalent to a yield of 12.5 x 10"7 gMe
mole. of acetic acid and a quantum yield, based on the previous
calibration figure, of 0.62.

This high blank level, coupled with the inconsistent
variation in the blank, was considered sufficient reason
for abandoning the method. No other method was sought
in view of the lack of time available and the necessity
for proceeding with acetone-iodine-oxygen photolyses at this
stage. However, one or two comments, can be made. Firstly,
the highest blank obtained was with potassium hydroxide, a
stronger base than barium hydroxide, and indicated that
some reaction to give acetic acid was taking place. . The
matter was not quite so simple, however, since in the
experiments with acetic acid carrier in acetone, a further
dilution of the radiocactive acetone species occurred and,
if the cause of the high blanks was supposed to be reaction
of the alkali with acetone, then one might have expected
these blanks to be much lower than the others.

In conclusion it must be pointed out that the above
results place considerable uncertainty on the reliability
of Christie's results obtained with a similar technique,
and indicate that the presence of acetic acid in the photo-

oxidation has not yet been proved, although it would be
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foolish to claim that they disprove it. A rather more
reliable technique for acetic acid determination would be
necessary to settle this point and provide an extension

of the knowledge of the procéss of photo-oxidation.
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VII. THE PHOTOLYSIS OF ACETONE IN THE PRESENCE OF ADDED
OXYGEN AND IODINE

Initially it could not be predicted with any certainty
whether or not oxygen could competé favourably with iodine,
(or vica versa), as a radical remover, or as an agent
affecting the fates of the various excited species formed
in the primary process, in the photolysis of acetone.

Using the experimental t echniques already described, an
experiment was performed in which the iodine and oxygen
pressures used were comparable, and it was found that

the yields of oxygenated products were very much reduced,
whereas the yield of methyl iodide was relatively‘
undisturbed, i.e. was approximately the same as that for
acetone~iodine only under the same conditions of temperature
and pressure, Subsequent experiments were performed

at constant, fairly high, oxygen pressure snd the iodine
pressure was progressively reduced unﬁil the oxygen-iodine
ratio was as high as 22,2:1, The results are presented
intable VII but before considering them some comment:

is necessary on the way in which they wefe obtained.

FYor reasons already mentioned in the experimental
sections it was impossiblelto determine all the reguired
guantities simultaneously._ For instance, total carbon
dioxide could not be determined at the same time as methyl

iodide on account of the evolution of gases, volatile at
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-15000., from the iodide carrier solution after only

slight deterioration. Also formaldehyde could not be
determined with any of the other quantities, ideally,

since it was undesirable that it should be given the opportunit]
of polymerizing in cold traps to any marked extent. It

was estimated by a colorimetric method which is described
later, Thus the acguisition of a reasonably comprehensive

set of results for even one acetone-iodine-oxygen

experiment was somewhat arduous, since it involved the

following programme.

(a) a calibration figure for the particular acetone
pressure employed, If a series of experiments Wére
performed at the same acetone pressure, as in this case,
calibratipn ruhs were carried out every five or six runs
to check that the optical system had not been accidentally,
and imperceptdibly, moved giving different irradiafion
charaéteristics.

(b) for each iodine pressure to be used in conjunétion
with given acetone and oxygen pressures, it was necessary
to perform a control run with acetone and iodine only,
gt the same pressures as those required for the full run.
This was to ensure that the observed effects in any
particular run were a function of iodine and oxygen
pressures and not merely due to alteration in the former.

(¢c) Each determination reguired, ideally, three separate



(3,541 GNY OZ1) S3SA10LOHd N3IDAXO-3NOL3DV ‘1A 18Vl

ce 69°0 611 f2°0 ¢L°0 G¢*0 L6*2 0°2l g 26"} 0°2L | DoSLL | SH
4 8¢ 0 GL*t o) Lo Ao z0°z 061 o} 26° 1 0°L¢ | 0oGLV | 4D
f1L°L 89°0 6G° | 12 °0 GL*o fh*o 8¢ GGl G 96°0 o.mw 0oGLL | ¢H
mm.v G¢Ggeo U R ¢L*o GL*0 cteo gfi*e ¢e¢e 0l 96°0 0°L¢ | DoGLL ] oD
D 890 gh L' h*o aq'0 JAIAA ¢°0¢ G 810 0°2L | DoSLL | cH
90°2 GL*0 GL*} 1°0 LE 0 k9°0 Go*z ¢°6lL ol gt1*o 0°.¢ | 0oGLL | 2D
hL*0 f¢°0 0L°0 8L'0 10°0 910 209 0°02 G 89 ° | 0°621L | Do0Ck | GH
89°0 2*0 850 rARMO 0L°0 Z2L®0 AR G e G wmmv 0°¢9 | 0002l | GLa
80 gc o fL°0 b0 0F°0 L1*0 ¢G°e G*G¢ ol 89 °k G*2¢ | D02k | 94
GL*0 620 ¢10 1170 200 | 84°0 0811 G628 G ng'0 | o0'6zr | 0g02k | 1T
88°0 92 °0 18°0 80°0 L0*0 g0 229 0*L¢ g f18°0 G*ca | poOZt | MTia
18°0 0%°0 LL*0 L0°0 10 *0 ¢2*0 atie¢ 0°0§ ol f18°0 0°2¢ | 0,02k | G -
Gzo g0 0z*L L1°0 50°0 1€ *0 29°6 0z f 20 69zt | o0zt | T
Gzl uuae gLt 91°0 L0°0 82°0 L.t 0°92 G eheo 0°¢9 | Dg02t {S1a
" 65°0 uA LL*0 80°0 820 0¢ S G* g G eh*o 0°¢9 | D02t | +ia
gL'l ¢hro 90° | 0L*0 90°*0 €0 262 G*9¢ o] etreo G2 | 0,02k | 24
”nm%copmwov %.\EWE@ @%Monnmov @%Mnmsv AH.\mMonn,@ov AHhMW@EV Ammlmr X)) Amb hpmmign«.v (STIONTH) pm.@&@@ p@.@%ﬁ@ oo | on
o+ @w (0] ¢ (0] D (0] "1 I HOTIVIQVENT | NubAXO | mwor@ov | *dmds | N




126,

experiments, one for active and inactive CO and 002
yields, another for methyl iodide, during which the CO
yields could be checked, and one for formaldehyde
determination,

The process was also rendered more time consuming

by the make-and-break seal reconstructions necessary

after each experiment and, in the time available after a

rather extended investization of the acetone-oxygen

problem,.  the more complex investigation could not be

investigated more thoroughiy than is shown in the table

of results, However, sufficient information was

obtained to draw some interesting conclusions and to

make it worth while continuing the work. A further,

more comprehensive, programme of work on this topic is

now in progress in this laboratory but in different hands.
The results obtained, all at 120°C. and 32.0 mm. of

acetone, and mainly at 3.36 mm. pressure of oxygen were

as follows,

(1) The total CO and CO, yields were much reduced in
the presence of iodine and were of approximately the
same magnitude in the few runs in which they were
available, The majority of the CO was, again,
radioactive, and virtually all the 002 was inactive.
This might indicate formation of these two products

from the acetyl radical, the methyl radical being almost
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entirely guenched by iodine even at 3.36 mm. of

oxygen and C.50 mm. of iodine. The number of results
did not permit any generalization on the pressure
dependence of these yields, the pattern of the few
avaiiable being somewhat irregular.

(ii) The yields of methyl iodide at comparable oxygen-
iodine pressures were almost identical with those in the
absencé of oxygen at the same acetone and iodine
pressures. At low iodine pressures, where oxygen
competition might have been expected, the iodide yield, .
somewhat surprisingly, rose and, indeed, more rapidly
than in the corresponding iodine-acetone series,
but levelled out at iodine pressures, of 0.31 mm. and
0,15 mm,, the lowest studied.

(iii) The formaldehyde yield, probably the primary
indicator of the efficiency of oxygen as a methyl
radical quencher, was almost negligible, even at an
iodine pressure of 0,3C mm, whére the oxygen~iodine

ratio was 11:1.

APPENDIX TO CHAP, VII -~ THE DETERMINATION OF FORMALDEHYDE

Christie's colorimetric methods for estimating formaldehyde
were those employed by Gomer and Noye837 in earlier photo-
chemical ﬁork. Reference to this latter paper did not
yield a great deal of information beyond the fact that the

methods were essentially slightly modified versions of those
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of Matsukaw338 and Stotz.39 The modificafions were not
described, however, and, since the initial methods were

rather tedious, (Matsukawa's employing solutions of
phenylhydrazine, sodium chloride, potassium ferricyanide,
hydrochloric acid and also ethyl alcohol), it was decided to
use, here, the much simpler method described by Bricker and
Johnson.LLO This method merely involved the use of the
solution to be tested, chromotropic acid solution, and
concentrated sulphuric acid. The process of colour development
was quite simple and did not require rigid control to produce
consistent results, The main amendment here to the procedure
outlined in their paper was fo develop the colour at 60-6500.,
since this was found to be preferable to 100°C, in the presence
of excess acetone, Tests with prepared solutions of
Pormaldehyde showed that the extinction observed after a
certain standard procedure was proportional to the formaldehyde
concentration, and the sensitivity was good since an
extinction of 0.15, on the sensitive portion of the log. scale
of the spectrophotometer, wés obtained with 6.54 x 10™8 gMme
mole. of formaldehyde in 0.2 ml., of test solution made up to

5 ccm. At the irradiation levels used this corresponded to

a quantum yield of about 0.03 so the method was sensitive to
about 0,01, whichwas considered adequate. - The strength

of the prepared formaldehyde solutions was determined by
formation of the bisulphite compound and titration with

L1

iodine,
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Procedure

A photolysis was performed in the usual way and, after
attachment of the reaction vessel to the analytical
apparatus and pumping down, the seal on the vessel was
broken with liquid nitrogen around E. Excess oxygen was
pumped off and fhen the contents of E were allowed to warm
up to room temperature and distilled back into 0.5 ccm. of a
degassed solution of chromotropic acid inwater (2.5 gm./
25 ccm. ), contained in a tube replacing C.T. This was
detached from the apparatus and the volume gquickly made up
to 4.5 ccm, with concentrated sulphuric acid. The total
volume of the acetone from the photolysis was
approximately 0,2 ccm,, so a blank of 0.2 ccme of AnalaR
acetone was also treated with 0.5 ccme. of chromotropic acid
solution and the reguisite amount of HZSOM° These two
samples along with & further blank of 0.5 ccm., of
chromotropic acid solution and sulphuric acid as before, were
left for thirty minutes at 60-65°C. At the end of this time:
the solutions were allowed to cool to room temperature and
then made up to 5 cem. with more conc,. stou. The
extinctions of the samples were then measured in a 10 mm.
cell, in a Unicam Spectrophotometer, at a wavelength of 570 mu.
The acetone blank. was usually negligible and thus the
formaldehyde yield from the photolysis could be read off
directly from the extinction versus formaldehyde calibration

curve,
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VIII. DISCUSSION OF RESULTS

(1) ACETONE-OXYGEN

A background of existing ideas on the process of photo-
oxidation, together with a critical assessment of their
validity, has already been provided in the introduction to
this work. At this point, with the results quoted in
Chapter VI to hand, it is proposed to consider, in more
detailed terms, the amount of information which can be
deduced from the work of Noyes and Marcotte, and Christie,
and the present work, regarding the mechanism. Throughout
the present discussion, to facilitate recognition of the
origin of a product, the carbon atoms originally present in
the acetone molecule as methyls are denoted 1“0.

(a2) Oripin of Formaldehyde

The opinion has been expressed, by Christie,lLL that
formaldehyde is the primary product of the reaction of a
methyl radical with oxygen, and that carbon monoxide, contrary
to the initial ideas of Noyes and Marcotte, is formed in the
subsequent reaction chain., This idea is probably correct
but a close examination of the yields of carbon dioxide and
formaldehyde shows that it cannot account satisfactorily for
2ll formaldehyde formation. The reasons are as follows:

(1) if formaldehyde were formed solely from free methyl
radicals, (which are formed by reactions (1) ana (4) at

low oxygen pressures), and carbon dioxide were formed by
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reaction of acetyl radicals with oxygen, (a point
demonstrated in this work), then, as the carbon dioxide yield
rises, the formaldehyde yield should fall, due to the
reduction in available methyl radicals from acetyl dissocia-
tion, This is not borne out in practice since the
formaldehyde and carbon dioxide yields achieve their
respective maxima together, at both 120°C. ana 175°c., Thus
formaldehyde must arise by some process other than methyl-
oxygen reaction, aﬁd perhaps from the acetyl reaction
sequence,

(ii) 4if formaldehyde were formed solely from methyls, then, in
the absence of a methyl producing chain, the maximpm yield
should be 2.0. In actual fact the maxima at both 120°C,
and 175°C. are substantially in excess of this figure,
being 2.3 and 2.5 respectively. It has already been shown
in the present work that the generation of acetyl radicals
in the overall process can exceed unit guantum yield owing
to the contribution of a reaction other than (1), and it is
possible that these apparently anomalous formaldehyde yields
are partially realised either in this process or in

subsequent acetyl reactions.

(b) The Fate of the Methyl Radical : Production of 1L‘CH

205
1“CHul,and oo,

Methane is only formed at very low oxygen pressures,

although the amount realised st a particular pressure increases
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with increased temperature. These two points are to be
expected since the reaction (36), by which the methane is
formed, involves hydrogen abstraction from an acetone molecule,
a process requiring a fair activation energy. However, it
should be noted that, in the region where methane is formed,
the formaldehyde yield end the methane yield together are

roughly constant and
¢ T ~d,
CHZO <+ QCH}.]_ ~ 200

If the temperature is raised, so that the methane reaslised

at a particular pressure is increased, then the formaldehyde
vield falls and the above relationship is preserved. The
carbon monoxide yield, however, increases as this increase in
~ temperature occurs at constant concentrations of acetone

and oxygen molecules.,  This series of events, occurring

Simulteneously, suggests that

(i) The reason the combined yields of methane and formaldehyde
are constant at 2.0, under conditions where the yield of
002 is still reiatively small, is that all the acetyls
dissociate according to (4), and that the two methyls,
formed by the combination of (1) and (4), then react to
form, as primary products, either formaldehyde or methane,

depending on conditions of temperature and pressure,

CH, + CH,COCH (36)

3 3 3 — CH}_L + CH,COCH

3 2*

CHz + 0, — CH,0 + OH (L7a)
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followed presumably by

CHzCOCH; + OH —— CHzCOCH, + OHy (L7b)

It will be observed that both (36) and (47b) produce

acetonyl and that both involve hydrogen abstraction., If

the acetonyl radical is, indeed, the intermediate responsible
for the production of 1“00 then each methyl, regardless of its
initial reaction, can produce, further, under favourable
conditions, a molecule of 1“00. This would explain why, at
very low oxygen pressures, the CO yield tends to a value of
3.0 (12c0 + 2 00),  The fact that the 1400 yield rises
with temperature at a given pressure over the whole oxygen
pressure range indicates that the process is not necessarily
100% efficient, and the fall in this yield below 1.0 with
increasing oxygen pressure suggests that oxygen is capable

of reducing the efficiency of 1L‘CO production at some

point in»the reaction chain which cannot, at this pbint,

be specified.

(c) The Fate of the Acetyl Radical : Production of 12002 and 1200

Small amounts of 1200 are produced in the photo-oxidation
at the temperatures studied, the amount increasing with. rise
in temperature. This indicates that a small fraction of acetyls
always dissociates before reaction with oxygen can occur. It
is interesting to note, in this context, that the residual 120

vyield in the presence of OXygeén is much greater than the low
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figures obtained, at equivalent pressures of iodine, in
acetone-iodine photolyses - a further indication of the
inefficiency of radical-oxygen reactions compared with radical-

iodine reactions,

Most of the carbon dioxide formed is 12002. Owing to

experimental difficulties it was impossible to deduce what
proportion of the active residue from the second analytical

fraction, if any at all, was 1h002’ rather than 1l+CH20

extracted at the same time as 12002. Since, at 17500.,

¢H2 reached a value of 1.75 under conditions near the

Co
maximum yield, (see Noyes curves for maxima), and 1240 + ¢“i 200, W
CH 2

2.06 in the same experiment, it would seem that the formation
of acetyl radicals is more complex than indicated in (1),

unless the acetonyl radical can also react with oxygen to give

12 12

CO or Cco A further discussion of this point is made

2.
later,

(a) High Pressures

At 120°C, and 17500., at high oxygen pressures, the 1400,
1L”CH20, and 12002, yields all fall together on the high pressure
12

side of the CO, ana 1L*CH20 maxima. - This may be explicable

2

in terms of an alternative reaction of the acetyl radical

to account for the reduction in yield of the second and third
quantities, and variations in the yield of “CO can be explained
under all conditions. However, the possibility should be

noted that since all the yields are falling, the excited acetone
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molecules may be suffering deactivation, although such a

point of view conflicts with ideas arising from the results

of the acetone—iodiné-oxygen work (see later discussion). One
major difficulty in the way of a decision on this point lies

in the failure of any analytical scheme devised to date to
reveal the nature of an alternative product from the acetyl

radicale.

REVIEW OF MECHANISM

It is obvious that many of the findings mentioned in (a) -
(a) cannot be satisfactorily explained on the basis of reactions

. . L . 12,1
in existing mechanisms™~? b

and, indeed, a considerably
revised mechanism is required to account for all the observed
phenomena, However, after consideration of the available
information, it is apparent that, even with the extended
investigations of the present work, there still exists a
paucity of evidence and the formulation of a satisfactory
mechanism is impossible at this étage. It is, nevertheless,
possible to comment fairly accurately on the implications of
the above observations and to suggest where existing mechanisms
require drastic amendments.

Whether or not any deactivation of acetone molecules

occurs, the radical producing reaction can still be conveniently

represented by

1
“CH3CO?“CH3 sy — MCHZ» + COMHOH, (1),
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unless exeited acetone molecules are capable of forming
oxygen complexes and decomposing directly to products, a
process for which there is no supporting evidence. Also,
it is fairly reasonable to assume that any 1200 appearing

in the photolysis arises from reaction (L)

Wey 00— CO + Loy (L)

3 3
For reasons already cited in (b) above, the reactions

available to the methyl radical are

Wen. 4+ Yop cotton, — luCHu + op coltcn, (36)

3 3 3 2 3

or lL*CH3 +0, —» 1L*CHZO + OH (L7a)

The former is only important at very low oxygen pressures and/or
high temperatures. The course of reaction (47a) is not
necessarily that written. Reactions (47c¢)-(L47e) show that
although the intermediate CH302 is a potential source of
formaldehyde it cannot be said with certainty that the
formaldehyde appears spontaneously, along with a hydroxyl
radical, rather than after reaction of the CH3O2 radical with
acetone, If, in actual fact, the hydroxyl radical never
appears, the postulate that the inefficieney of reaction L7Db
can explainr the variation in the 1L‘CO yield is wrong. How-
ever, if for the moment, the reaction (47a) is accepted as
the probable one, then the formation of 1L‘CO méy well occur

by the reaction sequence 47b-48-49-38



137.

i.e. OH + ‘tom.coltcn, —a H .0 + on collen (L7b)

3 3 2 2 3.

mcHZcolL‘CH3 +0, — XX —> oo + 1L*CHBGOOH (L8 & L9)

plco  —— g+ oo | (38).

This is a compendium of reactions suggested by Noyes and
Marcotte and by Christie and requires some further explanation.

The reaction (38) is preferred to the alternative

HCO + 0, —» CO + HO (50)

2 2
advanced by Christie, since this latter involves consumption
of a third moiecule of oxygen in the réaction chain initiated
by the methyl-oxygen reaction. As long as the carbon dioxide

vield was thought to arise by a similar process, -

+ oH + cH coon (52),

1L
—_— 002 3

XX + O2

this was satisfactory, since the total oxypen consumption for
o, o, ana 0,0 formation was still only 3.0, and the
acetyl was thought to take up the fourth molecule to give
some unidentified product. Now, however, it has been
demonstrated, in the present work, that the Co, 1is 12CO2 and
arises, in part at least, from the acetyl radical, and ,also,
Hoare's work has demonstrated that the acetyl radical must

be held to account for two molecules of oxygen, leaving
_only two to the methyl radical. The whole of Christie's
carbon dioxide~formation mechanism must be declared invalid,

as is, also, Noyes second attempt involving reaction (LO)
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. . o1
which also regquires the formation of radioactive uCOZ,

instead of 12002,‘from the 1.3..1u0—1abe11ed acetone.

NEW REACTIONS

S

The difficulty in proceeding with the conStfuction
of a reasonable medhaniém arises when an attempt is made to
find reactions which will account for the production of 12002
in more than unit quantum yield, with attendant formation

of some formaldehyde. A simple reaction like (35),

Wen,co + 0, — cr 0 + 00 (35),

3 2 3 2
could possibly further yield formaldehyde from CHBO by a

reaction like (57),

1“0H30 + 0, — om0 + Ho, (57,

but this does not hold out hope of acetyl regeneration to
supply more 002, ahd the second molecule of oxygeh has already
been consumed without producing a further 002 molecule.
Moreover there seems to be no obvious method by which the
acetyl radical might conveniently regenerate itself.

It seems likely, therefore, that 1

2002 is produced from
an alternative source to that represented in equation (35), or
that acetyl is produced other fhan by (1), but not by a

chain involving the acetyl radical, and the only radical
formed in the system which appears reasonably suited to such

a function is acetonyl. In the absence of information on

the properties of this radical, it is proposed to consider,



at this point, the types of reaction it might plausibly
undergo since it seems to offer the only hope of a solution
to this aspect of the problem. A point in favour of the
acetonyl radical as a source of 12002 is that the carbon
monoxide yield falls rapidly as the carbon dioxide and
formaldehyde rise rapidly, suggesting a dual competition for
the same radical, and it is significant that the aqetonyl
has already been nominated as the probable intermediate in

carbon monoxide formation. For the same reason, however,

the following fairly obvious reaction must be discounted

14
CHBCOCHQ + 0, — CO + H,0 + CHBCO (58)

It is conceivable that the acetonyl radical might
undergo a spontaneous dissociation according to (59), or

even (60),

CHBCOCH2° —_— CH3CO- + +CH,e (59)

CH3000H2° —— CH,C0 =+ CH3 (60)

but such reactions should be favoured at low oxygen pressures,
and (48) at high pressures, whereas the pressure dependences
of the carbon monoxide and carbon dioxide yields indicate

that the reverse is true. Moreover, the acetonyl radical

is probably more stable than any of the products of (59) or
(60), S0 such reactions would be highly improbable, It is

interesting to note, regarding the stability of the acetonyl

radical, that two resonance forms can be written,
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(e, CHB-?-.:O, and, (pB), CHB-ﬁ-o-_.

-CH2 CH2
If the acetonyl radical is actually a hybrid of these two

forms then it would be. expected to be relatively stable and,
also, its reaction with oxygen might well be complex, although
it is not apparent, from thié argument, why the reaction should
be influenced by thé pressure of oxygen in the reaction
mixture, The conventional method of representing the

acetonyl radical is that above, (e<), but it might equally

well assume either of the forms shown below, namely,

(Y), CHB-ilJ-OH, and, (8), ‘CH2=(|3—OH

+CH - 'CH2

=<, ¥, and & are merely forms of a prototropic tautomerism
and, therefore, not impossible. It is not sugesested here
that there is any evidence for this, but some justification
for a duplicity of reactions with oxygen could well be
provided on structural grounds, although again the influence
of oxygen pressure on the relative efficiencies of the alternative
reactions is not immediately explained. It is interesting
that the structure x looks the most likely of the three to
give formyl and acetic acid as postulated in reactions 48 and
49. The others, &< and & , also scem to be conveniently
arranged for reactions (61) and (62), which, after the

elimination of (58)-(60), are virtually the only reactions left
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which might solve the problem.

1y RPN 1L 1L
CH5CO™"CH,, * (<) + 0, — CH4CO + “'CH,0, (61)

(8) + 0. — LhcH 0 + L.cr cooH

14 14
CH,CO~~CH 5 5 5

3 2

—— ey 0 4 co. + cm (62)

2 2 3

Reaction (61) is the least favourable of the two since CH,0,
would be almost certain to rearrancge to HCOOH and Hpare has
reported that no formic acid was found in mass apectrometer
analyses of the photo-oxidation products. The obJjection
to (62) is that it regenerates methyl snd starts the process
all over again, However, if a reaction like (47b) were
guite inefficient and only a fraction of the hydroxyls,
depending on temperature, gave rise to acetonyls, then the
additional number of methyls produced, would be -

g + P2 + 193 veee, WhereB is the fraction of hydroxyls
reacting to give acetonyls. If p <1 this is a converging

series and can be written

(“5/3 _P__

N=0

This is only true if all the acetonyls produced react

according to (62), which, at low pressures, is far from true

but it does demonstrate that methyl regeneration does not
involve discarding the reaction, since if 8 = %, the additional

methyl value is only 1.0 and, if it is less, the value drops
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rapidly, Such a mechanism, with a potentiél chein and a
temperature dependent P , couid explain why formaldehyde
figures in excess of two can be noted, if these results are
really significant. What it has not explained is why

the acetonyl should prefer to give carbon monoxide at low
oxygen pressures and carbon dioxide and formaidehyde at high
ones, and why all the yields apparently fall together at

12000. and 17500. in the high oxygen pressure region.
REVIEW

The photo;oxidation of acetone, which seemed in 1952 to
be such a simple process, is now known to be fairly complex.
Although it is still not possible to give a clear cut mechanism,
the present work has made it possible for the yields of CO
and 002 to be assigned to specific origins in the acetone
molecule and has thus exposed some fallacies in previous
work on the twopic. The more controversial remaining points
have been listed and indicatioﬁs made as to which suppositions
are unlikely, and which may prove reasonably near the truth,
when more evidence is available. To acquire such evidence
several arduous investigations would probably prove necessary,
namely,

(a) an extended investigation of the process over a‘wide
temperafure and pressure range using the radioactive
technique,

(b) an investigation of the reactions of the various postulated



radicals with oxygen under unambiguous conditious, ¥or
instance, if acetonyl radicals could be manufactured in
the presence of oxygen by some other process than the
present photo-oxidation much of what is at present
speculation could be tested. The prospects of producing
this radical under ideal conditions are remote since

the obvious source, CHBCOCHZ.CHQCOCHB, could probably npt
be made to split in the correct place to produece two
acetonyls. However work could probably be done on the
methyl and acetyl radicals.

It must be stressed that any series of investigations
envisaged would be enhanced in its usefulness if a more
comprehensive analytical system could be devised, especially
with respect to the analysis of acetic acid,.

In connection with (b) it should be noted that the
fates of various radicals e.,g. H, OH, and HO2 remain un-
specified and this is unsatisfactory. Further information

on these radicals would be reassuring.
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(2) ACETONE-OXYCEN-ICDINE.

The possible reactions of methyl and acetyl radicals
with iodine and oxygen together should be those already
written for the separate acetone-iodine and acetone-oxygen
mixtures, The experimental evidence does not indicate
that any complex reactions are introduced by using a mixture
of the two added radicel removers. - The yields of various
products, and their variations with pressure, provide
information on the relative efficiencigs of certain
radical reactions and also indicate some o the consequences,
for the primary process, of the addition to the reaction

mixture of these "radical catchers'.

REACTION EFFICIENCIES

The methyl radical. Consider first the possible

reactions of the methyl radical, namely,

CH3 + CH3 — C,H, (42)
cH3 + CHBCOCHB —_— CHLL + -CHchCHB (36)
CH3 # 1, —_ CHBI + I (12a)
CH, + 0, —_— CH,0 + OH (L7a)

Studies on the direct photolysis of acetone, without added
agents, have shown that reactions (42) and (36) are the main
reactions of the methyl radical. Comparison of the yields

of methane and ethane have dmonstrated that (42) is an
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extremely efficient reaction with a . small (undefined)
activation energy. Relative to (42), reaction (36) has

16,30

a steric factor of 9.5 x 10’“, and E(36)- % E(MZ) =

9.7K cal.
Noyes and Mercotte, in the first of their papers,ll

estimated that (3%9)

CH3 + 0, —— HCO + H,0 (39)

had an activation energy such that E(56)_E(39) = 9,6 K cal.,
(i.e. E(39) was low and comparable with % E(MZ))’ and that
the ratio of the steric factors p (36)/1)(39) = Ue5,

(39) has now been abandoned in favour of (L7a) but cal-
culations based on the formaldehyde yields of Christielu
and the methane yields of Noyes and Marcottel2 show that
these values are also substantially correct for E(56)-E(u7a)
and E)(36)/$)(u7a) respectively. Thus B(u7 ) B(uz)
and p (478) = 2 x 10 M. In the absence of an appre01ab1e
activation energy it is difficult to see why the methyl-
oxygen reaction should have such a poor efficiency in view
of the simplicity of the radical involved.

In the present work the inefficiency of the methyl-
oxygen reaction has been confirmed by allowing it to compete
with a more efficient reaction, (12a). With comparable
iodine and oxygen pressures in the reaction mixture,
representing equal probabilities of collision of a radical

with either of the added materials, the formaldehyde yield
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dropped to a fraction of its former value whereas the
methyl iodide yield remained virtually unchanged from its
value in the equivalent acetone-iodine experiment. If

it is assumed that the reactions (47a) and (12a) have very
small, and similar, activation energies then reaction (472
must have quite a low steric factor relative to (12a), If
the only reactions available to the methyl radical at
moderate pressures of oxygen and iodine are (47a) and (12a)

then this part of the mechanism can be written quite simply

Yield Rate
CH;COCH; — CH; + COCHy [0} I,
CHz + I, — CHyI + I~ =< (1 0g)(CH5) (I,)
CHy + 0y — CH,0 + OH (} - K()74)(CHz)(0,)
and
o .
CH2O ) k(, Za) (92-) ond k(, Za) ) ¢CH2O (1_2.)
CH3I k(12a) (12), k(lZa) CH3I (02)

Unfortunately only two formaldehyde determinations were made
and in a region where the yields were low so that the
accuracies of the figures, 0.015 and 0.03, are in some doubt,
Certainly substitution of these valués, and the appropriate
values of the other gquantities, in the equation for ku7a/k12a
does not give good agreement. If the higher of the two

formaldehyde figures is assumed to be the more reasonable
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then k(7o) 0,03 . Q.31 . 5.9 x 1077

K(12a) 0.7
If, as has been mentioned, the activation energies are sim-
ilar and the collision numbers assumed approximately the
same, this ratio gives an approximate indication of the
ratio of the steric factors, and indicates that (12a)

itself is not extremely efficient (steric factor ~3 x 1072)

It must be remembered that these figures are all based on
the assumption that the steric factor for (42) is unity.
Further speculation, at this point, in the absence of further
formaldehyde yields under more favourable conditions, where
the yields are more accurately determinable, is not
particularly valuable, A question which is far from
answered is: why do these two similar reactions, (L7a) and
(12a) have such different steric factors? In this respect
it would be interesting to know whether, in fact, reaction
(47a) proceeds via a peroxy-radical stage and whefher, or
not, the complex radical is subject to steric hindrance

in its subsequent reaction. It is even possible that
CH30, formed by (47a) is too energy-rich and dissociates
easily into methyl and oxygen again so that only a small
proportion of collisions leads to further reaction to give
formaldehyde.

The acetyl radical. Although the acetone-oxygen-iodine

runs were few in number, enough methyl iodide and formaldehyde
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results were obtained to give a good idea of what was
happening to the methyl radicais, even if the quantitative
calculations possible were limited, With the acetyl
radical, however, the situation is much less satisfactory.
No analyses for acetyl iodide were made since two pairs of

3yl

workers had already failed in this respect and had given
good reasons for their non-success, and indicated that the
isolation of the compound was virtually impossible. No
reaction scheme for this radical can, therefore, be
written down. In runs K2, K7 and K8, (Table VII) enough

2

information is provided to indicate that ‘*CO and Y2Co

2

are formed in small, and almost egual, amounts and,

therefore, possibly together from the acetyl radical, 1t

is highly unlikely that the 1LLCO arises from the methyl reaction
sequence since its yield is greater than that of formaldehyde.
At this point, therefore, the original comment, that the

results did not reguire the postulation of any new reactions

(in addition to those already described in the sepérate

mechanisms), must be revised since it seems from the above

that a reaction like

COCH3 + 0, — oo o 12002 + 9 (63)
may occur, It is even conceivable, since formaldehyde may

arise, too, from the acetyl radical, that the formaldehyde

yields observed are.not from methyls at all, as supposed,

but formed after the 12002, (which is the larger yield),
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and, therefore, are not valid for substitution in the
kinetic eguetions written above for the estimation of
steric factors,

The argument advanced above, however, must be treated
with caution since only two completed results are available
to support it,. K5, which could have confirmed it
further was subject to an accident which resulted in the
loss of the CO collected before its activity could be
determined, and K8 snd K9 are merely inactive repeats
of K5. and K7 to obtain the 002 vields which could not be
obtained in the originals owing to determinations of
methyl iodide.

The experiments K11-K15 were performed with a new bétch
of radioactive acetone which, owing to lack of time, could
not be subjected to the necessary radio-contamination
purification procedure, and was therefore unsuitable for 002
determinations. The methyl iodide figures in K1l and K13
seemed consistent with previous estimates and are
probably reliable. | The mysterious festure of this new
acetone was that it failed to give similar CO activity
distributions to the previous "aged" material. It is
probable that the further investigations at present under
way in this 1aboratory, will be able to clarify this point

and show that ageing of the new acetone will reproduce the

yields of the older experiments.
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If, for the moment, the radioactive experiments are
disregarded and the inactive ones only considered, (K8, K9), it
is still apparent that the yields of CO and 002 are
comparable and larger than the formaldehyde-figures.‘ If

¢h'= ¢EH3I + CHéO’ and the acetyl radical has virtually
the same value, then the attribution of the yields of CO
and 002 to the acetyl radical can be supported only if it
is assumed thatlthe acetyl-oxygen reaction, (35), fares better ir
competition with the acetyl-iodine reaction, (13), than the
methyl-oxygen reaction, (47a), does with the methyl-iodine
reaction, (12).  This, however, does not seem to be entirely
consistent with previous remarks on the efficiencies of

12CO

(35) and (13), made when considering the residual
yields in the individual acetone-iodine and acetone-oxygen
rhotolyses. Here, in view of the lack of information, it

is not proposed to say more than that.

THE PRIMARY PROCESS

Although the previoﬁs discussion has indicated that
formaldehyde is probhably formed in other reactions besides
(4L7a), in the experiments under consideration the yields
of formaldehyde are very low and may well, in fact, arise
solely from methyl radicals, In any case the yields are
so low that iittle significant error is introduced into
the following discussion by writing

¢acetone decomposition = QCHZO + CDCH T»

3

providing @1200 = O,



151,

If this relationship is then investigated in the light of
the results presented in table VII, some rather curious
features are observed, As the iodine -pressure dropped at
constant oxygen pressure,it‘might have been expected that.
the yields of the oxygen-containing compounds would have
risen at the expense of those containing iodine, and also
that ¢h would have increased at the same rate as it does
in the acetone-iodine photolysis when the iodine pressure is
progressively reduced. Observation showed, however, that
both the methyl iodide and formaldehyde yields increase,
and, therefore, so does (I) s but not at the rate of the
equivalent acetone-iodine photolysis. The increase in ®,
was actually greater in the presence of oxygen and iodine
together than in the case of iodine alone.

Consider in particular K13, K14, and K16, In the

absence of oxygen at an iodine pressure of 0,31,

QCHSI = Owon,  §, = 0.020, ang ¢, = o.384

With oxygen, at a pressure of 3,% mm., and the same iodine

pressure,
<I>CH3I = 0.U7l, Qono = 0.030, and @, = o.504
This, again, is only true so long as ¢M2 = 0, a point which

. Co
has_already been discussed, Inspection of K3, K5, and K17

gives, for an iodine pressure of 2.46 mm.

QCHBI = 0,363, QCO = 0,016, and @d = 0,347,
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whereas, with the addition of 3,36 mm. 05,

CDC-HBI = 0.37k, (DCHzo = 0,015, ana @, = 0.389.

Thus, for a given oxygen pressﬁre, '@d rises as the iodine
pressure falls but by an amount greater than can be accounted
for by the reduction in iodine pressure. The implication

of this is that oxygen is competing with iodine for the
second activated state of the acetoné molecule, but that its
function is one leading to dissociation rather than
deactivation i.e. a competition between reactions (18) ana
(34). Since, at an iodine pressure as High as 2.4 mm., the
quantum yield of acetone decomposition, ¢>, rises appreciébly
on the addition. of 3.36.mm. of oxygen, the_process must be
relatively efficient. This implies that 0Xygen molecules
cause radical formétion in their own vicinity, by collision,
and it is a striking example of the inefficiency bf (4L7a) that
the radicals do not give oxygenated products as a result of
these collisions, but live long enough to be preferentially
removed as iodides, since it is the iodide yield whicﬁ rises,
It is unfortunate that formaldehyde results were not obtained
at the lowest iodine pressure studied (0,15 mm, ) because,

- from 0.50 mm. down to 0.15 mm., the methyl iodide yields have
levelled out and it is essential to know, in confirmation of
the above argument, whether the formaldehyde yield is rising
rapidly over this range to maintain the bredicted rise in ¢h.

In the absence of such evidence the following speculative



reaction scheme, which incorporates existing ideas on

scetone-iodine snd acetone-oxygen photochemistry, 1s suggested

CHBGOCH3 + hy —— A (7) rate = I
Al — CH3 + CHBCO (16) rate = k16(A')
A' 4 M —— A" &+ M (17) rate = k17(A')
(M), (also 28a).
A" —— CHy + CH500 (19) rate = k19(A"),
(also 33).
AN 1 e = A"
+ 0, —> CHy + CH,CO + O (3L) rat Kz, (A")
| (02).
n [>) . o - "
A" v I, — CH3000H3(+21.) (18) rate = kg (&™)
(12).
Applying the steady state concept to A', a",
I
_ nt t . o 1 _

kig + k17(M)

and k17(A')(M) = k.o(A") + k (AV)(OQ) + le(A")(I2),

19 34
. k17(M)Ia 1
i.€e Al = ‘
k g + Ky (H) kyg + K3, (05) + k1g(1,)
Finelly, @k (4') + kyg(A") + kg (4)(0))
La
P k19k17(M) kBu(Oz)k17(M)

+

+
kg + Kqo () kg + Kpp (M) Kig + ko (M)

1
(0,7 + k18(I2)

k19 + kBH
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1 1 1
1+ F17 ) *l1+ Kie 1+ K8 (1))
k16 k- (M) kig + k3, (05)

This may sppear an unusually complex equation but it should
be pointed out that values of k17/k16 and k18/k19 can be
obtained from the acetone-iodine work, leaving only the ratio
k3u/k18 unknown, Only four acetone-iodine results at

120°C. are available for this purpose, namely K3, K6, and K13,
all at 32.0 mm. pressure of acetone and a further result,

Ky, at 63.0 mm. of acetone. The values of therate constants

mentioned which best fit these results are Kig = 17.0 mm.,

k
' 1
and klg = 0,0254 mm.,, compared with Sutton's7values of 11.2 mm.

K18
and 0.059 mm., respectively, obtained at 100°C. The values

mentioned above are not extremely accurate since they are based
on a small number of results and the agreement with the result
obtained at 63.0 mm. acetone pressure is poOoTr. Substitution
of these values in the equatién above, however, yields values

of kzg of 0,0261 mm. from K14 and 0,085 mm. from K5. This

k
18 -
disagreement is disappointing but more results are required

before the mechanism can be regarded as entirely inadequate.
Some idea of the disagreement is given if a reduction of ¢h
by 0.01 (approximate error) is considered in each case.

kig becomes 06,0235 mm. from K14 and 0.0722 mm. from K5.
Kig
REVIEW

The photolysis of acetone in the presence of oxygen and



155.

iodine has been investigated, briefly owing to lack of.time,
but sufficiently fully to indicate that an exhaustive
investigation will be necessary to a2llow a full elucidation of the
various processes involved. In the light of the evidence
available some tentative.suggestions have been made which,
it is hoped, will shortly be cdnfirmed or rejected on the
basis of further work being carried on in this laboratory.
Surveying the evidence already accumulated, it is
recommended that a great number of experiments bf the type
| already described should be performed, using the tracer technique,
and that more attention should_be directed to the very low
iodine pressure range (0.00-0.3 mm.) where the formaldehyde
yield may become rapidly iarger and permit more sccurate
observations of reaction rates, The number of variations
which may be applied to the experimental conditions is large
and, in view of the rather arduous experimental procedure
involved, the full investigation of these variations will be
no easy task. The most obvious varisbles are the pressures
of the reactants which present a formidable -programme.,
Temperature effects will probably also provide mucﬁ useful
information, especially on the activation energies of the
various reactions postulated. Finally these investigations
will only realise their msximum usefulness if the maximum
analytical data are obtained from each exXperiment, especially
those results relating to the distribution of radioactive

material in the CO and CO2 yields,
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SUMMARY

This work has been directed towards the elucidation
of the mechanism of reaction, with iodine and oxygen mixtures,
of the radieals formed in the photolysis of acetone(}lBOR
radiation} and towards the further elucidation of the
process of photo-oxidation of acetone in the absence of
iodine. It was hobed that the pressure dependence of the
guantum yields of acetone decomposition in the acetone-iodine=
oxygen photolyses would provide valuable information on the
nature of the primary process in the photolysis. The term
"primaery process" signifies the events taking place between
the absorption of a quantum of radiation by a molecule
and the production of radicels. To ensure certain identifica-
tion of the origin within the acetone molecule of various
products, (e.g. CO and CO,), and to provide a convenient
and sensitive analytical technique, 1.3. lLLC--labelled
acetone was employed in the various determinations.

The time employed in devéloping experimental techniques
limited the time available for new deferminations but
sufficient results have beeﬁ obtained to demonstrate that
exisifing ideas on the photo-oxidation require considerable
revisipn, and suggestions have been made as to the probablé
seguence of events; although no absolute confirmation of
the suggested steps could be provided. The acetone-iodine-

oxygen work has received only a brief preliminary investiga-—
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tion but it seems apparent from the results that the
function of oxygen in the primary process is a positive
one leading to dissociation of one of the activated species
of the acetone molecule into radicals by collision. However,
the reservation must be made that some of the acetone-oxygen
results have led to the suspicion that deactivation may
occur in the high oxygen pressure range. This conclusion
can ohly be thoroughly tested when a comprehensive analytical
system becomes asvailable to enable a mass-balance of the
products in the photo-oxidation to be made and further
comment must wait till then.

In the introductory sectioh s certain amount of
further information has been obtéined by critically comparing
the various scattered works in this field, some amendments
to existing mechanisms have been made, and it 1s hoped
that this assessment of existing ideas plus the further
comment and conclusions of the discussion in Chap. VIII
represent the latest information on the work under review.
A survey of the work done to date produces the impression
that it is not improbable that, with additional experimental
results, a mechanism could be advanced based on two
electronicaily—excited states of the ascetone molecule which
would account satisfactorily for all aspects of the

photolysis of acetone including,
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(i), the direct photolysis and its pressure dependence
(a re-evaluation of early work would be réquired
here),
(ii), the acetone-iodine photochemistry,
(iii), the acetone-oxygen photochemistry,
(iv), the acetone-iodine-oxygen photochemistry
and (v), the fluorescence of irradiated acetone, either
pure, or with added oxygen,
This impression first arose after the formulation of
a more plausible acetone-iodine photolysis mechanism, coupled
with the removal from the flu@rescent mechanism of the
necessity of having a small concentration of one of the

activeted species,
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