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I. INTRODUCTION

The studies of the products of the photochemical decomposition of the simple
aliphatic ketones such as acetone, ethyl methyl ketone, diethyl ketone, n-butyl
methyl ketone, and the n- and isopropyl ketones have shed much light upon
the stabilities and reactions of a number of organic free radicals as well as upon
the type of bond that is broken during the photolysis. Acetone, ethyl methyl
ketone, and diethyl ketone have been found to dissociate into CH;, CH,CO,
C,H;, and C;HsCO radicals. Of these, only C,HsCO appears to be very unstable
at room temperature. On the basis of the mechanisms proposed to explain the
products produced from the photolysis of these three ketones, a prior: one might
Lave expected n-butyl methyl ketone to dissociate into acetyl and butyl radicals
to yield final products such as ethane, pentane, octane, etc. However, the data
now available indicate that the most important produets, acetone and propylene,
are formed in a one-step rearrangement reaction. Thus, in the notation of
Norrish (41, 52), there are at least two types of primary process in the photolysis
of the aliphatic ketones, the size of the groups R and R’ determining the nature
of the decomposition:

Type I:
RCOR' - R'CO + R; RCO +R;R + R 4+ CO
Type II:
RCOCH.CH,CH,R’ — RCOCH; 4+ R'CH==CH,

In this article only acetone, ethyl methyl ketone, diethyl ketone, and n-butyl
methyl ketone are discussed. The first three, decomposing to radicals to a

I The author wishes to thank Professor G. K. Rollefson of the University of California,
Professor P. A. Leighton of Stanford University, and Dr. R. Spence of the National Re-
search Coumncil of Canada for reading the manuscript and for making numerous suggestions
and corrections. This reading does not constitute agreement with all statements made in
this review.
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large extent, are typical of the Type I reaction, while n-butyl methyl ketone is
the simplest aliphatic ketone that undergoes the Type II decomposition to a
large extent.

II. ACETONE

The photodecomposition of acetone has been the subject, in part or in entirety,
of more than fifty original publications (see bibliography), exclusive of many
more on the absorption spectrum and fluorescence of acetone. The green
fluorescence attributed to acetone prior to 1938 has since been rather conclu-
sively shown to be due to biacetyl (4, 34, 45, 56). The weak blue fluorescence
observed when acetone is irradiated with ultraviolet light in the presence of
oxygen may be due to acetone, but this has not yet been proved conclusively.

Acetone, as well as other carbonyl compounds, such as other ketones and
aldehydes, absorbs light in the ultraviolet, the upper wave-length limit being
about 3200-3300 A., or possibly a little higher (62). This upper limit has been
shown to consist of a region of discrete absorption (15, 55), probably overlapping
a continuum which extends to about 2100 A. (62). A second absorption region
beginning at about 1960 A. and extending toward shorter wave lengths has been
found (55) to consist of several groups of bands. This region extends to below
1800 A. Acetone has also been shown (20) to exhibit discrete absorption down
to about 1300 A. and continuous absorption from 1300 A. at least to 850 A.

Whether there is a real difference between the region of continuous absorption
between 2200 and 3050 A. and the so-called region of discrete absorption extend-
ing from 3050 A. to about 3300 A. is questionable. Acetone, with twenty-four
possible modes of vibration, would be expected to show a complex structure, the
extreme types of structure being well-defined vibrational bands and vibrational
bands overlapping in such a way as to have the appearance of a continuum.
From 2200 to 3050 A. acetone may really have a highly overlapping band struc-
ture rather than a truly continuous absorption; from 3050 to 3300 A. the bands
that are observed may be the only ones separated enough to permit their being
called “bands’ rather than part of a “‘continuous’ absorption region.

Studies on the photochemical decomposition of acetone have been made in
several of the above-mentioned absorption regions, specifically in the banded
region at about 3100 A., in the region of continuous absorption between about
2900 A. and 2200 A., or using approximately monochromatic 2537 A. radiation
from mercury arcs. Some work has also been performed using light of about
1900 A. in the photolysis of acetone (37).

The products of the photolysis of acetone have been quite well established.
At room temperatures (about 20-30°C.), carbon monoxide, ethane, and biacetyl
have been identified by many authors, while methane is also formed to a small
extent (71). As the temperature increases the amount of biacetyl formed
decreases, until at 60-75°C. it becomes rather unimportant. Further, as the
temperature increases above 80-100°C., methane and presumably ethyl methyl
ketone are formed in appreciable quantities.

The reaction that takes place when acetone absorbs light, the primary process,
probably follows one or more of the courses indicated by equations 1 to 4.
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CH;COCH; + hv — CH;CO + CH; (1)
CH;COCH; + hv — CH;COCH,* (2)
CH;COCH; 4+ v — C.Hs + CO 3)
CH;COCH; 4+ hv — CO + 2CH; 4)

Kirkbride and Norrish (41) first suggested reactions 1, 3, and 4. Spence and
Wild (71) considered reaction 2 necessary to explain their data from experiments
in the “banded’’ absorption region around 3130 A. Barak and Style (8) found
biacetyl after the photolysis of acetone, proving the necessity of reaction 1.
Spence and Wild (70) indicated the importance of reaction 1 with respect to
reaction 4 under certain experimental conditions.

Pearson et al. (60, 61), using the Paneth mirror technique (57, 58, 59), found
that when acetone is photolyzed in a flow system, usually with a mercury arc
as a light source, there are formed radicals or atoms which will remove lead,
tellurium, and antimony mirrors. These authors analyzed the products, found
that metal methyls had been formed, and concluded that methyl radicals were
produced in the primary process. Prileshajeva and Terinin (63) found that
acetone, when irradiated with magnesium or iron sparks, gave products which
removed metal mirrors.

Other evidence that radicals are produced by the photolysis of acetone has
been provided by Taylor and Jungers (73) and by Danby and Hinshelwood (17),
who found the polymerization of ethylene and acetylene to be induced by acetone
when illuminated by ultraviolet light; by Taylor and Rosenblum (74), who
found the products of the photolysis of acetone to react with hydrogen; by
Gorin (28, 29, 30), who found methyl iodide and acety! iodide to be formed when
acetone is photolyzed in the presence of iodine; by Benson and Forbes (10),
who found organic iodides, presumably methyl iodide and acetyl iodide, to be
formed when acetone is photolyzed in the presence of iodine; by Feldman, Ricei,
and Burton (25), who found lead mirrors to be removed by the photolysis
produects; and by Feldman, Burton, Ricci, and Davis (24), who determined the
rate at which lead mirrors are removed by the products of the photolysis of
acetone. Further, experiments on the effect of intensity of absorbed light and
the pressures of foreign gases carried out by Leermakers (42), Howe and Noyes
(37), Spence and Wild (71, 72), Herr and Noyes (36), Howland and Noyes
(38, 39), Saunders and Taylor (69), and Iredale and Lyons (40) all indicate that
the production of free radicals during the photolysis of acetone must be quite
important.

Of course, one of the stronger pieces of evidence for the free-radical mechanism
is derived from the analogy between acetone and ethyl methyl ketone. Norrish
(51) first showed that from the latter, nearly equal amounts of the three hydro-
carbons ethane, propane, and butane were formed. On the basis of a mechanism
such as is suggested in equation 3, only propane would be expected from ethyl
methyl ketone. Thus, the data rule out reaction 3 for this ketone and, by
analogy, for acetone.

There are only a few ways in which the methyl radical could be formed. Only
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reaction 1 or 4 would explain the appearance of CH; in the primary process.
Reaction 2, if this were the primary process, would have to be followed by

CH;COCHs* — CH,CO 4 CH, (2a)

to explain the appearance of the radicals. Of course, it might be possible to
write other, non-radical-producing reactions between 2 and 2a, but this would be
rather superfluous. Certainly a reaction like 2a following reaction 2 would also
be necessary to explain the presence of biacetyl (8, 70, 71), found to be formed at
wave lengths from 2500-3100 A. This product could hardly be expected to be
formed by a reaction such as

2CH;3;COCH; — C.Hs + (CH,CO),
instead of a combination of acetyl radicals
2CH;CO — (CH;CO).

either homogeneously or heterogeneously.

The presence of free radicals in the photolysis of acetone and other information
to be presented later makes reaction 3 appear to be a very unlikely reaction, and,
of course, it could not explain the presence of biacetyl. However, reactions 1
and 4 can be used to explain the presence of CH; and CH;CO, and the final
products ethane, carbon monoxide, and biacetyl.

The reactions of the acetyl radicals are quite numerous. Glazebrook and
Pearson (27) and Feldman, Ricei, and Burton (25) have found that after removal
of methyl radicals by metal mirrors, if & second mirror farther from the reaction
cell is heated, say to 45°C., more metal methyl is formed, presumably by the
thermal reactions

CH;CO — CH;s + CO (6)
CH:CO+M—-CH; + CO+ M (7

The over-all energy of activation for the thermal dissociation of the acetyl
radical has been calculated by various authors (9, 30, 33, 36, 50, 65) to be be-
tween 10 and 18 kg.-cal. The energy per einstein of 3130 A. light is about
91 kg.-cal., of 2537 A. light about 113 kg.-cal. If we use the estimate of Rice
and Herzfeld (65) of 70 kg.-cal. as the energy necessary to break one C—C bond
in acetone, the excess energy retained by the radicals after dissociation is 21
and 43 kg.-cal., respectively, for 3130 and 2537 A. light.

The distribution of this excess energy probably determines, in part, the fate
of the acetyl radicals. If no C—H stretching or bending vibrations are excited,
the only energy retained by the methyl radical occurs as translational energy,
of which there are three degrees. In the acetyl radical, again omitting C—H
vibrations, there will be three modes of vibration of the C—C==0 skeleton and
three degrees of translation. The vibrations of the acetyl radical contain
between 7.5 and 15 kg.-cal. (C==0 1700 cm.™}, 4.9 kg.-cal.; C—C 900 cm.™,
2.6 kg.-cal.) The remaining energy, appearing as energy of translation, will,
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from considerations of momentum conservation, be divided roughly inversely
as the radical weights. Then the ratio

_Buans(CHy) 2 '3

Eirans(CH3;CO) — 3 4
To a rough degree of approximation, then, after the dissociation of acetone into
acetyl and methyl radicals, the acetyl radical will possess about 10 kg.-cal. as
vibrational energy and 3-4 kg.-cal. as translational energy after irradiation
with 3130 A. light, a total of 13-14 kg.-cal. As mentioned above, the over-all
energy of activation for the thermal decomposition of the acetyl radical has been
calculated as 10-18 kg.-cal. The excess energy retained by the acetyl radical,
even from acetone photolysis by 3130 A. light, is very close to the energy of
activation of the thermal decomposition reaction. We would therefore expect
the occurrence, to a small degree after 3130 A. irradiation, and to greater extents
after 2537 A. or 1900 A. irradiation, of the spontaneous reaction

CH;CO* — CH; 4 CO rate = apl, (5)

where ¢, is the quantum yield of reaction 1, and « is a proportionality factor
which is a function of wave length and temperature. CH;CO* is used to desig-
nate an activated acetyl radical.

Benson and Forbes (10) have calculated the values of « from their work
using 2537 A. light, from the work of Herr and Noyes at 2537 and 3130 A. (36),
and from the work of Howe and Noyes at 1900 A. (37).

A ! @
3130 | 0.07
2537 ; 0.22
1900 ; 0.50

I

If reaction 5 occurs in such a short time that the time lag has no effect upon
the extent to which the reaction takes place, then the sequence of reactions 1
and 5 is equivalent to the reaction

CH,COCH; + hv — 2CH; + CO apl, (4)

Since there appears to be no evidence to indicate anything but a very short life
for CH,CO#*, there is no difference between the use of a single primary process
(reaction 1), followed to some extent by reaction 5, and the use of two primary
processes, reactions 1 and 4.

The low value of & (0.07) at 3130 A. probably explains why Gorin (30) found
no carbon monoxide when he irradiated acetone with this wave length in the
presence of iodine.

Acetyl radicals that have been deactivated by collision, or that are initially
formed with insufficient energy to decompose spontaneously, can decompose
thermally, since this reaction probably has an upper limit of activation en-
ergy of 18 kg.-cal. (see above).
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CH,CO+M->CH; + CO+ M B, = 10-18 kg.-cal. (7)

k1(Ac)(M)

rate

Equations 6 and 7 are simplifications of the over-all reactions:
CH:CO + M — CH;CO* + M kra(Ac)(M) (7a)
CH;CO* — CH; 4+ CO lem(Ac*) (7b)
CH,CO* + M —» CH,CO + M ke (Ac*)(M) (7e)
Assuming steady-state conditions for the radicals of these reactions, we arrive at
kr(Ac)(M) = kn(Ac®) + kro(Ac*)(M)
whence

kra(Ac)(M)
k7b + k7c<M)

Then the rate of formation of methyl radicals and carbon monoxide by the
thermal decomposition of the acetyl radical appears as

d(CO)r _ kmkra(Ac)(M) _ kra(Ac)(M)

(Ac*) =

dt kn, + kro(M) 1+ Ilz_v o)
o
ks o= —————————-—————khI{(;M) ; k7 = _____.__.__I]:’a
14 = ) 14 7= (M)
kn b

At 25°C. Herr and Noyes (36) found the quantum yield of carbon monoxide
formation to increase to a small extent with pressure at 3130 A. (I, = 0.5 X 10'
quanta/sec./cc.; Pacetone = 10-160 mm.) and at 2537 A. (I, = 0.5 X 102
quanta/sec./cc.; Pacetone = 5-195 mm.). At 27°C. Howland and Noyes (39)
found a slight increase of $¢o with pressure at 3130 A. (I, = 3 X 10 quanta/
sec./cc.; Pacetone = 54-203 mm.) and a slight decrease with pressure at 25-2700 A.
(I. = 1.2 X 10" quanta/sec./cc., or 12 X 10 quanta/sec./cc.; Pacotone = 50—
160 mm.). At 75°C. Herr and Noyes (36) again found the quantum yield of
carbon monoxide formation to increase only slightly with acetone pressures up
to 200 mm. at 3130 A. or at 2537 A. At these intensities the constants kra,
kr,, kq. must predict approximate independence of &g with acetone pressure for
acetone pressures above 50-100 mm. If (M) in equations 7a and 7c is expressed

in millimeters of pressure, %73 (M) must be considerably greater than unity.
b

In this case
d(CO); _ krakm

dt kre

For this equation to fit the data of Herr and Noyes (36) or of Howland and
Noyes (39)

(Ac)
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e ) > 10
ko
(that is, “‘very much larger than unity’’). At an acetone pressure of 100 mm.,

Z—h > 0.1. Assuming the steady-state concentration of acetyl radicals to be
b
nearly independent of pressure from 100-200 mm. acetone, the data of Herr and
Noyes indicate e =~ 0.3.
ko
In agreement with experiment we may use equation 6 at moderate and high

pressures. At low pressures equation 7 must be used.
CH;CO — CH; + CO (6)

At high pressures of foreign gases, Iredale and Lyons (40) found a considerable
increase in the rate of formation of carbon monoxide.

TABLL 1
Effect of carbon dioxide on formation of carbon monoxide

2400-3100 A.; 16 mm. exposures; [, constant
(Iredale and Lyons (40))

PRESSURE OF ACETONE PRESSURE OF CO: CO roruMeD AT N.T.P.

mm., mm. cc.

150 0 0.020
150 0 0.019
150 0 0.020
150 600 0.034
150 620 0.036
150 610 0.034

Unilluminated

150 [ 630 j 0.0005

This increase in the rate of carbon monoxide formation might be attributed
either to a decreased quantum yield for acetone decomposed or to the increased
decomposition of the acetyl radical by the reaction:

CH:CO + M —-CH; +- CO+ M (7)

The latter possibility suggests that at high foreign gas pressures, biacetyl should
cease to be formed, or C,Hes/CO — 1. This has been confirmed by Iredale and
Lyons, as will be mentioned later.

The data of Iredale and Lyons (40) and those of Howland and Noyes (39)
agree quite well with respect to the increased yield of carbon monoxide with the
addition of carbon dioxide. The large increase observed is to be attributed to
the inefliciency of carbon dioxide as the second body in the deactivating step
(equation 7c) as compared to acetone.

The efficiency of the primary process (reaction 1), or processes 1 plus 2, has
usually been assumed to be unity. This is not in disagreement with the work
of Herr and Noyes (36) on the photolysis of acetone at 3130 A. and at 2537 A.
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Unfortunately, experimental difficulties in working at very low pressures are
so great that for the photolysis at 25°C. we can say no more than that DBacotons

approaches a value not much less than unity, if less than unity at all (figures
1 and 2),

75°C

S o 330 A

KEY
O- Cbco FORMATION

O- @%“e FORMATION

5 L ‘@ACETONE DECOMPOSI TION

'$‘ '(Dco =(I)c2 Hg =(I)A<:ETONE

ty ti0

QUANTUM  YIELD

0 50 100 150
PRESSURE or ACETONE

(MMS, HG)

Fia. 1. Effect of pressure and temperature on quantum yields at 3130 A. (Herr and
Noyes (36).)

The explanation of the low over-all quantum yield of acetone decomposed is
generally given by the recombination reaction (equation 8).

CHsCO + CH; — CH, COCH, B @®)
2CHs — C,H, 8 kg.-cal. (ref. 65) (9')
CH:; + CH;CO — C,Hs + CO 6 kg.-cal. (ref. 69) (10)
2CH; CO — (CH;CO), Low (11"

To compete, at moderate pressures and at room temperature, with reactions 9,
10, and 11, reaction 8 has been assigned an activation energy as low as zero.
If reactions 8, 9/, 10, and 11’ were all gas-phase reactions at moderate pressures
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(10-200 mm.) and moderate absorbed intensities (101-10® quanta/cc./sec.) at
room temperatures, we might expect them to have about equal probabilities
except for steric factors, since all activation energies are quite small. However,
at very low pressures reaction 8 appears unimportant, the quantum yield of
acetone decomposition approaching a value certainly not much less than unity.
At higher pressures, ®scetone decreases, reaction 8 becoming quite important.
We can reword these statements and say that at low pressures reactions 6, 7, 8,
and 10 must be relatively unimportant, because of the low values of ®¢o, while

1.0 L

° ¢
75°¢C
8
o T
]
. ol
= 50
E ©® 25°C
z ®
g 4 —
o) ‘;—Q-o—rf o o
o
2= 2537 &
.‘ | lA 10
S R T S S T
o] 50 100 150 200
PRESSURE o AGCETONE

{MMS,  HG )

Fia. 2. Effect of pressure and temperature on quantum yields at 2537 A. (Herr and
Noyes (36).)

reactions 9’ and 11’, neither being considered to imply the kinetics of the radical
combinations, remain important. Reaction 9’ must remain important because
of the increase of ethane formation as the pressure decreases. Reaction 11’
must remain important to explain the absence of acetyl radicals for the forma-
tion of carbon monoxide.

The obvious conclusion to consider concerning reactions 9’ and 11’ is that
these are both wall reactions. This would explain high values of ethane and
biacetyl (calculated by a material balance), low values of carbon monoxide,
and high values for the ratio C;He/CO at low pressures.
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Also, with diffusion becoming unimportant at higher pressures, reactions 8
and 10 become more important, requiring these reactions to be homogeneous.
Since the over-all quantum yield of acetone decomposition does not continue
to decrease with increasing pressure, but, rather, attains a nearly constant value
(figures 1 and 2}, reaction 8 cannot be pressure dependent. The same reasoning
holds for reaction 10; that is, ®co and ®¢,x, hoth attain approximately steady
values as the pressure increases. These considerations assure us of the impor-
tance of the following reactions:

Eoet Rate
CH, CO + CH, — CH, COCH, 0 kg-cal. Is(Ac)(CHy)  (89)
cH, T, 10H, 0-8 kg-cal. k(CHy)/P  (9)
CHa CO + CHa b CzI‘IG + CO 6 kg.-cal. kl()(AAC)(CHa) (10)
CH:C0 ' }(CH,CO0), kn(AQ/P (1)

There are arguments both for and against reaction 10. In favor of this reac-
tion or of a reaction unlike 6 or 7 is the low energy of activation, 8 kg.-cal.,
found by Gorin (30) for carbon monoxide formation when the photolysis is per-
formed in the presence of iodine, as contrasted to most estimates of 14-18 kg.-cal.
for reactions 6 or 7 (see above). Further, a reaction of this type might explain
the low quantum yield of biacetyl formation above 60-75°C., assuming the
acetyl radical to be stable enough at this temperature to exist in appreciable
concentration. One other argument in favor of reaction 10 is the low yield of
carbon monoxide (only about 8 per cent of methyl iodide) and the high yield of
acetyl iodide found in the photolysis of acetone in the presence of iodine even at
100°C., at which temperature an activation energy of 14-18 kg.-cal. for reactions
6 and 7 would lead one to expect 60-90 per cent thermal decomposition of the
acetyl radical. In contradiction of the necessity of reaction 10 is the geometry,
which would require a possibly unexpected arrangement of hydrogen atoms in
the acetyl radical to allow for the formation of ethane upon collision with a
methyl radical. A high efficiency and/or a low activation energy for the reaction

CH;CO + I, —» CH,COI + 1

would explain the low quantum yield of carbon monoxide formation in the pres-
ence of iodine. Spence and Wild (71) reported C:Hs/CO of about 1.08 at 51°C.
and 80 mm. pressure. This indicates that biacetyl is formed in small quantities
at 50°C. TFluorescence data also indicate biacetyl formation at 85°C. (46).
Experiments by Anderson and Rollefson (6) on the photolysis of acetone at
about 50 mm. pressure indicate that traces of biacetyl are formed even at 110°C.
At this pressure, as can be seen in table 8, biacetyl is quite important at 65°C.

In summary of the value of reaction 10 it can probably be said that this
reaction is useful, but there is no irrefutable proof of its necessity. The presence
or absence of biacetyl above 60-75°C. can be explained if reaction 10 is omitted,
since reaction 6 or 7 predicts 60-90 per cent decomposition of the acetyl radical
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at about 100°C., thus allowing for the presence of a small concentration of this
radical at this temperature. At low pressures biacetyl might be expected at
60-75°C., or at high pressures and very high absorbed intensities. However,
at moderate intensities, reactions 6 and 7 will be favored over reactions 11’ or 12,
each of which is a function of the square of the acetyl radical concentration.

o 3

&

\w 3130 A
:Ex o— 25°C, S50 MM.
()

o I OO o—0

;_» 75°C.
i) SN I N S I N

O 1O 20 30
ABSORBED INTENSITY

Fig. 3. Effect of absorbed intensity and temperature on C3;He/CO ratio at 3130 A.
(Herr and Noyes (36).)

O

%2__— 2537 A

I _ 50 MM.

© _./O/o/’O" o 25°C.

O presee.

= 75%C,

= |l f——0—0 O O o

<<

< DR
0 1O 20 30 40

ABSORBED INTENSITY

Fic. 4. Effect of absorbed intensity and temperature on C;H¢/CO ratio at 2537 A.
(Herr and Noyes (36).)

Although reactions 1 and 4-11 explain most of the experimental data obtained
from the photolysis of acetone at room temperature with either ‘‘banded” light
around 3100 A. or continuum light from 3000 A. to 2200 A., a few other reactions
appear to be necessary in considerations of the effects of absorbed intensity and
cell size.

For a given pressure at 25°C. the equations so far considered will not explain
the experimentally observed increase in the C,Hs/CO ratio with absorbed in-
tensity (36). The increase in the biacetyl production, a parallel effect, can only
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be explained if this product can be formed homogeneously at 3130 A. or in the
2200-3000 A. continuum.

2CH;CO 4+ M — (CH;CO). + M k2 (Ac)*Mv  (12)

or
2CH;CO — (CH3;CO). k- (Ac)? (11")

4

g 3130 A

_T_'w 2| Iy 10

o
2

©

2 |

T 75°C.
S I A T O N O
) 50 I OO 150

PRESSURE o ACETONE

(MMS,  HG )

T16. 5. Effect of pressure and temperature on C,Hs/CO ratio at 3130 A, (I{err and
Noyes (36).)

25°C.

RATIO C;He/CO
q
o)

el
| foo—0—0 ' = o
I IS N IS N N
0 20 100 150 200
PRESSURE or ACETONE

(MMS,  HG )

Fi6. 6. Effect of pressure and temperature on C.Hs/CO ratio at 2537 A. (Herr and
Noyes (36).)

That either reaction 12 or 11’ is important is shown in figures 5 and 6. At
pressures of 150 mm. of acetone the biacetyl yield has not decreased to zero, or
the ratio CoHs/CO has not decreased to unity. These data are for moderate
absorbed intensities.



PHOTOCHEMICAL DECOMPOSITION OF SIMPLE ALIPHATIC KETONES 213

At higher intensities, the equations so far considered appear to be in agree-
ment with the experimental results. Studies on the reactions of the acetyl
radical carried out by Anderson and Rollefson (6) using 2537 A. radiation, with
intensities about one hundred times those used by Noyes et al., have shed con-
siderable light on this subject. The reactions of the acetyl radical in the presence
of biacetyl are dissociation to methyl and carbon monoxide or recombination.
If one of these reactions were homogeneous and the other heterogeneous, the
presence of considerable quantities of nitrogen would effect a change in the carbon
monoxide yield. That this is not the case is shown in table 2. Hence, the
formation of biacetyl at high intensities and moderate pressures and the decom-
position of the acetyl radical must both be either homogeneous or heterogeneous.
Since reaction 6 or 7 has been shown to occur mainly in the gas phase, the forma-
tion of biacetyl at high intensities must he homogeneous also, to a large extent.
These considerations, of course, do not rule out heterogeneous reactions at
low pressures.

TABLE 2
Reactions of the acetyl radical

Biacetyl; 25°C.; time of run, 20 min.
(Anderson and Rollefson (6))

Initial (CH,CO)z (moles X 109).................... | 6.88 E 6.95
Initial N; (moles X 10%). ... . ...................... | 0 | 26.42
AP/Pypercent........ ... ... ... . ', 32.9 | 29.8
Produets (moles X 10%): ; [
CO. { 2.41 | 2.37
CHe. .o | 0.07 i
Cz}la ........................................... 4 0.69 i 0.61
COylela. . ... . ] 0.351 ‘ 0.341

Spence and Wild (71, 72) have shown that much of the above mechanism
must be correct. These authors (71) found that the C,Hgs/CO ratio increases
with rate of decomposition of acetone at low rates of decomposition, in agree-
ment with equation 12 or 11’. As the intensity is further increased, the ratio
apparently passes through a maximum value for banded absorption and then
decreases somewhat.

An explanation of this maximum comes from consideration of equations 1, 5,
6, 8, 9, and 11":

CH,COCH; + hv — CH,CO + CH;, ol 1
CH,CO — CH; + CO adil, (5)
CH,CO — CH; + CO ks(Ac) (6)
CH,CO + CH; — CH;COCH; ks(Ac)(CHs) (8
CH; + CH; — C,H, ko (CHa,)? 99

CH,CO + CH;CO — (CH;CO), ko (Ac)? (117
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At high intensities and high pressures (>100 mm.), diffusion being relatively
unimportant, these reactions can be used to explain most of the data.
From steady-state considerations:

$fa(l = @) = ke(Ac) + ks(Ac)(CHs) + knr(Ac)?
$ila(l + @) = —ke(Ac) + ks(Ac)(CH:) + kor(CHy)?

From this

— (ks(CHa) + ko) {(5s(CHy) + ko)* + 4 (1 — a)ula}’

(Ac) == T
d(CoHs) _ ke (CHy)?
dt 2
d(%tO) = Js(Ac) + a¢il,
d(CHe) _ ke (CH3)"
d(CO) ~ 2{ks(Ac) + apl.}
Now
3 2 2 , i
(CHg) = —ks(Ac) + [hs(Ac)” + 4§;$ke(A0) + &ul.(1 + a)}]
Then
d(CoHy) _ [—ks(Ac) + [ki(Ac)” + 4ho-{ks(Ac) + ¢ula(l + )P}
d(CO) Skor{ks(Ac) + aprl.}

If we use as a first approximation (Ac) = K. at high intensities

d(CeHs) _ {=keKI + (BK'Ts + 4ko (kKT + $nla(l + }]')?
d(CO) 8k {ksKIa + agilal

let
—]pgK = Cl, 4]\?9/{]66K + ¢1<1 + Ot)} =
8]‘.?9'(]65K + Ot¢1) = Ca

d(G:Hs) _ (O], + {CiT, + G L}'T
d(CO) Csl.

d(C, H6)> _ [201 20, ]
dl(d(oo) = | o+ IR+ GLY + G
26 L O 20 L+ G
Cs Cs (CiI. + Co L)t
For large values of I, ;i.e., [. K I?

(d(Csz)) 401 i C.
d(CO) Cs 1,
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Thus, at very high values of the absorbed intensity, the ratio d(C.Hs)/d(CO),
or (C:Hs)/(CO), appears as a decreasing function of the intensity (see table 3).
Although the assumption that for high intensities (A¢) = KI, is only approxi-
mate, it is probably close enough to allow the above reasoning a considerable
validity.

TABLE 3
Influence of intensity on C:Hg/CO ratio

Full mercury are
(Spence and Wild (71))

} ACETONE DECOMPOSED
;RCESTS?.,E;EE TEMPERATURE TIME R :ggjg;cm Vidd N C:He/CO
| i Per cent (clc. a?i\?.}I?.P.r)'
mm, °C. hr. per ceni
163 22.0 17 100 30.7 2.81 1.62
163 19.5 2.5 100 4.2 2.60 1.62
164 20.5 3 100 6.0 3.13 1.59
162 21.0 19 60 17.4 1.42 1.76
165 20.5 15 40 9.7 1.01 1.84
161 21.0 24 18 7.7 0.49 1.98
161 20.0 1 48 7 5.6 0.19 1.87
164 19.0 1 67 2.5 | 2.8 0.066 i 1.56

TABLE 4

Photodecomposition in the region of continuous absorption. Influence of light intensity
and acetone pressure

(Spence and Wild (71))

! ACETONE DECOMPOSED
PARCI?S’;%}E ngfz?- TIME TRA;’CSI;(ﬁFégXON j Vield 10hr C:He/CO (PI/ )
| | | Percent | (cZQINTPY
mm. °C. hr. per cent \
160 20.0 48 100 ‘ 43 1.37 2.44 (2.42)
160 19.5 21.5 100 | 16.9 1.19 2,44 (2.42)
161 21.0 17 100 P 16.2 1.46 2.47 (2.42)
160 20.0 21 60 l 9.3 0.68 2.18
160 21.0 25.5 29 5.2 0.31 2.23
160 20.0 41 12 3.1 0.115 1.87
160 21.0 48 12 2.5 0.079 1.63
70 20.0 24 100 i 21.6 0.598 1.94 (1.97)
70 20.0 18 100 19.4 0.719 1.92 (1.97)
32 I 20.0 26 [ 100 ; 31.1 ’ 0.367 1.62 (1.62)

Spence and Wilde (71, 72) also found the C.Hs/CO ratio to increase with
pressure at high intensities in the region of continuous absorption (see table 4).
Their data are in agreement with equation 12 or 11’; that is, at high intensi-
ties, the homogeneous formation of biacetyl becomes increasingly important as
the pressure increases. If reaction 12 is used to explain the data of Spence and
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Wild (71), the exponent y must be considerably less than 0.5. In the absence of
any other effects, a value of 0.25 for y fits the data quite well.

The effects of high pressures of foreign gases upon the photolysis of acetone
at 18-20°C. have been studied by Iredale and Lyons (40) at 2400-3100 A. (see
table 5). These studies show that at very high pressures biacetyl ceases to be
formed, the ratio C.Hs/CO becoming unity. Thus, the homogeneous formation
of biacetyl becomes of less importance than the decomposition of the acetyl
radicals or the re-formation of acetone.

Spence and Wild (71, 72) have proposed a mechanism involving long-lived
excited acetone molecules to explain their data for decomposition in the banded
absorption region. These authors have considered the following sequence of

TABLE 5
Effects of high pressures of foreign gases upon the photolysis of acetone
T = 18-20°C.
(Iredale and Lyons (40))
ADDED GAS PRESSURE OF ADDED GAS PRESSURE OF ACETONE il BIACETYL FORMED

mm. mm. [ mg.

| 150 | 2.0

‘ 155 | 2.0

l 140 | 2.0
COs oo | 620 ! 150 l 0
COgoovo e | 590 j 150 0
No oo 600 ! 150 0
Nooooooo o 640 : 140 0
N 640 | 150 ; 0

reactions for absorption of light around 3100 A., and consider them to occur
simultaneously with some of the radical reactions.

CH,COCH,; + h — CH;COCH; (2)
* 102 sec. Ny
CH:COCH; 5 premsures~ CHs + CHiCO (2a)
CH,COCHf + M — CH.COCH;* + M (13)
CH,COCH* —%%, oH, + CO (14)
CH,COCH;* — CH,;COCH; (15)
11
CH,COCHY* —>— CH, + CO (16)
CH,COCH;* + CH,CO — CH,COCH; + CH; + CO (17)

Reactions 13-15 are the most important at high acetone pressures.
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Probably the easiest way to present the foundations of these reactions is to
use exactly the arguments of Spence and Wild (72). These authors considered
four effects which they believed could not be explained on the basis of the free-
radical mechanism for acetone decomposition in the banded region.

(a) At constant I,, the quantum yield and C.H;/CO ratio decrease with
increase of pressure. This effect is much more pronounced than in the short-
wave region and the data suggest that the quantum yield approaches unity
as P — 0.

(b) At constant pressure, the quantum yield is independent of I,, in contrast
to its behavior in the “continuum’ region. On the other hand, the C,Hs/CO
ratio increases with increase of intensity as in the “continuum” region.

(¢) Influence of the wall: At moderate pressures (160 mm.), 2 reduction in
the mean molecular distance from the wall by the use of narrower vessels causes
C:Hs/CO to decrease toward unity. This effect would also be expected to
become noticeable when the pressure is reduced in any given vessel, but actually,
the ratio increases rapidly with fall of pressure.

(d) Effect of mixed light: At high intensities, the C,Hs/CO value obtained
with “continuum” light alone is reduced by the presence of light in the banded
region to an extent which is considerably greater than would be expected on a
purely additive basis (71).

Almy et al. (3, 4, 5) have shown that the energy of fluorescence of biacetyl
must have been imparted to the biacetyl by energy transfer; that is, biacetyl is
excited by collisions of the second kind. Although Almy et al. state that their
data do not allow them to postulate a unique method of energy transfer, it is
possible that the collision of the second kind involves excited acetone molecules
and normal biacetyl molecules.

The work of Herr and Noyes (36) indicates that at acetone pressures of
160 mm., biacetyl production is very important when the photolysis is performed
using 3130 A. light. The intensity of biacetyl fluorescence increases with time
(3) and becomes measurable a few seconds after the start of illumination. Since
the partial pressure of biacetyl that can be built up after a few seconds’ illumina-
tion must be extremely small, if excited acetone molecules are the source of the
energy transferred to biacetyl, it follows that the former must be relatively
long-lived. Spence and Wild (72) consider this consistent with their data for
mixed light (condition d) and with the influence of diameter at high pressures.

The diameter effect? seems to be open to considerable question. In their

# Determination of the mean distance of molecules from the walls of a cylindrical cell
with plane, parallel windows.

For simplicity we divide cells into two categories: (1) I/2 > a; (8) /2 < a. Inboth cases
we consider the distance to the nearest wall and require that all parts of the volume element
be the same distance from the nearest wall.

Case 1. 1/2 > a:

concentration in arbitrary units, and
mean, or average, molecular distance.
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earlier work Spence and Wild (71) used a cylindrical cell of about 3.6 cm. inside
diameter. As the mean displacement of molecules from the wall these authors
used a value of 0.6 cm., i.e., one-third the radius. Assuming that the 7 cm.
length of the cell would allow it to be called a long cell, this value would be
correct. More accurately d = 0.52 cm. The annular cell, 1 cm. between walls,

(Footnote 83—continued)

Jo— 1
' t -
-z l=2a
1
t
1t
T+

ety
dz = dr
zZ=r

dN = cdV = 2ncir(l — 2a + 2r) + ) dr
The distance to the nearest wallis (¢ — r)

2mc fa {r(l — 2a + 2r) + r*}(a — r) dr
_ 0

nallec
a
2[ {=3r 4+ 125a — 1) + r(la — 2a9} dr
0

a2l

a

4 3
|:— % + 2 (5a — 1) + r*(la — 2a’)J

3 0

Case 2. 1/2 K a:
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used in the later work (72) had a mean displacement of 0.25 cm. In using the
data of Herr and Noyes (36), Spence and Wild used a value of the mean dis-
placement of 1 em. (1.2 em. radius cell) instead of about 0.39. Therefore, the
low values of C;Hs/CO obtained by Spence and Wild (71, 72) with cells of mean
displacement of 0.25 and 0.52 em., are very much lower than those obtained by
Herr and Noyes, at the same pressure and intensity, in a cell of intermediate
mean displacement of 0.39 cm. The ratios obtained by Herr and Noyes (36)
were checked quite closely by Howland and Noyes (39), using a cell the same
size as that used by the former authors. Also, using a cell of 2.2 cm. inside
diameter and 1 em. long (mean displacement 0.18 em.), Howland and Noyes
found the diameter effect to be small, but in the opposite direction to that
found by Spence and Wild, i.e., Howland and Noyes found that the ratio
C,Hg/CO increased as the mean displacement decreased.

A possible explanation of part or all of the difference in the C,Hs/CO ratio

(Footnote 8—continued)

Herer =a— 2+ 2.
. l 2 l
dN = =¢ a—§+z + 2 a—§+zzdz
i/2 1 2 l °
d=21rcf {(a——+z>+2<a—'-+z>z}dz
o 2 2

mea?l
Q= I3 — 8l2a + 24a?l
- 96a?
as a — © d—1/4
l l a
= - d=<="
=3 8 1

The cell used by Spence and Wild (71) had dimensions ! = 7 em. and ¢ = 1.8 em. This
cell 1s analyzed according to Case I:1.e., /2 > a.

L e
6l ' 3

The cell used by Herr and Noyes (36) had dimensions I = 20 em.and a = 1.1 — 1.2 em.
Here, also

d = —-0.08 + 0.6 = 0.52 cin.

—at a d = 0.36 cm. for a = 1.1 em.

6l 3’ d = 0.39 em. for a = 1.2 em.

The cell used by Spence and Wild (72) was of annular construction, with 1 em. between
walls. This cell is analyzed according to Case 2, with a @ 1. The cell was 10 ecm. long
(a = 10,1 =1).

I3 — 812a + 24421

d= ——————— =02
96a? 5

The short cell used by Howland and Noyes (39) also is analyzed according to Case 2,
withl =1 em., a = 1.1 cin.

d = 0.18 cm.



220 WALLACE DAVIS, JR.

found by Spence and Wild (71, 72) and by Noyes et al. (36, 39) may come from
an examination of the light sources used. For banded absorption experiments
Noyes et al. used approximately monochromatic light, the main impurity being
due to the pressure broadening of the 3130 A. group in the medium-pressure
quartz-jacketed mercury arcs. Spence and Wild (71) used one of three filters
to remove continuum radiation: Pyrex, potassium biphthalate, potassium
chromate. Only the latter filter removes 3347 and 3660 A. radiation to a large
extent, and only when this filter was used was a value of C;Hs/CO greater than
unity obtained. Biacetyl might decompose either by absorption of wave lengths
3347 and 3660 A. or by collision of the second kind with acetone (see above).
The ratio C.;Hs/CO from acetone would be much more nearly unity than either
with small percentage decomposition or in a flow system where the biacetyl is
removed. This effect would be much more pronounced when the continuum
light is removed, since then the 3660 A. radiation constitutes a much larger
per cent of the total incident intensity.

The effect of increase of pressure on quantum yield and C,Hs/CO (condition a)
counld not be explained on the basis of an excited acetone molecule of mean life
102 sec., a figure determined by Spence and Wild (72) from the above data.
If the effect were due to deactivation of an excited molecule by collisions, such
as we have in unimolecular reactions, a life-period of about 102 sec. would be
expected. Spence and Wild consider that the widely different requirements for
excited acetone molecules are met by the two excited states. The reactions of
the excited state of life-period 102 sec. are given by reaction 2a (low pressure)
and by reaction 13 (high pressure). The reactions of the long-life excited mole-
cules are given in equations 14-17.

On the basis of a purely free-radical mechanism, the effect of increase of
pressure on quantum yield and C;H/CO is readily explained by the homogeneous
reactions 6 or 7 (increased dissociation of scetyl leads to a smaller value of
C.Hy/CO); the recombination reaction 8; the decreasing importance of 11 with
increase of pressure and the smaller increase of the importance of reactions 11
and 12.

The Spence and Wild theory (72) offers an explanation of the decrease of the
CyHe/CO ratio with decreasing wave length that differs from the free-radical
explanation. The latter theory considers the increased energy retained by the
acetyl radicals after dissociation. As this energy increases (decreasing wave
length) the spontaneous decomposition must increase, leading to smaller values
of C;Hgs/CO. The Spence and Wild view is that the excess vibrational energy
possessed by the acetyl radicals would be rapidly dissipated by collision at high
pressures, but with decrease of pressure a growing proportion would decompose
spontaneously. In consequence, the concentration of acetyl radicals, and there-
fore the value of C,Hs/CO, would be less in the “continuum” region than in the
“banded”’ region at low pressures.

As regards the effect of mixed light (condition d), the Spence and Wild view
is that excited acetone molecules of long life produced in the banded region
bring about the decomposition of acetyl radicals produced in the continuum
(reaction 17).
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On the basis of any theory the explanation of the changes of experimental
quantities (ethane, carbon monoxide, etc.) with increasing polychromatic char-
acter of the light source must be very difficult at best. Certainly the products
formed by irradiation with any two different mercury ares, unfiltered, would be
different i the spectral distributions were different. Because of this, and
hecause of chromatic aberration effects, it is nearly impossible to account quan-
titatively for the effect of mixed light.

The results of the Spence and Wild mechanism, which includes the reactions
1, 7. 8 9, 10, 11’ as radical steps plus the excited molecule steps 2, 2a, 13-17 is
given graphically by these authors, the relative importance of the two mecha-
nisms being plotted as functions of acetone pressure.

Quantum 3, yreld.

Fra. 7. Variation of quantum yield of photodecomposition of acetone with pressure in
the banded region (qualitative). (Spence and Wild (72).)

The experimental data on the photolysis of acetone at 3130 A., the “banded”
region, contradict one of the theories (free radical or excited acetone) to some
extent, if the light used by Spence and Wild (71, 72) can be considered to consist
of radiation between the limit 3050 A. and 3300 A. This point, as noted above,
seems doubtful. As a result it seems that the excited-molecule theory requires
more coneclusive proof (the diameter effect) before it can be accepted. The data
of Noyes et al. (36, 39) cannot be explained by the Spence and Wild theory.

One possible method of differentiation between the two theories, besides
further studies on the diameter effect using nearly monochromatic 3130 A.
radiation, would be to photolyze CH;COCH; in the presence of CD;COCD;.
Such studies would shed considerable information on the reactions by which
ethane is formed. If this is formed by a non-radical mechanism under any
conditions, C;Hs and C;Ds would be formed to a greater extent than would be
expected upon the basis of a free-radical mechanism, which would predict,
approximately:

CoHg: CH;CD;3:CoDg = 1:2:1
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At pressures in the order of 150 mm. of acetone, or higher, the Spence and Wild
mechanism would predict this ratio to be of the order 1:1:1, quite different
from the predictions of the purely free-radical mechanism. Further, the acetone
remaining after illumination should be a mixture of CH;COCH;, CH;COCDs;,
and CD;3;COCD:; if the free-radical mechanism is obeyed; i.e., if the low quantum
vield of acetone decomposition is due to radical recombination.

Before discussing the effect of temperature upon the products of the photolysis
of acetone, it might be well to consider some recent work of Feldman, Burton,
Ricei, and Davis (24). The excited-molecule mechanism was presented by
Spence and Wild to account for the results of the photolysis of acetone only in
the “banded’ region of absorption above about 3050 A. Below this wave
length, that is, in the region of continuous absorption, these authors, in agree-
ment with others, had considered that only the free-radical mechanism was
necessary to explain the experimental data. As a result of their experiments on
the flow photolysis of acetone using 2537 A. radiation, Feldman, Burton, Ricei,
and Davis now consider that the Spence and Wild mechanism must be active
in this region also. This conclusion was reached as a result of the formation of
considerable quantities of ethane under conditions such that nearly all methyl
radicals were expected to be removed by lead mirrors before these radicals
could react to form ethane. If a quantum yield for carbon monoxide formation
of about 0.2 is assumed for low pressures of acetone (2 mm.) at 2537 A., the data
of Feldman, Burton, Ricei, and Davis indicate an absorbed intensity of about
2 X 10 quanta/sec., that is, intensities about twenty times greater than those
used by Herr and Noyes (36), and of the same magnitude as used by Benson
and Forbes (10). The work of Benson and Forbes (10), the flow photolysis in
the absence or presence of iodine, shows no ethane formed at temperatures up
to 140°C. when iodine is present. This is opposed to the data of Feldman,
Burton, Ricei, and Davis, who found large amounts of ethane formed in the
presence of another radical remover, the lead mirror. To reconcile these differ-
ent results would be rather difficult and will not be attempted, but a few obvious
conclusions can be drawn. Feldman, Burton, Ricci, and Davis have considered
that, following reaction 2, reactions 2a and 13 occur. To explain their results,
reaction 13 would have to predominate at low pressures, where, according to
the Spence and Wild mechanism, reaction 2a predominates, at least at 3130 A.
Further, Feldman, Burton, Ricei, and Davis believe that in the presence of
iodine, reaction 13 is followed by

CH,COCH;3** 4+ I, — CHsl + CH3COIL (18)

To explain the complete absence of ethane in the work of Benson and Forbes,
reaction 18 would have to have an efficiency of about 100 per cent;i.e., to have
occurred so rapidly that reactions 14 and 16, the ethane-forming reactions, are
relatively unimportant.

Although Feldman, Burton, Ricei, and Davis reported methyl radicals, carbon
monoxide, and ethane to be their main products, other authors, Benson and
Forbes (10), Herr and Noyes (36), and Spence and Wild (71), have all found
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biacetyl formed at 2537 A. Benson and Forbes (10) reported a (CH;CO),/CO
ratio of 0.1-0.4 at 60°C., depending upon conditions, but apparently increasing
with linear flow velocity. Thus, although Feldman, Burton, Ricei, and Davis
reported no biacetyl, this must certainly have been formed in their experiments,
especially at 0°C. If the analyses of Feldman, Burton, Ricei, and Davis for
methyl, carbon monoxide, and ethane are assumed correct, the amount of biacetyl
calculated from the material balance

Nacetone = 2‘7\/,021'1'6 - 1\700

Nbiacetyl = chne - Nco

1 P

3Ncr, + neyrs = Noym, (19)

neou; = em.® or mm.3 of ethane analyzed as such.

is always found to be a negative quantity of considerable magnitude at
0°C. and a positive quantity at other temperatures up to 100°C., with
a few exceptions at 100°C. Further, although the average deviation from
a correct material balance for all runs is only about 25 per cent, individual runs
show errors of up to 85 per cent. If the ethane and carbon monoxide analyses
are assumed to be correct, using equation 19, the error in the methyl determina-
tion appears to be enormous in the work of Feldman, Burton, Ricci, and Davis,
the value of CHs(missing)/CH;(found) varying from 3.5 to — 8.0.

Aside from these considerations of the work of Feldman, Burton, Ricei, and
Dayvis, the Spence and Wild mechanism extended to continuum absorption
(2200-3900 A.) contradicts the work of Taylor and Rosenblum (74). Table 12
shows that in the presence of hydrogen the photolysis of acetone yields a value
of CHy/CO ~ 1 at about 250°C. Since methane can presumably be formed
only from the intermediate methyl radical, the above ratio requires a minimum
of 50 per cent radical decomposition of acetone, allowing no formation of ethane
from methyl. Further, at 300°C., CH,/CO =~ 1.35, here requiring 2 minimum
of 68 per cent radical decomposition of acetone.

Considering the many questions that can be raised concerning the validity of
the data of Feldman, Burton, Ricei, and Davis, it appears that this work cannot
be considered of sufficient accuracy to warrant the discarding of the free-radical
mechanism for the photolysis of acetone at 2537 A. in favor of an extended
Spence and Wild mechanism.

As in the case of photolysis in the ‘“banded” region, it is quite probable that if
the Spence and Wild mechanism is correct for “continuum” photolysis, this
could be determined by a thorough study of the photodecomposition of ethyl
methyl ketone. Here again, the Spence and Wild mechanism would require
that C.Hs: CsHs: C.Hyy be considerably different from 1:1:1 if the hydrocarbon
can be formed in one step. Also, the photolysis of mixed normal and deutero
acetones would yield data that would allow differentiation between the free-
radical mechanism and the Spence and Wild mechanism, as will further deter-
minations on the extent of methane and C;- and Cs-hydrocarbon formation.
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The effect of temperature upon the photolysis of acetone has been studied to a
considerable extent. As previously mentioned, the formation of biacetyl becomes

TABLE 6

Experiments tn unfiltered light on the stability of the acetyl radical and the formation
of acetyl todide
(Gorin (30))

nfé,:s;’:)fi:or { mx%gﬁggfs;““ CH,I CH,;COI co TEMPERATURE
mm, M. moles X 108 maoles X 108 moles X 108 °C.
165 ! 4 21.7 9.3 1.62 100
487 | 2 43.0 4.0 2.67 100
430 ; 4 29.4 8.8 5.28 l 115
156 { 2 36.8 4.6 5.82 115
517 1 4 4.6 7.0 4.96 128
169 ’ 2 | 41.6 ‘ 3.4 15.02 130
TABLL 7
Photolysis of acetone, acetone—iodine mixtures at N 2537 A.
Pacotone = 12.0 = 0.2 mm. (OOC), Paecmne/Piodine = 54 + 2
(Benson and Forbes (10))
RUN Tfr“tl;:;f FLOW ccATNTE. IODIDES %%—‘ %—g‘ (____ClézOCO)z
co CH( | CiHs |(CH:sCO)
°C. cm./sec. |
4 60.1 1 1.05| 2.34 0.18 ] 2.81; 0.90 0.078 1 1.20 | 0.38
5* | 60.0 ? 2.11 0.061 j ? 0.029
6 59.9{ 0.79| 2.48 0.21 | 3.06 | 0.73 0.083 | 1.23| 0.29
7% 59.9 0.53 | 2.09 0.036 5.42 | 0.017
8 1100.3 | 0.97 | 3.45 0.23 | 3.49 | 0.10 0.067 | 1.01| 0.029
9% | 100.5 | 0.88 | 1.38(?) 0.021 j 3.60 | 0.015
10 | 142 0.62 ] 3.68 0.37 | 3.35 1 0.00 0.100 | 0.911] 0.00
11* | 142 0.67 | 2.03 0.029 ! 4,26 | 0.014
12 60.2 | 0.54 | 2.00 0.14 | 2,20 0.22 0.068 1 1.10| 0.11
13* | 60.2 | 0.65| 1.68 0.022 l 4,46 | 0.013
14* 1 102.0 | 0.63 | 1.84 0.038 ! 4,16 | 0.020 :
15 60.5 | 0.96 | 2.02 0.13 | 2.37 ‘ 0.44 0.066 { 1.17 | 0.22

* Runs made with iodine present.
Time of runs = 90 min.

small at temperatures above 60-75°C. Gorin (30) has shown that the absence
of biacetyl up to 100°C. may be due to the reaction

CH; + CH,;CO — C.H¢ + CO (10)
rather than to the increased importance of

CHsCO — CH; + CO (6)
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although, as mentioned previously, reaction 6 is probably more important at
higher temperatures than Gorin indicates. Some of the experimental details
are missing from the paper of Gorin (30), so the sufficiency of the iodine present
to react with all the methyl and acetyl formed might be questioned. However,
in an earlier paper Gorin (28) stated that 0.2 mm. iodine was sufficient to react
with all radicals formed. (For experimental details of Gorin’s work see reference
29.) Using this, we would expect the 0.5 mm. iodine, the minimum amount
reported used (30), to be sufficient. If reaction 6 became very important at
100°C., considerable amounts of carbon monoxide would be expected at this
temperature, even in the presence of iodine. Gorin (30) and Benson and Forbes
(10) found less carbon monoxide formed in the presence of iodine than in the
absence, even up to temperatures of 140°C. (see tables 6 and 7). This is not
opposed to the increasing importance of the thermal reaction (6).

The stability of the acetyl radical has also been demonstiated by Feldman,
Ricei, and Burton (25) hy the use of the mirror technique. Acetone was irradi-
ated at 45°C. with 2537 A. light, and after removal of methyl radicals by a first
mirror, heating the flow tube gently caused the disappearance of a second mirror,
probably by methyl radicals formed from the thermal decomposition of CH;CO.
The reduction in the relative amount of hiacetyl above 60-75°C. has Dbeen at-
tributed (30) to the reaction

rather than to the instability of the acetyl radical. However, as explained above,
biacetyl has been found (6) up to 110°C,, so that pressure and intensity at this
temperature, plus other reactions, determine whether or not biacetyl is formed.

Taylor and Jungers (73) suggested another reaction to explain the absence of
biacetyl above about 75°C. and also partly to account for the low over-all yield of
acetone decomposed at lower temperatures.

CH; + (CH;CO); — CH;COCH; 4+ CH3CO (20)

Herr, Matheson, and Walters (35) photolyzed acetone in the presence of
(CD3;CO), and found no deuterated ethine, such as CH;CD;. Since this latter
product would be expected if reaction 20 occurred to an appreciable extent, its
absence is strong evidence that reaction 20 does not occur, at least at the tempera-
tures (below 60-75°C.) where biacetyl formation is favored.

Anderson and Rollefson (6) have actually reported the formation of biacetyl
at temperatures as high as 110°C. (see table 8).

That the photochemical decomposition of acetone does not follow a chain
process has been demonstrated by many workers. ILeermakers (42) showed
that the quantum yield for carbon monoxide formation does not exceed 1.3 even
up to 400°C. Winkler (76) obtained essentially the same results as Leermalkers,
and also reported the formation of compounds not found when the photolysis
occurs at room temperature. Thus, for 50 per cent decomposition of acetone at
60°C., Winkler found approximately 9 per cent methane, while at 400°C. 32 per
cent methane was found, 5 per cent hydrogen, and some unsaturated compounds.

In the presence of nitric oxide, Mitchell and Hinshelwood (47) confirmed the
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above, finding ®Pacetone = 1.1 as the average of eight runs at 300°C. The only
difference caused by the presence of nitric oxide was the formation of carbon
dioxide.

At 75°C. Herr and Noyes found the quantum yield for carbon monoxide
formation to rise from about 0.8 to 0.9 as the pressure of acetone was increased
from about 5 to 150 mm., both at 3130 A. and 2537 A. at absorbed intensities
of 5 X 10 quanta per second (figures 2 and 3). However, the quantity was
found to decrease with increasing intensity at 50 mm. pressure (36).

TABLE 8
Photolysis of acetone at 2537 A.

Reaction cell 5.0 em. in diameter, 5.5 cm. long; volume 113.5 ce. with 3.3 per cent
dead space

(Anderson and Rollefson (6)

PRODUCTS IN MOLES X 106
TEMPERATURE iNiTIaL (CH;)CO
co CHy C:Hs (CH;3CO);

°C, ; males X 108

3 ’ 24.39 0.80 0.09 2.85 2.20

3.5 24.75 1.10 0.17 2.93 2.18
22 25.82 0.74 0.08 2.69 2.01
22.5 25.33 0.87 0.12 2.58 1.76
26.5 25.23 0.72 0.09 2.70 2.04
64.5 24.95 1.68 0.10 3.16 1.56
65.5 24.26 1.49 0.13 2.74 1.40
82 24.18 2.99 0.17 4.09 1.21
88 24.55 3.66 0.19 4.57 1.19
98 24.71 4.51 0.15 5.30 0.86
102 24.63 4.34 0.16 4.70 0.59
107.5 24.47 2.53 0.23 2.67 0.26
109.5 25.32 3.72 0.22 3.91 0.24
110 24.63 4.46 0.15 4.62 0.27
114.5 25.33 4.46 0.18 4.48 0.11
120.5 24.59 5.80 0.20 5.70 0
133 24.02 3.63 0.21 3.57 0
140 25.20 5.45 0.40 5.29 0

To get concentrations in moles per liter, multiply moles by 8.8.

That the quantum yields of carbon monoxide formation or acetone decom-
position appear to approach unity at about 125°C. is shown in the work of Herr
and Noyes (36).

The way in which the quantum yields of acetone decomposed or carbon
monoxide formed decrease with intensity has not been studied very carefully.
Thus, although these quantities approach unity at about 125°C., Akeroyd and
Norrish (1) found values considerably less than unity when acetone is photolyzed
using the full intensity of a mercury arc (see table 9).

Akeroyd and Norrish also reported the distribution of products shown in
table 10 for the photolysis at 350°C.
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At high intensities at 860 mm. acetone pressure Spence and Wild (71) found
considerable amounts of methane even at 60°C. (see table 11).

Of course, runs at 860 mm., as mentioned by Spence and Wild, cannot be
compared with runs say at 200 mm. or lower acetone pressure. Hence, these
data are of use only in indicating that even at 60°C. methane may be formed at
the lower pressures.

TABLII 9
Photolysis of acetone with full intensity of a mercury arc

Pocetone = 70 min1. when reduced to 100°C.
(Akeroyd and Norrish (1))

Temperature, °Co. .vovvoooeereeeenen.. 63 |10 20 |30 |39
DMEAN Bacetone « - -+« v v v 0.3 | 047 | 05 | 065 | 0.76
TABLE 10

Photolysis of acetone at 350°C.

Time of illumination = 284 min.
(Akeroyd and Norrish (1))

Produet.......................... co | CH, C.H¢ | Unsaturated l H,
cc.at N.T.P........o.ool 1.0 ‘ 0.8 0.4 | 0.15 0.1
TABLE 11
Photolysis of acetone at high intensities
(Spence and Wild (71))
SCREEN ! GASEQUS PRODUCTS
NO. RADIATION TIME TRA;;:(S)%IS- Volume at 1
NT.P. Cco [ CoHs CH,
k. per cent | per cent per cent per cenl
24 Full are 9.5 100 l 13. 52 45.0 41.4 13.6
26 Continuum 24 100 ‘ 4.15 48.3 33.3 18.4
27 Continuum 20 100 3.27 47.6 j 32.6 19.8
30 Continuum 24 29 1.54 52.6 | 19.6 27.8
28 | Continuun 15 22 0.73 55.0 J} 18.9 26.0
31 | None 24 ! 0.00 ] l

Taylor and Rosenblum (74) have studied the effect of temperature upon the
photolysis of acetone in the presence and absence of hydrogen (table 12). They
found no increase in $go from 160° to 300°C. in the absence or presence of
hydrogen, but the presence of hydrogen caused an increase in the methane yield
and a decrease in the ethane yield.

The effect of hydrogen upon the ratios CHy/CO and C;Hs/CO is shown in
table 13.

The values of C:Hs/CO being greater than unity below 160°C. would suggest
that below this temperature biacetyl is formed. From the lack of carbon
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balance, determined by (C.Hs + 3CH,)/CO, it appears, as stated by Taylor and
Rosenblum, that above 70°C. the hydrocarbons start to polymerize, this factor
becoming quite important at 200°C.

TABLE 12
The photolysis of acetone tn the presence and absence of hydrogen

Reaction volume, 131.4 ce.; full mercury are; light below 2000 A, removed
(Taylor and Rosenblum (74))

MOLES OF REACTANT MOLES OF PRODUCTS X 104
4
TEMPERATORE X 10 (CHj3):CO i '
(CHa)zCO’f H, Bye%iger' Measured | cH E <o e e
°C.
71 2.52 | 0.81 | 0.72 | 0.109 | 1.305 1.524
71 2.57 ’ 12.85 ; 0.87 | 0.82 | 0.101 a’ 1.383 12.79 1.512
160 p2.52 11,07 1.01 1 0.079  1.377 1.352
160 . 2.55 | 12.74 0.90 0.86 ( 0.423 ; 1.582 12.61 1.353
200 2.49 1 12.44 0.88 0.83 | 0.933 “ 1.592 12.11 0.949
20 | 252 | , 076 | 071 | 0.463 | 1.753 1.213
250 i2.50 12.49 J 0.95 0.89 | 1.57 | 1.51 11.96 0.482
300 2.49 } 1 0.86 | 0.71 | 0.802 . 1.513 0.863*
300 3 2.54 f 12.69 | 0.77 . 0.72 > 2.327 ! 1.728 11.69 0.378

* This value may be high by 8 per cent, which would yield for the final acetone values
approximately 0.92 by difference and approximately 0.77 measured.

TABLE 13
Effect of hydrogen upon the CH,/CO and C:Hs/CO ratios
(Taylor and Rosenblum (74))

: CiHo + 1/2 CHy

] C:Hs/CO

| | CH,/CO _ '
TEMPERATURE [ : ‘ ] Z(C—AoHi) ‘ co
{ H; absent } H; present ‘l H; absent ‘} H; present ‘f “‘ H; absent H; present
i { ! ! i
o | | | l
71 o117 1.09 | 0.083 ; 0.073 |, 0.087 J 1.21 1.13
160 ; 0.982 ’ 0.855 1 0.057 : 0.268 | 0.164 | 1.01 0.99
200 ¢ (0.86)* i 0.595 [ 0.11)* . 0.583 ©0.414 ‘ (0.91)* 0.89
250 ’ 0.692 “ 0.319 | 0.264 f 1.04 ‘ 0.702 . 0.82 | 0.84
300 | 0.570 0.219 ‘ 0.530 i 1.3 | 1.16 ‘ 0.83 \ 0.89

|

* Interpolated values.

In the presence of hydrogen the formation of methane can easily be explained
by reaction 21:

Taylor and Rosenblum determined an energy of activation of 11 & 2 kg.-cal.
for this reaction.
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The method of formation of methane in the absence of hydrogen has generally
been taken to be that listed by Rice and Herzfeld (65):

CH,; + CH,;COCH; — CH, 4+ CH;COCH, (22)
The energy of activation of this reaction has been given as about 15 kg.-cal.
(14, 65).
A reaction to be expected as a consequence of reaction 22 would lead to the
formation of ethyl methyl ketone as well as ketene,.

CH,;COCH,; + CH; — CH,;COCH,CH, (23)
CH;COCH, — CH,CO + CH; (24)

Reaction 23 has been assigned an energy of activation of about 8 kg.-cal. (14),
while the 48 kg.-cal. energy of activation of reaction 24 (14) suggests that the
formation of ketene will be unimportant except at temperatures above 406°C.

Saunders and Taylor (69) have carried out a very extensive study on the effects
of mercury and dimethylmercury upon the photolysis of acetone at temperatures
from 100° to 275°C. The data given by these authors are so extensive that they
are best represented graphically. In general, below about 100°C. it appears
that mercury and even dimethylmercury have very little effect upon the products.
However, above about 150°C. the presence of these substances is seen from
figure 8 to cause a decrease in the amounts of carbon monoxide and ethane
formed and an increase in the amount of methane formed.

Saunders and Taylor also found the carbon deficiency, or the amount of hydro-
carbons with more than three carhbon atoms, to be a function of mercury and
dimethylmercury as well as of temperature (see figure 9). Thus, these sub-
stances have an effect upon the polymerization of the lower hydrocarbons.

Most of the reactions considered by Saunders and Taylor for the photolysis
of acetone in the absence of mercury and dimethylmercury are those already
considered, namely:

Bt
CH;COCH; + hw — CH; + CH,CO (1)
CH; + CH,CO — CH;COCH,; 0-8 (8
CH; 4+ CH,CO — C:Hs + CO 6 (10)
CH,CO + (CH;COCH;) — CH; + CO + (CH;COCH,) 18 (7)
CH; + CH;COCH; — CH, + CH,COCH; 16 (22)
2CH,COCH; — (CH,COCH,), (25)
CH;CO + CH,COCH; — CH,COCH,COCH, (26)
CH; + CH,COCH; — C,H,COCH,3 8 (23)
CH; + C:H:COCH; — CH, + C,H,COCH,; <16 (27)

C.HyCOCH; + hv — (CO + C.Hs + C;Hs + CHyp) (28)
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Fia. 8. Effect of temperature on the products of the decomposition of acetone.

ders and Taylor (69).)

(Saun-

In the presence of mercury, Saunders and Taylor have presented the following
additional equations:

CH; + Hg — HgCH;
CH; + HgCH; — Hg(CHy),
CH; + HgCH; — CH, + HgCH,
CH,; + HgCH; — C,Hs + Hg
Additional reactions suggested for dimethylmercury are:
CH; 4+ Hg(CHs). — CH, + Hg(CH3)CH,
CH; 4+ Hg(CHj), — C.Hs + HgCH;,

Eact

13

(29)
(30)
31
32)

33)
(34)
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Saunders and Taylor have used equation 10 to explain the presence of ethane
rather than equation 6 or 7. This use may be justified, since the pressures used
were about 25 to 200 mm. at relatively high intensities, but the thermal reaction
(reaction 6) certainly is very important above 150°C. At the lower pressures
equation 6 or 7 also should be considered.

o ACETONE
>
2 A -—-=— AGETONE AND MERGURY
w
2 Jol_—_®—-—- ACETONE AND MERGURY DIMETHYL
S
2
(o]
g 20
g - Y
[
4
5 10—
=
) T I

100 125 150 175 200 226 250 275

TEMPERATURE °C.

Ie. 9. Per cent carbon deficiency as a function of temperature. (Saunders and
Taylor (69).)

Two conclusions drawn by Saunders and Taylor (69) are of interest, namely:

CH,

CO < (Pacetone)zla (35)
and
C.H 1\
&G * (Pacetone> <3G)

A few last points on the photolysis of acetone at higher pressures need men-
tioning. Roof and Blacet (67) have pointed out that at temperatures not much
above 100°C. the acetyl radical decomposes nearly to the extent of 100 per cent
according to reaction 6 or 7. This is not in disagreement with previous state-
ments that at 100°C. 60-90 per cent of the acetyl radicals decompose. Thus,
the formation of ethane can result nearly solely from the combination of two
methyl radicals. At high pressures, either of acetone or of foreign gases, the
diffusion of methyl radicals to the walls would be very slow, and, hence, if wall
formation of ethane were the only way in which this compound could be formed,
under these conditions we would expect homogeneous reactions such as 22 to
predominate, the rate of ethane formation being low. However, Grahame and
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Rollefson (32) have obtained evidence that ethane is formed by the rather ac-
curately bimolecular reaction:
CH; + CH; — C.Hs (99

At high temperatures and pressures ethane possibly results solely according to
equation 9’.

Studies by Danby and Hinshelwood (17) on the polymerization of olefins
induced by free radicals at 300°C. have led these authors to conclude that acetone

TABLE 14
Polymerization of olefins by free radicals at 300°C.
(Danby and Hinshelwood (17))

50 mm. CH:CHO............. . .. . | 9
25 mm. CHsCOCH,. . ... [ 5
50 mm. CHsCOCHs. ... | 8
25 mm. CzHaCOCzH; ........................................... } 5

I ] CH36°CH3 50 MM,
o CH3COCHz 25MM

0 GpHECOCoHS 25MM,

o

o

RATE OF POLYMERIZATION
L)

| |
100 200 300 400

ETHYLENE PRESSURE (MM.)

F1a. 10. Polymerization of ethylene induced hy photolysis of dimethyl and diethy
ketones. (Danby and Hinshelwood (17).}

is only 69 per cent as effective in producing free radicals at this temperature as
is acetaldehyde (table 14; figure 10). In this work the full radiation of the
mercury arc was used. The rate of the induced polymerization, s, was calcula-
ted from the equation

e = nkalCiH] /B (37)

where
CH,COCH; + hv — CH; + CH3CO k1 (1)
CH; + CH; — Gl ke (99

CH; + C.H, — R ks (38)
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Since polychromatic light was used in these experiments, the ratio of the rates
of polymerization induced by acetone and acetaldehyde is necessarily some
sort of average over wave lengths from about 1800 A. (the lower transmission
wave length of quartz) to about 3300 A.

Grahame and Rollefson (32) have made similar comparisons on the relative
rates of radical production by acetone and acetaldehyde during studies on the
high-temperature chain decomposition of acetaldehyde (table 15).

The value of 0.70 obtained for acetone at 3130 A. by Grahame and Rollefson
is in good absolute agreement with that obtained by Gorin (30) for the photolysis
of acetone at 90°C. in the presence of iodine (see table 16).

TABLE 15
Relative quantum efficiencies for the primary photochemical processes in the dissociation
of acetone and acetaldehyde into free radicals at elevated temperatures

(Grahame and Rollefson (32))

A i ACETALDEHYDE ACETONE
4.
3130 1.00 | 0.70
2652 J 0.55 | 0.92
TABLE 16

Photolysis of acetone, acetone—iodine miztures

Experiments in filtered light; A = 3130 A.
(Gorin (30))

EXPT. L 0T | RS Rm OF ; TR ‘ CHil co TIME CH.1
mm, mm, i °C. moles X 10% | moles X 108 min.,

1 852 1 90 5.67 120 0.85
2 852 0 1 80 | 1.13 120

3 1265 0.5 [ 90 8.76 120 0.78
4 1265 0 80 ’ 1.90 120

That hydrocarbons at least as high as butane can be formed in the high-
temperature photolysis of acetone has been demonstrated by Allen (2). Experi-
ments were run using an unfiltered, high-intensity mercury are, with about 50
per cent of the acetone decomposed. Besides methane, Podbelniak distillation
analyses showed the presence of propylene, propane, and butane (normal and
iso).

An accurate determination of the mechanism of the acetone photolysis above
about 300°C. is rather difficult, owing to the apparent catalytic effects of the
walls. Thus, Allen (2) considers that methyl radicals and acetone can react at
the wall to give methane and acetonyl. The latter does not seem to dimerize
on the wall, but only reacts with a methyl radical to form ethyl methyl ketone.
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The higher hydrocarbons are considered to be formed by reactions such as the
following:

CH; 4+ C.Hs — CH, + C,H;, (39)
C.H; + CH; — CsH; (40)
CH; + C;Hs — CHsCHCH; or CH;CH,CH, + CH, (41)
C:H; + CH; — C:Hyy (normal and iso) (42)

Since the acetone photolysis can become so complicated above 300°C., studies
at these temperatures are probably of little help in determining the nature of
the over-all scheme of decomposition.

Nothing has been said so far concerning the photolysis of acetone at wave
lengths below 2000 A. Manning (44) found that wave lengths of 1850-2000 A.
were effective in causing the decomposition of acetone. At acetone pressures
around 90 mm. the products were found to be carbon monoxide, hydrogen,
methane, ethylene, and ethane. The percentage of these products was found
to vary considerably with time, probably owing to secondary reactions. The
experiments of Manning were performed in reaction vessels containing fluorite
windows which transmit light below 1850 A. and, hence, were complicated by
mercury resonance radiation (1849 A.) effects. No mechanism for the decom-
position was proposed by Manning, but some qualitative results may be stated:
(1) the C—H bonds are broken to a considerable extent, hydrogen forming about
63 per cent of the products for complete decomposition of acetone at pressures of
about 0.025 mm.; (2) small amounts of carbon dioxide are formed at low pres-
sures; (3) either the methyl radicals, if formed, react mainly to give methane, or
if ethane or ethylene is formed, these products react further and polymerize;
(4) at higher pressures (90 mm.), secondary reactions such as H, + C,H; — C.H,
oceur.

Howe and Noyes (37) studied the photolysis of acetone at about 1900 A.,
using a quartz cell to remove light of wave length much below this value. The
effect of mercury resonance radiation was also determined. At low pressures
(2-8 mm. of acetone) carbon monoxide was found to constitute 50 per cent
(within experimental error) of the reaction products. In agreement with
Norrish, Crone, and Saltmarsh (53), Howe and Noyes (37) found the determina-
tion of ethane quite difficult, owing to solution in undecomposed acetone.
Hence, the latter authors have based the quantum yield of acetone decomposed
upon the quantum yield of carbon monoxide formed according to the over-all

reaction:
At pressures of about 2 mm. the quantum yield was found to be about 0.6,
decreasing slightly with pressure. An extrapolation to zero pressure would not
necessarily appear to indicate an over-all quantum yield of unity. Hence, if
the primary process is

CH,COCH; 4+ h» — CH; 4+ CH,;CO (1)
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the recombination reaction
CH;CO + CH; — CH3;COCH; (8)

would appear to be important.
As mentioned previously, the extent of the reaction

CH,CO* — CH; + CO 5)

is about 50 per cent at 1900 A. which, if the primary process 1 had an efficiency
of about unity, would explain the value of ®cc = 0.5 obtained by Howe and
Noyes at about 50 mm. acetone pressure. At this pressure reactions 1, 8, and 5
appear sufficient to explain the data for the photolysis of acetone with light of
about 1900 A. The presence or absence of biacetyl was not proved, since the
absence of fluorescence may not indicate the absence of biacetyl at 1900 A.
and since only ®¢o was determined, except in a few runs. Assuming no com-
plicating factors, reactions 8 and 5 seem to be equally probably at 50 mm.
pressure, since no biacetyl was found. At lower pressures, the reactions

CH,CO — CH; + CO (6)
or
CH;CO+M —>CH; + CO+ M )
or
CH; + CH,;CO — C;Hs + CO (10)
as well as
cH, - 101, ©
or :
CH; + CH; — C;H, C

appear to enter into the scheme.

The addition of foreign gases (table 17) has the predicted effect of increasing
the over-all yield for acetone decomposition. Specifically, reaction 6 or 7
becomes more important and 8 less important.

The presence of mercury effects an increase in the over-all quantum yield,
probably owing to the formation of substances such as HgCHj; by deactivation
of the mercury (see table 18).

From the effect of added gases on the over-all quantum yield of acetone de-
composed, it would appear that if the efficiency of the primary process (reaction
1) is not unity at 1900 A., it is certainly very close to it.

A. Summary of reactions

I. Free-radical reactions

Necessary to explain biacetyl formation.
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CH;COCH; + hv — CH;COCH;* (@)

Necessary in the Spence and Wild mechanism but unnecessary
in the free-radical mechanism.

TABLE 17
Effect of added gases on quantum yield of acetone decomposition
(Howe and Noyes (37))

ACETONE PRESSURE | FOREICN CAS PRES: QUANTUM VIELD YITHOUT ADDED ADDED GAS
GAS
mm. mm.
1.82 9.8 0.81 | 0.61 CO,
1.81 9.8 0.85 | 0.61
1.72 18.4 0.88 ’ 0.62
2.12 2.23 0.69 0.61 N:
2.12 3.78 0.81 0.61
2,34 7.38 0.74 0.61 C:
2.32 7.13 0.75 0.61
2.30 12.30 0.80 0.61 "
TABLE 18
Effect of Hg(6'P1) on quantum yield for acetone decomposition
(Howe and Noyes (37))
CALCULATED
U. IN
ACETONE PRESSURE | AP PA‘E‘I‘;;SEANTW QA;I;;%EYgLﬁg REMARKS
RESONANCE RADIA-
TION
mni.
1.51 0.73 0.62 Resonance radiation present
0.115 0.72 0.65
0.124 0.88 0.65 ‘ Trap in CO,-CHCl,
0.134 0.81 0.65 1
20.4 0.53 ‘ Resonance radiation present
20.4 0.53 ; Resonance radiation removed
9.9 0.55 | 0.55 Resonance radiation present
CH,COCH; + v — C,Hs + CO 3)
No data to support this as being of more than minor im-
portance.
CH,;COCH; + hw — 2CH; + CO (4)
Equivalent to reaction 1 followed by reaction 5.
CH,CO* — CH; + CO (5)

The use of this following reaction 1 makes it possible to use
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one primary process instead of the two of reaction 1 plus
reaction 4. Here CH3CO is considered to dissociate spon-
taneously.

CH:CO — CH; + CO (6)

The lack of pressure dependence of the thermal reaction
above 50-100 mm. allows for the use of a unimolecular
reaction.

CHsCO + M —-CH; + CO+ M (7

Below 25 mm. pressure, the thermal decomposition of CH,CO
is pressure dependent.

CH,CO + M — CH,CO* + M (7a)
CH,CO* - CH; + CO (7b)
CH,CO* + M - CH,CO + M (7c)

The three equations represent the reaction involved in the
thermal decomposition of CH;CO.

CH,CO + CH; — CH;COCHs (8)

The low quantum yield of acetone decomposed after a primary
decomposition process of nearly unit efficiency requires the re-
formation of acetone from its decomposition products.

2CH; — C.Hs (9’\
The formation of ethane has been found to be bimolecular at
high pressures. Where specified, this equation represents

the formation of ethane without consideration of the mode
of formation (homogeneous or heterogeneous).

cH, ™, 1001, (9)

Necessary to explain the increase of &g,n, with decreasing
pressure at low pressures.

CH; 4+ CH3;CO — C.Hs + CO (10)
Arguments for and against this reaction.
2CH,CO — (CH;CO), (11")

The formation of (CH3CO), has been found to occur in a
manner similar to the homogeneous formation of ethane
(reaction 9’) at high pressures.

CH,CO —*L, 1(CH.CO0), (11)

Necessary to explain the increase of ®cr,c0y, With decreasing
pressure at low pressures.
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2CH;CO + M — (CH;CO). + M rate = kn(Ac)M¥ (12)

With the exponent y = 0.25 the data of Spence and Wild
agree with this equation. More thorough considerations
might show this reaction to occur simultaneously with reac-
tion 11’ at high pressures.

This reaction has been shown not to occur.
CH; +H.—-CH;+ H 2D

Formation of large amounts of methane in the photolysis of
acetone in the presence of hydrogen makes this reaction
necessary.

CH; 4+ CH;COCH; — CH4 + CH;COCH, (22)

One of the few ways in which methane can be formed from
methyl radicals in the presence of acetone.

CH;+4CH;COCH; — CH;COCH.CHj, (23)

Following reaction 22, the presence of these two radicals
indicates ethyl methyl ketone a logical product, although it
has not been detected analytically owing to experimental
difficulties.

CH;COCH; — CH,CO + CH; (24)

This reaction is probably unimportant except at temperatures
above 400°C.,

2CH;COCH; — (CHsCOCHa), (25)

Logical following reaction 22, but biacetonyl has not been
detected, owing to experimental difficulties.

CH;CO + CH;COCH, — CH;COCH,COCH; (26)

This reaction is probably quite unimportant, since the acetyl
radical is quite unstable above 125°C., a temperature at which
acetonyl is not formed in large quantities except at high
acetone pressures.

CH; + CH;COC.H; — CH, + CHsCOC.H, 2mn

Probably important in the photolysis of ethyl methyl ketone,
but unimportant in the photolysis of acetone, the concentra-
tion of ethyl methyl ketone being very low in this case except
for large percentages of decomposition.
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CH;COC,H; + kv — (CO + C.Hs + C;Hs + C.Hy) (28)

The ethyl methyl ketone photolysis is unimportant in the
acetone photolysis except when large percentages of acetone
are decomposed at elevated temperatures.

CH; + Hg — Hg(CH3) (29)
CH; + Hg(CHs) — Hg(CHa): (30)
CH; + Hg(CH;) — CH, + Hg(CH,) (31)
CH; + Hg(CHs) — C,H,s + Hg (32)
CH; + Hg(CHs); — CH, + Hg(CH,)(CH,) (33)
CH, + Hg(CHy); — C:Hs + Hg(CHy) (34)

Reactions 29-34 can occur when acetone is photolyzed in the
presence of mercury and dimethylmercury.

CH; + CH. - R, (38)
The polymerization of olefins is induced by the photolysis of
acetone.

CH; 4+ C:Hs — CHs 4 CH; (39)

C.Hs + CH; — CsHs (40)

CH; + C;Hs — CH;CHCH; (or CH;CH,CH,) + CH, €9))

C;H; + CH; — C.Hyp (normal and iso) (42)

Reactions 39-42 are used to explain the high-temperature
products of the photolysis of acetone.

II. Additional reactions of the Spence and Wild mechanism for the ‘“banded”
region near 3100 A.
CH.COCH, 1078 sec.

at low
pressures

— CH; 4+ CH;CO (2a

At low pressure the Spence and Wild mechanism predicts
mainly radical formation.
CH,COCH; + M — CH;COCH;* + M (13)

At higher pressures, a second excited state is formed, this
being used to explain the fluorescence of acetone and, with
reactions 14, 15, and 16, to explain the decrease of C,Hs/CO
as the cell size decreases.

1072 sec.

CH;COCH;* ————— C.H; + CO (14)

The time factor was determined partly from the data on the
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decrease of C;H;/CO with cell size and from fluorescence data
of biacetyl. A moderate and high pressure reaction.

CH;COCH;:™* — CH,COCH; (15)
Deactivation by fluorescence or collision.

. wall_

CH,;COCH;* — C.Hs + CO (16)

Since wall effects are quite small at 100 mm. pressure, this
reaction should not be very important in this pressure range.

CH;COCH:* 4+ CH;CO — CH;COCH; + CH; + CO (17)

This reaction is used to explain the decrease in C,Hg/CO with
increasing intensity at high intensities and at moderate to
high pressures of acetone (2 100 mm.)

III. ETHYL METHYL KETONE

The photolysis of the simple aliphatic ketones other than acetone has not
been investigated to any great extent. Ethyl methyl ketone offers very in-
teresting possibilities with regard to elucidating the mechanism of the photode-
composition of those ketones which undergo the Norrish Type I decomposition,
namely

R + R'CO
RCOR' + v — Type I (1)
R 4+ RCO

Acetone, of course, appears to decompose to a large extent, if not wholly;
according to this Type I mechanism. If acetone decomposes to ethane and
carbon monoxide without the intermediate formation of radicals, by analogy we
would expect ethyl methyl ketone to do the same, at least after the absorption
of light near 3100 A. Since the absorption spectrum of ethyl methyl ketone shows
no structure around 3100 A. (22), it might not be proper to compare the results
of the photolysis of acetone and ethyl methyl ketone in this wave-length region.
Such a comparison would probably be proper if indisputable evidence is obtained
that the photolysis of acetone in the ‘“banded” region follows the same mecha-
nism as it does in the continuous region from about 2200 A. to 3050 A.

Pearson (60) and Glazebrook and Pearson (27) have demonstrated by use of
the Paneth mirror technique that radicals are produced in the photolysis of ethyl
methyl ketone. This is to be expected, since this ketone does not differ markedly
from acetone. The presence of the free radicals in the photolysis of ethyl methyl
ketone thus indicates that at least part of the decomposition takes place accord-
ing to reaction 1, which we may write as

CHsCOCsz + hv — CHsCO + Csz (1&)
and
CH;COC.H; + hv — C,HCO 4 CH; (1b)
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Norrish and Applevard (52) analyzed the products of the photolysis of this
ketone and found that of the hydrocarbons formed ethane, propane, and butane
were present in about equal amounts, thesc forming 70-80 per cent of the hydro-
carbon products (table 19). These authors also found 20-25 per cent of the
hydrocarbons formed to be ethylene. The conditions of these studies were the
use of ethyl methyl ketone vapor, above the boiling liquid, photolyzed with the
full intensity of a mercury arc. Thus, the temperature of the vapor was about
80°C., at which temperature the acetyl radical is fairly stable and the propionyl
radical, as will be discussed later, is quite unstable, and readily dissociates to CO
and C,Hs. Equal quantities of ethane, propane, and butane would require,

TABLE 19
Photolysis of ethyl methyl ketone

Composition of products in per cent
(Norrish and Appleyard (52))

EXPT. " O . CH | CH { GHe | GHs . CHe | COs
! ! ‘ e
1 455 54 L 005 132 27 Lo
2 o800 805 123 0 98 | 116 | 125 | 0.5
3 | o810 43 1 49 | 39.8 [
TABLE 20
The photolysis of CH;COC,Hy in the presence of todine at 70°C.
Mercury are
Gorin (30))
|
’g‘ﬁfé‘gg ﬂ?lf WAVE LENGTH PRESSURE OF 1z J RI | Cco CiHs
|
mm. ! A. mm. f moles X 104 moles X 108 moles X 10°
65 3130 4 222 | 105 | 0.8
70 ! 3130 2 , 21.2 ; 0.89 0.74
67 Unfiltered 4 boowme2 L 1.12
72 Unfiltered 2 | 176 | 1.33 1.24

from the work of Norrish and Appleyard, that 70-80 per cent of the decomposi-
tion proceed according to reactions la and 1b with no process of the type
CHsCOC;H; — C;Hs 4+ CO allowable. The ethylene probably is explained by
a disproportionation reaction between two ethyl radicals, possibly on the walls
of the reaction cell.

As mentioned by Steacie (77), the inefficiency of the simple bulb-to-bulb dis-
tillations used by Norrish and Appleyard probably explains the 1:1:1 ratio of the
three hydrocarbons obtained rather than 1.00:1.74:0.83 for C,He: CsHs: CaHyp
as calculated by Moore and Taylor (48) from statistical considerations, for equal
concentrations of the methyl and ethyl radicals.

Gorin (30) has studied the photolysis of ethyl methyl ketone in the presence
of iodine and arrived at essentially the same conclusions as did Norrish and
Appleyard (table 20).
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Since the amount of carbon monoxide formed in the presence of iodine is quite
small compared to the amounts of RI, the main course of the photolysis of ethyl
methyl ketone must be reactions 1a and 1b. Gorin indicates that some of the
decomposition may proceed according to the one-step mechanism

CH,;COC,H;s + v — CO 4+ C;Hs (41)
this occurring to the extent of 6.5 per cent in the unfiltered arc and 3.5 per cent
at 3130 A., both figures for 70°C.

Gorin’s studies of ethyl methyl ketone were not nearly as complete as his
studies on acetone. Further, since he did not separate the alkyl or acyl iodides,
this work should not be considered as giving the complete mechanism of the
ethyl methyl ketone photolysis (table 21).

Moore and Taylor (48) have studied the proportions of the three hydrocarbons,
ethane, propane, and butane, and have also compared the ratios of these with the

TABLE 21

Comparison of the rates of photolysis of CH;COCH; and CH;COC.H; in the presence of
todine and unfiltered light

(Gorin (30))

PRESSURE ! KETONE l TIME f RI
i, i l min. } moles X 108
% CH,COC:H; | 40 [ 24.6
90 CH;COCH; i 40 ! 21.7
90 | CH,COC:H; | 40 22.1
90 ; CH;COCH; J’ 40 20.6

ratios expected according to calculations on the number of collisions of the two
radicals methyl and ethyl. Thus, if

CH; + CH; = CH, (@) (99
CHa + CzIIa = CaHs (b) (40)
C.H; + C.H; = CHy (¢) (45)

the ratio of the number of collisions is
a:bic = 1.00:1.74:0.83
The experimental values obtained were
CzHGIC:;Hg:C‘;Hlo = 1.00:1.54:1.00

As in the case of the high-temperature photolysis of acetone, the rate of
formation of methane from ethyl methyl ketone increases markedly with tem-
perature (table 22).

As can be seen from table 22, the amounts of propane and butane formed
decrease with temperature, while ethane formation remains essentially constant.
This and the methane formation are probably explained by reactions 27 and 46.

CH; + CH;COC.H; — CH, + CH;COC,H, 27
C.H; + CH,COC.H; — C.Hs + CH;COC.H, (46)
CH5;COC,Hs + v — CH5;CO + C.Hs (1a)

CHaCOCsz + hy — CzH{,CO + CH3 (1b)



PHOTOCHEMICAL DECOMPOSITION OF SIMPLE ALIPHATIC KETONES 243

The relative importance of reactions la and 1b at room temperature for ab-
sorption of light near 3000 A. has been determined by Ells and Noyes (23) after
comparing the quantum yields of carbon monoxide formation from acetone,
ethyl methyl ketone, and diethyl ketone. From diethyl ketone only the pro-
pionyl radical can be formed. The high value of & from diethyl ketone, ap-
proximately unity at 36 mm. pressure, indicates that the propionyl radical is
very unstable and probably dissociates to a very large extent even after absorp-
tion of light of about 3000 A. Thus, if reaction 1b proceeded to a very large
extent at room temperature the quantum yield of carbon monoxide formation
would be expected to be appreciably higher for ethyl methyl ketone than for
acetone. Actually, Ells and Noyes (23) found ®¢o for ethyl methyl ketone to
be very nearly the same as for acetone. This would indicate that reaction 1a is
much more important at room temperature than is reaction 1b at the relatively

TABLE 22
Percentage composition of the photolysis products of CH;COC:H;
(Moore and Taylor (48))

TEMPERATURE, °C............. ... 920 110 155 200
Ho oo 0.4 0.1 0.3 0.0
CO.... 47.5 49.0 47.0 48.5
CH, .................... 3.4 4.4 9.0 18.0
CoHyo oo 2.2 0.5 1.7 3.0
C,H,. 11.5 13.0 14.5 12.5
C;Hs. 19.1 20.0 18.6 11.0
CsHyo. 13.2 13.0 9.0 7.0
C.Hs. 1.5 0.0

long wave length of 3000 A. At lower wave lengths or at higher temperatures,
reaction 1b may become as important as 1a.

Ells and Noyes (22) have also suggested that symmetrical ketones are formed
when ethyl methyl ketone is photolyzed at about 3000 A. This would be ex-
pected on the basis of reactions la, 1b and reactions such as 8 and 47:

CH; + CH,;CO — CH,COCH; (8)
Csz + CzHaCO s CszCOCgH5 (47)

Reaction 47 is probably unimportant in view of the instability of the propionyl
radical, but reaction 8 is quite important, as also shown in the case of the acetone
photolysis.

The effect of elevated temperature on the quantum yields of carbon monoxide
and methane has been studied by Ells and Noyes (22) and found not to have
chain character (table 23).

At 1850-2000 A. Ells and Noyes (22) found ®¢o to approach unity, as might
be expected. Thus, ®¢o from acetone at these wave lengths is about 0.7. With
the formation of the more unstable propionyl radical, ®¢o would be expected to
be greater than 0.7 on the basis of the free-radical theory (see table 24).
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In general, the photolysis of ethyl methyl ketone appears to follow a com-
pletely free-radical mechanism, the formation of ethylene possibly being ex-
plained by

wall
2C,Hy —— C,H, + C;Hs (48)
and at higher temperatures by reaction 27 or 46, followed by
CHaCOCzI'L i CHsCO + CzH4 (49)

At room temperature and low pressures biacetyl is probably formed according
to the reaction:
wall

CH,CO — 3(CH5CO), (11)

The presence of biacetyl in the photolysis of ethyl methyl ketone has been demon-
strated by Matheson and Zabor (46), who found the green fluorescence character-
istic of biacetyl when this ketone is irradiated with light from a mercury arc.

TABLE 23
Quantum ylelds of carbon monoxide and methane at elevated temperatire
(Ells and Noyes (22))

KETONE PRESSURE { TEMPERATURE E‘ &Co J} CH, % ®CH,
mm., ‘ °C. i j l
43 1 105-119 | 0.79 ‘ 4.2 | 0.19
4.75 ‘ 160-165 1 0.79 { 4.0 i 0.20
45 160165 | 0.85 | 2.2 E 0.38
43 195-200 0.71 : 1.5 E 0.47

IV. DIETHYL KETONE

Diethyl ketone has not been studied very extensively, but the work that has
been reported indicates that the photolysis of this ketone yields products that
would be predicted on the basis of the free-radical theory.

Pearson and Purcell (60) have demonstrated the formation of ethyl radicals
during the photolysis of diethyl ketone by use of the Paneth mirror technique.
The authors isolated and identified triethylarsine dimercurichloride. Danby
and Hinshelwood (17) also were able to show the presence of radicals when diethyl
ketone is photolyzed by studies on the free-radical-induced polymerization of
olefins (table 14 and figure 10).

Matheson and Zabor (45) have shown that the fluorescence observed when
diethyl ketone is irradiated with ultraviolet light is nearly identical with that
observed when propionaldehyde is irradiated. By analogy with acetone, ethyl
methyl ketone, and acetaldehvde, which give similar fluorescence spectra, it
seems likely that the fluorescence from diethyl ketone and propionaldehyde arises
from bipropionyl, formed from the combination of two propionyl radicals.

Ells and Noyes (22) studied the photodecomposition of diethyl ketone in the
regions 1850-2000 A. and near 3000 A. at 25°C. At the lower wave-length region
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the quantum yield of carbon monoxide formation was found to rise from 0.82
at 38 mm. ketone pressure to 0.95 at 4 mm. pressure. In view of the work of
Matheson and Zabor a probable primary step in the photolysis of this ketone is:

C.H;COC.H; 4+ hv — C.Hs;CO + C,H; (50)

At about 3000 A. the quantum yield of carbon monoxide formation was found
by Ells and Noyes to rise from 0.67 at 10 mm. pressure to 1.04 at 36 mm. pres-
sure. Thus, in both wave-length regions, 1850-2000 A. and 3000 A., &, tends
toward unity. In view of this, the propionyl radical is apparently very unstable,
unless it enters into some very efficient carbon monoxide-producing reaction,
and reaction 51 would appear to proceed to a large extent at all wave lengths.

C,H;CO — C.H; + CO (51)

The method of formation of bipropionyl has not been studied because of lack
of methods for detecting very small amounts of this substance. However, at
low pressures it might be expected to be formed heterogeneously at moderate
intensities, as is biacetvl.

00— 1,000 5
AW 2\ Leallp /2 (02)

The recombination of propionyl and ethyl radicals possibly accounts for &cq
being less than unity at higher pressures (38 mm.)

CgH;CO + Csz b CszCOCsz (47)

At 1850-2000 A. Ells and Noyes (22) found that 77-88 per cent of the ethyl
radicals formed combined to form butane, the remainder apparently dispropor-
tionating to give ethane and ethylene, these being found in equal amounts.

wall

()
C.Hs; + CHs — CHyo (53)

These equations explain very satisfactorily the observed products. An al-
ternative reaction that might be postulated to explain the high value of ®¢q is
reaction 54, if this has a very low energy of activation.

CgHs + CzH5CO — C4H10 + CO (54:)

There is no advantage in the use of this equation, since if it proceeded to a large
extent, ethane and ethylene would have a very small probability of formation,
contrary to experiment.

A comparison of the quantum yields of carbon monoxide formation from
acetone, ethyl methyl ketone, and diethyl ketone is given in table 24,

CQHS + C‘:Ha - Cqu, + C?Hc (48)

V. N-BUTYL METHYL KETONE

The photolysis of n-butyl methyl ketone was first studied by Norrish and
Appleyard (52). Acetone and propylene were found to be the major products,
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these in approximately equivalent amounts, when the vapor over the boiling
ketone (b.p. 127°C.) was irradiated with a hot mercury arc. The percentage
composition of the gaseous products is given in table 25.

Experiment 3 was performed in the presence of the acetone from experiment 2,
and the increase in carbon monoxide and ethane in the former is probably due
to decomposition of acetone. Thus, under the conditions of the experiments
made by Norrish and Appleyard, at least part of the carbon monoxide did not
arise from an immediate consequence of the n-butyl methyl ketone.

TABLE 24

Comparison of the quantum yields of carbon monoxide formation from acetone, ethyl
methyl ketone, and diethyl ketone

(Ells and Noyes (23))

WAVE-LENGTH REGION PRESSURE ‘ (CH;):CO CH:COC:Hs (CaH3)2:CO
A. nm,

18502000 J 20 0.52 0.76 0.88

1850-2000 8 0.56 0.78 0.90

1850-2000 ‘ 4 0.59 0.78 0.95

1850-2000 | 1 0.62 0.82 0.98*

1850-2000 | 0.3 0.64 0.86 0.99*
3000 | 10 0.095+ 0.082 0.67
3000 1 10 0.095% 0.11 0.98
3000 21 0.095+ 0.12 0.97
3000 l 36 ! 0.095+ 5 0.12 1.04

* Obtained by rough graphical extrapolation.
t This was taken as a standard after many determinations.

TABLE 25
Composition of gaseous products in per cent
(Norrish and Appleyard (52))

EXPT. co J H. ! CH: CiHe CiHs
1 1.4 | 2.0 | 0.95 80.6 5.1
2 [ 15.0 | 1.6 ‘L 1.05 73.7 10.3
3 12 | 1 1.7 63.5 14.1

1

From these data Norrish and Appleyard proposed the Type II method of
decomposition of this ketone

CH;COCHs + v — CHsCOCH; + CsH, Type IT  (55)

Bamford and Norrish (7) found essentially the same results when n-butyl
methyl ketone is photolyzed in paraffin solution.

Davis and Noyes (18) photolyzed n-butyl methyl ketone vapor at about
25°C. and 12 mm. pressure with the full mercury arc and also using approxi-
mately monochromatic 3130 A. radiation. Propylene was found to be a major
product, being formed to an extent of about ten times the carbon monoxide rate
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of formation. Traces of ethane were found, but the methods of analysis were
not accurate enough to give exact data on this compound. Although a product
was found that analyzed as acetone, this substance was not found to be equiva-
lent to propylene; rather, equal only to about 75 per cent of the latter. In view
of the solubility of acetone in n-butyl methyl ketone it is impossible to say from
this work whether acetone and propylene are really equivalent. However, since
only about 1 per cent of the hexanone was decomposed, the carbon monoxide
formed probably did not result from the secondary photolysis of acetone.

Wilson and Noyes (75) studied the photolysis of n-butyl methyl ketone at
about 3130 and 2537 A. Some of their results may be summarized as follows:
(1) at 27°C. the quantum yield of Cs-hydrocarbons (propylene plus propane)
is about 0.34, independent of intensity and pressure; (2) the quantum yield of
Cs-hydrocarbons is independent of temperature from 25-115°C. within experi-
mental error and equal to 0.39 =& 0.02; (3) ®¢, is approximately the same for
3130 and 2537 A.; (4) the quantum yield of acetone plus other products after
the removal of Cs;-hydrocarbons is about 0.26 at 3130 A. and 27°C., increasing
slightly with decreasing wave length; (5) the carbon monoxide yield is small but
increases with temperature.

Wilson and Noyes also reported ®¢,u, about 0.1, this being independent of
intensity and wave length, but increasing slightly with temperature. Whether
this substance, reported as ethane, is really ethane, seems quite doubtful.
Norrish and Appleyard (52) and Davis and Noyes (18) found carbon monoxide
in appreciable quantities, the latter using the same apparatus as employed by
Wilson and Noyes. It seems probable that the —195°C. fraction obtained by
Wilson and Noyes was carbon monoxide with traces of methane and ethane
rather than nearly pure ethane.

Wilson and Noyes detected biacetyl in the photolysis of n-butyl methyl
ketone. This may have resulted from the secondary decomposition of acetone,
since a long run, using an unfiltered mercury arc, was made in order to obtain a
measurable quantity of biacetyl. However, in view of the small amount ob-
tained, it is also possible that the acetyl radical is formed in one of several
possible minor primary processes.

CH;COC.H; + v — CH;CO + C.H, (56)

If such a process made a small contribution to the primary step, at the low
pressures of ketone used by Wilson and Noyes (12 mm.), most of the acetyl
radicals would be expected to form biacetyl heterogeneously according to
equation 11:
11
CH,CO ——=— }(CH,CO) (11)
At higher temperatures, where the acetyl radical is quite unstable, we would
expect
CH,CO — CH; + CO 6)

or

CH;CO +M — CH; + CO + M )
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followed by

wall

CH;, — %Csz (9)

and
CH; + CHy — CsHy, (87)

Whether ethane is formed in more than negligible amounts has still to be proved;
hence the value of reaction 56 in explaining the formation of biacetyl or other
products is to be questioned. Wilson and Noyes have nsed reaction 56 to
explain the products of the photolysis of butyl methyl Lketone, especially the
inequality of propylene and acetone. These authors proposed that equation 56
also be followed by

CH, —» C;Hs + CH; (58)
to explain the formation of propylene. Iurther, these authors suggested
CH,COC,H, + v — CH;COCH, 4+ CHs;CH,CH, (59)
followed by
CH,COCH; + CH; — CH;COCH.CH, (60)
2CH,CH,CH, — C;Hs 4+ C;H, 6D

However, Moore and Taylor (48), studying the mercury-photosensitized
hydrogenation of propylene, found reaction 61 to go to an extent of only about
26 per cent compared with 64 per cent of reaction 62:

2CH;CH,CH. — CsHu (62)

Moore and Taylor (48), studying the mercury-photosensitized hydrogenation
of butene, found only 1 per cent propane, 29 per cent butane, and 66 per cent
octane, indicating that the extent of reaction 58 is small, at least at low tempera-
tures, compared with reactions 63 and 64.

20H30H20H20H2 g CiHm + C4Hs (()3)
QCH:;CHzCHzGHQ had CsI‘Ilg <G4)

Recent work by Davis and Noyes (19) indicates that at low temperatures the
main reaction must be that given by reaction 55; i.e., a direct split into the final
products. Up to 100°C. acetone and propylene were found to be formed in
equal amounts. From this work &g, = 0.45 = 0.05 at 100°C., as compared
with a value of 0.39 =+ 0.02 found by Wilson and Noyes (75). Studies on the
effect of temperature (19) showed that acetone was formed up to 300°C. and
therefore could not be formed by the reaction 8, owing to the great instability of
the acetyl radical.

CH;CO + CH; — CH;COCH, (8)

At higher temperatures, above 100°C., the radical forming primary process 56
appears to become increasingly important, the yields of carbon monoxide,



PHOTOCHEMICAL DECOMPOSITION OF SIMPLE ALIPHATIC KETONES 249

methane, ethane, propylene, and C,-hydrocarbons increasing considerably. At
these higher temperatures reaction 58 becomes quite important.
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