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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 CHa, CH,CO, 
C2H6, and CzHaCO radicals. Of these, only CzHsCO appears to be very unstable 
a t  room temperature. On the basis of the mechanisms proposed to explain the 
products produced from the photolysis of these three ketones, a priori one might 
have expected ta-butyl methyl ketone to dissociate into acetyl and butyl radicals 
t’o yield final products such as ethane, pentane, octane, etc. However, the data 
now available indicate that the most important products, acetone and propylene, 
are formed in a one-step rearrangement reaction. Thus, in the notation of 
Norrish (41, 52), there are a t  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’ + CO 

T y p e  11: 
RCOCH2CHzCHZR’ + RCOCH3 + R’CH=CH2 

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 

1 The author wishes to  thank Professor G. I<. Rollefson of the University of California, 
Professor P. A .  Leighton of St.anford University, and Dr. R .  Spence of the National Re- 
search Council 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. 

* This article was completed while the author was employed on Navy Contract NGonr- 
241, Task I. 
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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 I1 decomposition to a 
large extent. 

11. 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 a t  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 don-n 
to about 1300 A. and continuous absorption from 1300 A. a t  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 t o  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 a t  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 a t  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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CH3COCH3 + h~ -+ CH3CO + CH3 

CH3COCH3 + h~ -+ CH3COCH3* 

CH3COCHs + h~ -+ CzHs + CO 

CH3COCH3 + h~ -+ CO + 2CH3 

(1) 

(2) 

(3 1 
(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 acetyl iodide to be formed when 
acetone is photolyzed in the presence of iodine; by Benson and Forbes (lo), 
who found organic iodides, presumably methyl iodide and acetyl iodide, to be 
formed when acetone is photolyzed in the presence of iodine; by Feldman, Ricci, 
and Burton (25), who found lead mirrors to be removed by the photolysis 
products; and by Feldman, Burton, Ricci, and Davis (24), mho determined the 
rate a t  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 



204 WALLACE DAVIS, JR. 

reaction 1 or 4 would explain the appearance of CH3 in the primary process. 
Reaction 2, if this were the primary process, would have to be followed by 

CH&OCH3* + CHIC0 + CH3 ( 2 4  
to explain the appearance of the radicals. Of course, i t  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 a t  
wave lengths from 2500-3100 A. This product could hardly be expected to be 
formed by a reaction such as 

2CHsCOCH3 -+ CzHs + (CHaC0)Z 

instead of a combination of acetyl radicals 

2CH&O --+ (CH3CO)Z 

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 CH3C0, and the final 
products ethane, carbon monoxide, and biacetyl. 

Glazebrook and 
Pearson (27) and Feldman, Ricci, and Burton (25) have found that after removal 
of methyl radicals by metal mirrors, if a second mirror farther from the reaction 
cell is heated, say to 45"C., more metal methyl is formed, presumably by the 
thermal reactions 

The reactions of the acetyl radicals are quite numerous. 

CHIC0 4 CH3 + CO 

CHSCO + M --+ CH3 + CO + ?riI 

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 tlie 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=O skeleton and 
three degrees of translation. The vibrations of the acetyl radical contain 
between 7.5 and 15 kg.-cal. (C=O 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 

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 1ig.-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 ii. 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 11. irradiation, and to greater extents 
after 2.537 A.  .or 1900 A .  irradiation, of the spontaneous reaction 

CH,CO* -+ CH, 4- CO rate = a&l, (5) 

where 41 is the quantum yield of reaction 1, and a is a proportionality factor 
which is a function of wave length and temperature. CH3CO* is used to desig- 
nate an activated acetyl radical. 

Benson and Forbes (10) have calculated the values of a from their work 
using 2537 A. light, from the work of Herr and Koyes a t  2537 and 3130 A.  (X), 
and from the work of Holve and Soyes a t  1900 -4. (37). 

h P 

3130 
2537 
1900 

0.07 
0.22 
0.50 

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 

CH3COCH3 + IZV + 2CH3 + CO adJ, (4) 

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

The low value of a (0.07) a t  3130 A.  probably explains why Gorin (30) found 
no carbon monoxide when he irradiated acetone with this ware 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 ahooc). 
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CH&O + M -+ CH3 + CO + M EaCt = 10-18 kg.-cal. (7) 

rate = k7(.4c)(h9) 

Equations 6 and 7 are simplifications of the over-all reactions: 

CH&O + M + CH3CO* + M k7,(Ac) (111) (7a) 

CH&O* -+ CHs + CO bb(AC*) (7b) 

CH&O* + M -+ CH3CO + M h0 (Ac") (M) ( 7 ~ )  

Assuming steady-state conditions for the radicals of these reactions, we arrive a t  

k78(A~)(M) = k.7b(A~*) + k7,(Ac*)(NI) 
whence 

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

At 25°C. Herr and Noyes (36) found the quantum yield of carbon monoxide 
formation to  increase to a small extent with pressure a t  3130 A. (I, = 0.5 X 1OI2 

quanta/sec./cc.; Pacetone = 10-160 mm.) and a t  2537 A. (I, = 0.5 X 10l2 
quanta/sec./cc.; Pacetone = 5-195 mm.). A t  27°C. Howland and Noyes (39) 
found a slight increase of (Pco with pressure a t  3130 A. ( I ,  = 3 X 10l2 quantal 
sec./cc. ; Pacetone = 54-203 mm.) and a slight decrease with pressure a t  25-2700 A. 
(I, = 1.2 X 1OI2 quanta/sec./cc., or 12 X 10l2 quanta/sec./cc.; Pacetone = 50- 
160 mm.). A t  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. a t  3130 A. or a t  2537 A. At these intensities the constants k7,, 

k7b, kTC must predict approximate independence of ac0 with acetone pressure for 
acetone pressures above 50-100 mm. If (M) in equations 7a and 7c is expressed 

in millimeters of pressure, - (M) must be considerably greater than unity. 

In this case 
k7b 

d(CO1.i - bak7b (Ac) 

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

dt k7o 



PHOTOCHEMICAL DECOMPOSITION O F  SIMPLE -4LIPHATIC KETONES 207 

PRESSURE OF ACETONE PRESSURE O F  coz 

mm. t n m .  

150 0 
150 0 
150 0 
150 600 
150 620 
150 610 

lc7. (M) 2 10 
h ‘ b  

co FORMED AT N.T.P. 

CC. 

0.020 
0.019 
0.020 
0.034 
0.036 
0.034 

(that is, “very much larger than unity”). At an acetone pressure of 100 mm., 

2 0.1. Assuming the steady-state concentration of acetyl radicals to  be 
k7b 
nearly independent of pressure from 100-200 mm. acetone, the data of Herr and 

Ji7 Koyes indicate -’ N 0.3. 
h b  

In  agreement with experiment we may use equation 6 a t  moderate and high 
pressures. At low pressures equation 7 must be used. 

CHBCO + cI& + CO 
At high pressures of foreign gases, Iredale and Lyons (40) found a considerable 

increase in the rate of’ formation of carbon monoxide. 

TABLE 1 
Effect of caibon dioxide o n  formation of carbon monoxide 

2400-3100 A.;  16 mm. exposures; I ,  constant 
(Iredale and Lyons (40)) 
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Unfortunately, experimental difficulties in working at very low pressures are 
so great that for the photolysis a t  25°C. we can say no more than that Letone 
approaches a value not much less than unity, if less than unity a t  all (figures 
1 and 2). 

IO 

.9 

.8 

IA ‘IO 
W CO FORMATION 

@ - Q$H6 FORMATION 

- .6 

150 
0 

0 5 0  100 
PRESSURE OF ACETONE 

(MMS H G I  

FIG. 1. Effect of pressure and temperature on quantum yields at 3130 A .  (Herr and 

The explanation of the low over-all quantum yield of acetone decomposed is 

Noyes (36).) 

generally given by the recombination reaction (equation 8). 

ESCt 
CHIC0 + CHJ + CH3COCHa 
2CH3 --+ CzH.3 8 kg.-cal. (ref. 65) (9’) 
CH3 + CH3CO + CzH.3 + CO 6 kg.-cal. (ref. 69) (10) 

(8) 

2CHs CO 4 (CH3 C0)z Low (11’) 

To compete, a t  moderate pressures and a t  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’ mere all gas-phase reactions a t  moderate pressures 
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(10-200 mm.) and moderate absorbed intensities (1011-1013 quanta/cc./sec.) a t  
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. 
4 t  higher pressures, decreases, reaction 8 becoming quite important. 
We can reword these statements and say that a t  low pressures reactions 6, 7, 8, 
and 10 must be relatively unimportant, because of the low values of ace, while 

1.0 

9 

8 

J 
W 

> - .6 

25’C 

0 50 I O 0  I50 200 
PRESSURE 0~ ACETONE 

IYMS. lit) 

FIG. 2. Effect of pressure and temperature on quantum yields a t  2537 A .  (Herrand 
Koyes (361.) 

reactions 9’ and ll’, 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 mould explain high values of ethane and 
biacetyl (calculated by a material balance), low values of carbon monoxide, 
and high values for the ratio CzH6/C0 a t  low pressures. 
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Also, with diffusion becoming unimportant a t  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, and @c2H6 both attain approximately steady 
values as the pressure increases. These considerations assure us of the impor- 
tance of the following reactions: 

E a c t  Rate 
CI&CO + CI& --+ CH3COCI-I3 0 kg.-cal. Izs  (Ac)( CH3) (8) 

0-8 kg.-cal. k9 (CH3)/P (9) 
CH3CO + CH3 -+ CzI16 + CO 6 kg.-cal. klo(Ac)(CH3) (10) 

Wdl CH3 - 3 4C2He 

-+ ~ ( C H I C O ) ~  kl l  (-WlP (11) 
wall CH3CO - 

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 1 i g . d .  
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 a t  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 a t  
100°C., a t  d i i ch  temperature an activation energy of 14-18 kg.-cal. for reactions 
6 and 7 mould 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 n-ith a 
methyl radical. A high efficiency and/or a low activation energy for the reaction 

CHIC0 + Iz 4 CH3COI + I 
would explain the low quantum yield of carbon monoxide formation in the pres- 
ence of iodine. Spence and Wild (71) reported C~HB/CO of about 1.08 a t  51°C. 
and 80 mm. pressure. This indicates that biacetyl is formed in small quantities 
a t  50°C. Fluorescence data also indicate biacetyl formation a t  85°C. (46). 
Experiments by Anderson and Rollefson (6) on the photolysis of acetone a t  
about 50 mm. pressure indicate that traces of biacetyl are formed even a t  110°C. 
At this pressure, as can be seen in table 8, biacetyl is quite important a t  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 a t  this temperature. At low pressures biacetyl might be expected a t  
60-75"C., or a t  high pressures and very high absorbed intensities. However, 
a t  moderate intensities, reactions G and 7 will be favored over reactions 11' or 12, 
each of which is a function of the square of the acetyl radical concentration. 

0 3  
c3 
\ 3130 A 

50 MM 

- n 
V "  

75'C. - 
I- 
6 
c r o  1 1 1 1 I 1 

0 I O  2 0  3 0  
ABSORBED I NTENS i TY 

FIG. 3.  Effect of absorbed intensity and temperature on CnHe/CO ratio at 3130 A .  
(Herr and Koyes (36) .) 

0 

< 2 -  2537  n' 

I - 50 M M  
A W 0" V 25%. 

F l  v u  v W U 

75% 
0 

5 
E 

A h  c n 

I 1 I I 1 I 
0 I O  2 0  3 0  40 

ABSORBED I NTENS I TY 
FIG. 4. Effect of absorbed intensity and temperature on C*He/CO ratio at 2537 A .  

(Hcrr and Toyes (36).) 

Although reactions 1 and 4-11 explain most of the experimental data obtained 
from the photolysis of acetone a t  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 a t  25°C. the equations so far considered will not explain 
the experimentally observed increase in the CzHs/CO ratio with absorbed in- 
tensity (36). The increase in the biacetyl production, SL parallel effect, can only 



WALLACE DAVIS, JR. 212 

be explained if this product can be formed homogeneously a t  3130 A. or in the 
2200-3000 A. continuum. 

2CH3CO + ,If 3 (CHsC0)Z + R/I kiz ( L ~ c ) ~ M "  (12) 

or 

4 

L 

2 
0 

$ 1  
K 

O 
0 

(11') 

3130 Q 

1111111 
5 0  IO0 I 5 0  

PRESSURE OF ACETONE 
(MMS. H G )  

FIG. 5 .  Effect of pressure and tcmpcrature on C2Hs/C0 ratio at 3130A. (lierrancl 
Toges (36).) 

0 5 0  i 00 150 200 
PRESSURE OF ACETONE 

IMMS. Ht) 

FIG. 6. Effect of pressure and tcniperature on C*He/C@ ratio at 2537 A .  

That either reaction 12 or 11' is important is shown in figures 5 and 6. 

(Herr and 
Noyes (36).) 

At 
pressures of 150 mm. of acetone the biacetyl yield has not decreased to zero, or 
the ratio C2H6/C0 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 Yoyes 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. Hence, the 
formation of biacetyl a t  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 a t  high intensities must be homogeneous also, to  a large extent. 
These considerations, of course, do not rule out heterogeneous reactions a t  
low pressures. 

That this is not the case is shown in table 2. 

TABLE 2 
Reactions of the acetyl radical 

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

Initial ( C H ~ C O ) ~  (moles x ,106). . . . . . . . . . . . . . . . . . . .  ~ 

Initial N2 (moles X 106). . . . . . . . . . . . . . . . . . . . . . . . .  , ,  

A P / P ,  per cent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . ;  

I Products (moles X 105): 
co. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . I  
CH,. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ 

C& . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  
C'O yielci.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  j 

I 

6.88 
0 

32.9 

2.41 
0.07 
0.69 
0.351 

I 
6.95 i 26.42 

j 29.8 

I 

0.61 
0.341 I 

.--____-. 

Spence and Wild (71, 7 2 )  have shon-n that much of the above mechanism 
must be correct. These authors (71) found that the CzH6/CO ratio increases 
with rate of decomposition of acetone a t  low rates of decomposition, in agree- 
ment, with equation 12 or 11'. As the intensity is further increased, the ratio 
:ipparently passes through a maximum value for banded absorption and then 
decreases somev hat. 

-4n explanation of this maximurn comes from consideration of cquations 1, 5, 
6. 8, O', and 11': 

CH3COCH3 + h~ --+ CH&O + CHa 911, (11 

CH&O --+ CHs 1- CO &lT, (5) 

CH&O + CHI + CO ks(Ac) (6 ) 

CH3 + CHs + CzHe kgf (CH,)' (9') 

CHaCO + CH&O -+ (CH&0)2 k l i I (A~)~ (11') 

CH3CO + CH3 --+ CHZCOCH, k.,(Ac)(CH,) (8 )  



214 WALLACE DAVIS, JR. 

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 : 

Then 

If we use as a first approximation (Ac) = K I ,  a t  high intensities 

d(CzH8) - (-kaKI,+ [kiK212 + 4k9((li61<1a+ $Ja(l + CY))]']' ____-  
d(CO) 8k91{ k6KIa + C&Ia} 

let 

For large values of I, ; i t . ,  I ,  << I: 
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6.0 
17.4 
9.7 
7.7 

Thus, a t  very high values of the absorbed intensity, the ratio d(CsHs)/d(CO), 
or (CzHG)/(CO), appears as a decreasing function of the intensity (see table 3). 
Although the assumption that for high intensities (Ac) = K I a  is only approxi- 
mate, it is probably close enough to allow the above reasoning a considerable 

3.13 
1.42 
1.01 
0.49 

validity. 

ACETONE 
PBESSUBE 

1.59 
1.76 
1.84 
1.98 
1.87 

inm . 
163 
163 
164 
162 
165 
161 
161 
164 

TRANSMISSION 1 Per Cent 

per  cent 

100 43 

100 ' 16.2 
100 ~ 16.9 

60 
29 
12 

100 21.6 

TEMPERATUBE 

Yield per 10 hr .  
(cc. at N.T.P.) 

1.37 
1.19 

I 1.46 
0.68 
0.31 
0.115 
0.079 
0.598 

"C . 
22.0 
19.5 
20.5 
21.0 
20.5 
21 .o 
20.0 
19.0 

TABLE 3 
Injluence of in tens i ty  o n  CSH,/CO ratio 

Full mercury arc 
(Spence and Wild (71)) 

hr. 

17 
2.5 
3 

19 
15 
24 
48 
67 

SCREEN 
TRANSMISSION 

per  ccnl 

100 
100 
100 
60 
40 
18 
7 
2 .5  

TABLE 4 

ACE TO^ DECOMPOSED i 
C:Hs/CO 

Per cent Yield per 10 hr. 
(cc. a t  N.T.P.) 

Photodecomposition in the region of cont inuous absorption. Injluence of light intensit?! 

ACETOh4 
PRESSURE 

mm. 

160 
160 
161 
160 
160 
160 
160 
70 
$0 
32 

T E W E R A -  
TURE 

"C . 
20.0 
19.5 
21.0 
20.0 
21.0 
20.0 
21.0 
20.0 
20.0 
20.0 

TIME 

hr. 

48 
21.5 
17 
21 
25.5 
41 
48 
24 
18 
26 

C2Hs/CO 

2.44 
2.44 
2.47 
2.18 
2.23 
1.87 
1.63 
1.94 
1.92 
1.62 

(PI/' ) 

(2.42) 
(2.42) 
(2.42) 

(1.97) 
(1.97) 
(1.62) 

Spence and Wilde (71, 72) also found the CzHs/CO ratio to increase with 
pressure a t  high intensities in the region of continuous absorption (see table 4). 

Their data are in agreement with equation 12 or 11'; that is, a t  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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U'ild (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 
a t  18-20°C. have been studied by Iredale and Lyons (40) a t  2300-3100 -4. (see 
table 5). These studies show that a t  very high pressures biacetyl ceases to be 
formed, the ratio C2Hs/C0 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 harre considered the follon-ing sequence of 

TABLE 5 
Eflects o j  high pressures of foreign gases upon the photolysis of acefone 

T = 1s-20°C. 
(Iredale arid Lyons (40)) 

ADDED GAS 1 PRESSUILE OF ADDED CAS 1 PRESSURE OF ACETOSE , - -- I 

coz. . . . . . . . . . . . . . . . . .  
co,. . . . . . . . . . . . . . . . . .  
XS. . . . . . . . . . . . . . . . . .  
N*. . . . . . . . . . . . . . . . . . .  
sz. . . . . . . . . . . . . . . . . . .  

mn. ntn.  I 
150 
155 I 140 
150 I 620 

1 150 
150 

590 
600 
640 140 
640 ~ 150 

i 

- ___--__ 

BL4CETSL POXXED 

tng. 

2.0 
2.0 
2 .0  
0 
0 
0 
0 
0 

reactions for absorption of light around 3100 A., and consider them t,o occur 
simultaneously with some of the radicaJ reactions. 

CH3COCH3 + hv + CHsCOCH; 

CH~COCH' low pressures ' 
CH3COCH; + M -P CH3COCH?* + M 

(2) 

(2a) 

(13) 

10-8 sec. 
CH, + CH&O 

lo-* sec. 
CH3COCH; * ---f CzHs + co 
CH&OCH;* ---f CHaCOCHs 

(16) 

(17) 

wall 
CH~COCH;* ---+ C ~ H ~  + co 
CH3COCH?* + CH3C0 + CH3COCH3 + CH3 + CO 

Reactions 13-15 are the most important a t  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 nhich 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 C2Ka/C0 ratio decrease Tvith 

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 ---f 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 CzHG/CO 
ratio increases with increase of intensity as in the “continuum” region. 

(c) Influence of the wall: At moderate pressures (160 mm.), a reduction in 
the mean molecular distance from the it all by the use of narrower vessels causes 
C*H6/CO to decrease tonard unity. This effect would also be expected to 
become noticeable x-hen the pressure is reduced in any given vessel, but actually, 
the ratio increases rapidly IT ith fall of pressure. 

(d) Effect of mixed light: At high intensities, the C2H6/C0 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). 

hlmy el al. (3, 4, 5 )  have shon-n 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 Koyes (36) indicates that a t  acetone pressures of 
1GO 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, i t  follows that the former must be relatively 
long-lived. Spence and Wild (72) consider this consistent v i th  their data for 
mixed light (condition d )  and with the influence of diameter a t  high pressures. 

In their The diameter effect3 seems to  be open to  considerable question. 

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

For siniplicity we divide cells into two categories: (11 1/2 2 a ;  (3) 1/2 5 a. In both 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.  112 2 a:  

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

(Footnote 8-continued) 

z = P  

The distance to  the nearest wall is (a - r )  
dN = c d 8  = 27rc(r(l - 2a + 2r) + r * )  dr 

27rc la (r(2 - 2a + 27) + r')(a - r )  d r  

Ha2 lc 
d =  

2 6' { -3r3 + r2(5a - 1)  + r(Ea - 2 2 )  ] dr 

a21 
- - 

1 l a  
d = - = -  8 4  

Case 8. 1/2 < a :  

1- 
a 
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used in the later work (72) had a mean displacement of 0.25 em. In using the 
data of Herr and Soyes (36), Spence and Wild used a value of the mean dis- 
placement of 1 cm. (1.2 cm. radius cell) instead of about 0.39. Therefore, the 
low values of CnH6/C0 obtained by Spence and Wild (71, 72) with cells of mean 
displacement of 0.25 and 0.52 cm., are very much loxer than those obtained by 
Herr and Xoyes, a t  the same pressure and intensity, in a cell of intermediate 
mean displacement of 0.39 cm. The ratios obtained by Herr and Soyes (36) 
were checked quite closely by Ho-\\-land and Xoyes (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 cm. long (mean displacement 0.18 cm.), Howland and Soyes 
found the diameter effect to  be small, but in the opposite direction to  that 
found by Spence and Wild, i.e., Howland and Xoyes found that the ratio 
CzHe/CO increased as the mean displacement decreased. 

A possible explanation of part or all of the difference in the CzHs/CO ratio 
~ ~~~~ 

(Footnote %-continued) 
Here r = a - 2 + z. 

rea2 1 

la - 8Pa + 24a21 
96a2 

a =  

as a ---f m d --+ 1/4 

1 l a  
2 8 4  

a = -  d = - = -  

The cell used by Spence and Wild (71) had dimensions 1 = 7 cni. and a = 1.8 cni. This 
cell is analyzed according t o  Case 1 :  i.e., 1/2 > a .  

-a2 a 
61 3 

d = - + - = -0.0s + 0.6 = 0.52 cm. 

The cell used by Herr and Xoyes (36) had dimensions 1 = 20 cm. and a = 1.1 - 1.2 em. 
Here, also 

-a2 a d = 0.36 cm. for a = 1.1 cm. 

d = 0.39 cm. for a = 1.2 cm. 
d = - + - .  

61 3’ 

The cell used by Spence and Wild (72)  was of annular construction, with 1 cni. between 
The cell was 10 cni. long walls. 

( a  = 10, 1 = 1). 
This cell is analyzed according to  Case 2 ,  with a F! E .  

l 3  - 812 a + 24a2 1 
96a2 

d =  = 0.25 

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

d = 0.18 cm 
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found by Spence and Wild (71, 72) and by Noyes et al. (3G, 39) may come from 
an examination of the light sources used. For banded absorption experiments 
Soyes 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 -1. radiation to a large 
extent, and only when this filter was used was a value of C~H,S/CO greater than 
unity obtained. f3iacetyl might decompose either by absorption of \\ ave lengths 
3347 and 3660 A .  or by collision of the second kind with acetone (see above). 
The ratio C2Ha/C0 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 C2HB/C0 (condition a )  
could not be explained on the basis of an excited acetone molecule of mean life 

sec., a figure determined by Spence and Wild (72) from the above data. 
If the effect n-ere due to deactivation of an excited molecule by collisions, such 
as we have in unimolecular reactions, a life-period of about lo-$ 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 lowa 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 Cz&/CO is readily explained by the homogeneous 
reactions 6 or 7 (increased dissociation of acetyl leads to a smaller value of 
C2Ha/CO) ; the recombination reaction 8; the decreasing importance of 11 with 
increase of pressure and the smaller increasc of the importance of reactions 11 
and 12. 

The Spence and Wild theory (72) offers an explanation of the decrease of the 
C2He/C() ratio 11 ith decreasing 1%-ave 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 C2H6/C0. The Spence and Wild view is that the excess vibrational energy 
possessed by the acetyl radicals would be rapidly dissipated by collision a t  high 
pressures, but ivith decrease of pressure a groir ing proportion would decompose 
spontaneously. In  consequence, the concentration of acetyl Padicals, and there- 
fore the value of C&/CO, would be less in the “continuum” region than in the 
“banded” region a t  low pressures. 

Xs 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 
qmhtities (ethane, carbon monoxide, etc.) with increasing polychromatic char- 
nrter of the light sowce must be very difficult a t  best. Certainly the products 
f ornird by irradiation with any tu-o different mercury arcs, unfiltered, would be 
rlifieiw~r if  the spectral distributions were different. Because of this, and 
1)ecaus~ of chromatic aberration effects, it is nearly impossible to  account quan- 
titntiwly for the effect of mixed light. 

The results of the Spence and Wild mechanism, which includes the reactions 
1, 7, 8. O ’ ,  10, 11’ as radical steps plus the excited molecule steps 2, 2a, 13-17 is 
given giaphically by these authors, the relative importance of the two mecha- 
n im3  being plotted 11s functions of acetone pressure. 

I’.<: i \ nriation of quantum yield of photodecornposition of acetone with pressure in  

The experimental data on the photolysis of acetone a t  3130.4., 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 -4. This point, as noted above, 
secmq doubtful. As a result i t  seems that the excited-molecule theory requires 
more conclusive proof (the diameter effect) before it can be accepted. The data 
of S o y r ~  el a l .  (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 CH3COCH3 in the presence of CD3COCD3. 
Such rtudies would shed considerable information on the reactions by which 
ethnnr is formed. If this is formed by a non-radical mechanism under any 
conditions, CzH6 and C2D6 would be formed to a greater extent than would be 
expected upon the basis of a free-radical mechanism, which would predict, 
nppruximntely : 

t l > ~  ha,lrif t i  legion iqualitative). (Spence and Wild (72).) 

CzHs : CHaCD3 : CzDs = 1 : 2 : 1 
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At pressures in the order of 150 mm. of acetone, or higher, the Spence and Wild 
mechanism mould predict this ratio to be of the order l : l : l ,  quite different 
from the predictions of the purely free-radical mechanism. Further, the acetone 
remaining after illumination should be a mixture of CI13COCH3, CH3COCD3, 
and CDSCOCDB if the free-radical mechanism is obeyed; i.e., if the low quantum 
yield of acetone decomposition is due to radical recombination. 

Before discussing the effect of temperature upon the products of the photolysis 
of acetone, i t  might be well to consider some recent work of Feldman, Burton, 
Ricci, and Davis (2-1). The excited-molecule mechanism 11-as 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, Ricci, 
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 mere 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.) a t  2537 h., the data 
of Feldman, Burton, Ricci, and Davis indicate an absorbed intensity of about 
2 x 1015 quanta/sec., that is, intensities about twenty times greater than those 
used by Herr and Xoyes (36), and of the same magnitude as used by Benson 
and Forbes (10). The work of Benson and Forbes (lo), the flow photolysis in 
the absence or presence of iodine, shows no ethane formed a t  temperatures up 
to 140°C. when iodine is present. This is opposed to the data of Feldman, 
Burton, Ricci, 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 a t  low pressures, where, according to 
the Spence and Wild mechanism, reaction 2a predominates, a t  least a t  3130 A. 
Further, Feldman, Burton, Ricci, and Davis believe that in the presence of 
iodine, reaction 13 is followed by 

CH3COCH,** + 1 2  + CHJ + CH3COI (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, Ricci, and Davis reported methyl radicals, carbon 
monoxide, and ethane to be their main products, other authors, Benson and 
Forbes (lo), Herr and Xoyes (36), and Spence and Wild (71), have all found 
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biacetyl formed a t  2537 A. Benson and Forbes (10) reported a (CH&O)Z/CO 
ratio of 0.1-0.4 a t  GO'C., depending upon conditions, but apparently increasing 
Tvith linear flow velocity. Thus, although Feldman, Burton, Ricci, and Davis 
reported no biacetyl, this must certainly have been formed in their experiments, 
especially a t  0°C. If the analyses of Feldman, Burton, Ricci, and Davis for 
methyl, carbon monoxide, and ethane are assumed correct, the amount of biacetyl 
calculated from the material balance 

i i ~ ? ~ ~  = cm.3 or mm.3 of ethane analyzed as such. 

is alwsys found to be a negative quantity of considerable magnitude a t  
0°C. and a positive quantity a t  other temperatures up to 100°C., with 
a few exceptions a t  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 CH3(missing)/CH3(found) varying from 3.5 to - 8.0. 

Aside from these considerations of the work of Feldman, Burton, Ricci, and 
Davis, the Spence and Wild mechanism extended to continuum absorption 
(2200-3000 A.) contradicts the work of Taylor and Rosenblum (74). Table 12 
shoirs that in the presence of hydrogen the photolysis of acetone yields a value 
of CH4/C0 N 1 a t  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, a t  3OO0C., CHd/CO N 1.35, here requiring a 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, Ricci, 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 a t  2537 A. in favor of an extended 
Spence and Wild mechanism. 

As in the case of photolysis in the '(banded" region, i t  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 CzH6: C3H8: CcHlo 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 C3- and C4-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 hecomes 

TABLE 6 
Experzments an uiijiltered light on the stabili ty of the acetyl radical and Ihe formation 

(Gorin (30)) 
of acetul zodzde , 

0.066 

. ______ 

TEMPLPAIICRC 
I 
I co 1 CHaCOI 

, 1.17 

0.061 
0.21 
0.036 
0.23 
0.021 
0.37 
0.029 
0.14 
0.022 
0.038 
0.13 

3.06 

3.49 

3.35 

2.20 

2.37 

PRESSURE OF 1 INITIAL PRESSURE 
ACETONE OF IODINE CHaI 

mm. 1 mm. 

165 4 

430 4 
156 2 

169 ' 2 

487 1 2 

517 1 4 

-______ 

moles X 106 

21.7 
43.0 
29.4 
36.8 

moles x 10b ~ moles x 108 I "c. 

4.0 ' 2.67 101) 
9.3 i 1.62 ~ 1Ml 

8.8 , 5.28 I 115 
4.6 ~ 5.82 ~ 115 

14.6 125 

___ 

TABLE 7 
Photolysis of acetone, acetone-iodine inixtuies at X 8537 A .  
Parobno = 12.0 f 0.2 mm. (0°C.); Paootone/Plodins = 54 i 2 

(Benson and Forbes (10: ___ 

IUN 

- 

4 
5* 
6 
7' 
8 
9* 

10 
11* 
12 
13* 
14* 
15 

__ 

___ 

PLOW 

__ 

IODIDES 

- 
GHa 
co - - 

CHaCO) co 
'C . 

60.1 
60.0 
59.9 
59.9 

100.3 
100.5 
142 
142 
60.2 
60.2 

102.0 
60.5 

cm./sec. 
1.05 

? 
0.79 
0.53 
0.97 
0.88 
0.62 
0.67 
0.54 
0.65 
0.63 
0.96 

2.34 
2.11 
2.48 
2.09 
3.45 
1.38 (?) 
3.68 
2.03 
2.00 
1.68 
1.84 
2.02 

0.90 

0.73 

0.10 

0.00 

0.22 

0.44 

0.078 
0.029 
0.083 
0.017 
0.067 
0.015 
0.  loo 
0.014 
0.068 
0.013 
0.020 

1.20 

1.23 

1.01 

0.91 

1.10 

0.38 

0.2'3 

0.029 

0.00 

0.11 

0.22 
-- 

? 

5.42 

3.60 

4.26 

4.46 
4.16 

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

small a t  temperatures above 60-75°C. 
of biacetyl up to 100°C. may be due to the reaction 

Gorin (30) has shown that the absence 

CHs + CHIC0 -+ CzHa + CO (10) 

rather than to  the increased importance of 

CHaCO -+ CHQ + CO 
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although, as mentioned previously, reaction 6 is probably more important a t  
higher temperatures than Gorin indicates. Some of the experimental details 
arc missing from the paper of Gorin (30), so the sufiiciency 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 nork see reference 
29.) Using this, we nould cspect the 0.5 mm. iodine, the minimum amount 
reported used (30), to be sufficient. If reaction 6 became very important a t  
lOO"C., considerable amounts of carimi monoxide \I onlc! be expected at  this 
temperature, even in the presence of iodine. Gorin 130) and Benson arid Foibcs 
(10) found less carbon monoxide formed in the presence of iodine than in the 
absence, even up to  ternpcratures 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 demonstruted by Feldman, 
Ricci, and Burton (25) by the use of the mirror technique. *Icetone was irradi- 
ated at 45°C. ni th  2.537 A. light, ant1 after icmovsl of methyl radicals by a first 
mirror, heating the f l o ~  tube gently (wised the disappearance of a second mirror, 
probably by methyl radicsls formed from the thermal decomposition of cI&co. 
The reduction in the relative amoiint of hiacetyl above GO-T5"C. has been at- 
tributed (30) to  the reaction 

CHs + CI33CO -+ C& + CO 
rather than to the instability of the acetyl lsadical. However, as explained above, 
biacetyl has been found ( 6 )  up  to llO"C., so that pressure and intensity a t  this 
temperature, plus other reactions, determine u-hether or not biacetyl is formed. 

Taylor and Juiigers (T3) suggested another reaction to explain the absence of 
biacetyl above about 75°C. and also partly to account for the loiv over-211 yield of 
acetone deconiposed a t  l o w r  temperatures. 

(20) 
Eerr, ?latheson, and Walters (35) photolyzed acetone in the presence of 
(CD&0)2 and found no deuterated ethane, such as CH3CD:. 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, a t  least a t  the tempera- 
tures (below 60-75°C.) where biacetyl formation is favored. 

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

That the photochemical decomposition of acetone does not fullon. a chain 
process has been demonstrated by ninny M orkers. Leermakers (42) hhov ed 
that the quantum yield for carbon monoxide formation does not exceed 1.3 even 
up to 400°C. Winliler (76) obtained essentially the same results as Leermakcrs, 
and also reported the formation of compounds not found when the photo!ysis 
occurs a t  room temperature. Thus, for 50 per cent decomposition of acetone a t  
OO"C., Winkler found approximately 0 per cent methane, while a t  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 (4'7) confirmed the 

(10) 

CH3 + (CI&C0)2 -+ Cil3COCH3 + CH3C'O 
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CzHe 

2.85 
2.93 
2.69 
2.58 
2.70 
3.16 
2.74 
4.09 
4.57 
5.30 
4.70 
2.67 
3.91 
4.62 
4.48 
5.70 
3.57 
5.29 

above, finding (Pacetone = 1.1 as the average of eight runs a t  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 a t  3130 A. and 2537 A. a t  absorbed intensities 
of 5 X 1013 quanta per second (figures 2 and 3).  However, the quantity mas 
found to decrease with increasing intensity a t  50 mm. pressure (36). 

(CHpC0)z 

2.20 
2.18 
2.01 
1.76 
2.04 
1.56 
1.40 
1.21 
1.19 
0.86 
0.59 
0.26 

~ 0.24 
0.27 
0.11 
0 
0 
0 

TABLE 8 
Photolysis of acetone at 8637 A .  

Reaction cell 5.0 cm. in  diameter, 5.5 cm. long; volunie 113.5 cc. with 3.3 per cent 
dead space 

(Anderson and Rollefson (6 

TEMPERATURE 

“C . 
3 
3 .5  

22 
22.5 
26.5 
64.5 
65.5 
82 
88 
98 

102 
107.5 
109.5 
110 
114.5 
120.5 

moles X 105 

24.39 
24.75 
25.82 
25.33 
25.23 
24.95 
24.26 
24.18 
24.55 
24.71 
24.63 
21.47 
25.32 
24.63 
25.33 
24.59 

133 1 24.02 
140 I 25.20 

PRODUCTS I N  MOLES x 106 

co 

0.80 
1.10 
0.74 
0.87 
0.72 
1.68 
1.49 
2.99 
3.66 
4.51 
4.34 
2.53 
3.72 
4.46 
4.46 
5.80 
3.63 
5.45 

CH4 

0.09 
0.17 
0.08 
0.12 
0.09 
0.10 
0.13 
0.17 
0.19 
0.15 
0.16 
0.23 
0.22 
0.15 
0.18 
0.20 
0.21 
0.40 

To get concentrations in moles per liter, multiply nioles 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 Xoyes (36). 

The svay 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 a t  about 125OC., Akeroyd and 
Xorrish (1) found values considerably less than unity when acetone is photolyzed 
using the fall intensity of a mercury arc (see table 9). 

Akeroyd and Xorrish also reported the distribution of products shown in 
table 10 for the photolysis a t  350°C. 
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Product. . . . . . . . . . . . . . . . . . . . . . . . . .  
cc. a t  K.T.P . . . . . . . . . . . . . . . . . . . . . .  

At high intensities a t  860 mm. acetone presscre Spence and Wild ( i l)  found 
considerable amounts of methane even a t  00°C. (see table 11). 

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

TA4BLE 9 
Photolysis of acetone with jrdl zntensi ty  of a i!ce?'cury arc 

Pacetone = 70 nini. when reduced to  100°C. 
(Xkeroyd and Sorrish ( 1 ) )  

CO ~ CHI CzH6 I Unsaturated 
1 .0  1 0 .S  i 0 .4  1 0.15 

Temperature, "C..  . . . . . . . . . . . . . . . . . . . . . .  63 ~ 100 I 200 1 300 1 396 
Mean . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 3  j 0.47 ~ 0.5 I 0.65 0.76 ! 

~ _ _ _ _  

TABLE 10 
Photoll~sis of acetone at 850°C. 

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

TABLE 11 
Photolysis of acetone at high intensi l ies  

(Spence and Wild (71)) 

NO. U D I A T I O N  TIME 

24 
26 
27 
30 
28 
31 

Full arc 
Continuum 
Continuum 
Continuuni 
Continuum 
h-one 

hv. 

9 . 5  
24 
20 
2-1 
15 
24 

SCREEN 
TRANSMIS- 

SION 

p c r  ccnl 

100 
100 
100 
29 
22 

Volume at 
N.T.P. 

cc. 

13.52 
4.15 
3.27 
1.54 
0.73 
0.00 

GASEOUS PRODUCTS 

co 

per Cent 

45.0 
48.3 
47.6 
52.6 
55.0 

CzHs 

per cent 

41.4 
33.3 
32.6 
19.6 
18.9 

CHc 

per  ccnl 

13.6 
18.4 
19.8 
27.8 
26.0 

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 ac0 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 CHI/CO and C2H6/C0 is shown in 
table 13. 

The values of C2Hs/C0 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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HS absent 

~ 

balance, determined by (CzH6 + +CH4)/C0, it appears, as stated by Taylor and 
Rosenblum, that above 70°C. the hydrocarbons start to  polymerize, this factor 
becoming quite important a t  200°C. 

Hz present 

TABLE 12 
T h e  photolysis of acefone in the presence and absence of hydrogen 

Reaction volume, 131.4 cc.; full mercury arc; light below 2000 .4. removed 
(Taylor and Rosenblum (74)) 

j 1.21 
1 1.01 
j (0.91)* 

1 XOLES OF BEACTANI 
x 10' 

TFMPFR4TUXE 1 

1.13 
0.99 
0.89 

-__ 
"C 

71 2 52 
il ~ 2 57 

160 2 52 
160 2.55 
200 2.49 
250 1 2.52 
250 2.50 
300 2.49 
300 2 54 

- 

12.85 

12.74 
12.44 

12.49 

12.69 

MOLES OF PBODVCTS x 10' 

I CHI I CO Byzz- Measured 1 j 
~ 

~- 

0.81 I 0.72 ' 0.109 

1.07 1 1.01 0.079 
0.90 1 0.86 0.423 
0.88 1 0.83 1 0.933 
0.76 0.71 j 0.463 
0.95 i 0.89 1 1.57 
0.86 ' 0.71 j 0.802 
0.77 I 0.72 1 2.327 

0.87 0.82 i 0.101 
1.305 
1.383 
1.377 
1.582 
1.592 
1.753 
1.51 
1.513 
1.728 

Hi 

12.79 

12.61 
12.11 

11.96 

11.69 

c-c 

1.524 
1.512 
1.352 
1.353 
0.949 
1.213 
0.482 
0.863* 
0.378 

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

T.4BLE 13 
E f e c t  of hydrogen u p o n  the CI-I,/CO and  CZIIS/CO ratios 

(Taylor and Rosenblum (74)) 
... __ __ 

CzHs'CO 
1 -__ 
~ HI absent j Hzpresent 

TEUPLRATLBE 

-___ 
'C  I I 

71 1.17 1.09 
160 0 982 1 0.855 
200 (0.86)* 0 595 
250 , 
300 j 0.570 0.219 O 692 I 0.319 

I 
I 

CH,/CO 2(-AHa) 
- IT 

Hg absent 1 Hz present ___ -____ I--- 

I ~ 

0 083 , 0.073 , 0.087 
0.057 0.268 0.164 

(0.11)* 0.414 
0.264 1 y::; I 0.702 
0.530 I 1.35 I 1.16 

* Interpolated values. 

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

CH, + 1 3 2  -+ CI-1, + H 

Taylor and Rosenblum determined an energy of sctivation of 11 =t 2 kg.-cal. 
for this reaction. 

(21) 
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The method of formation of methane in the absence of hydrogen has generally 

CH3 + CH3COCH3 -+ CH4 + CH3COCH2 (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 conwquence of reaction 22 would lead to  the 
formation of ethyl methyl ketone as i d 1  as ketene. 

CII3COCH2 + (?It3 -+ CH3COCH2CH3 (23) 
CHBCOCHz -+ CH2CO + CH, (2-1) 

Reaction 23 has heen assigned an energy of activation of about 8 kg.-cal. (14), 
while the 48 kg.-pal. energy of activation of reaction 24 (14) suggests that thc 
formation of ketene will he unimportant except a t  tempemtures above 400°C. 

Saunders and Taylor (69) have carried o:it a very extensive study on the effects 
of mercury and dimethylmercury upon the photolysis of acetone a t  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 men dimethylmercury have very little effect upon the products. 
However, above ahout 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 carbon atoms, to be a function of mercury and 
dimethylmercury as \re11 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 : 

been taken to  be that listed by Rice and Herzfeld (65): 

E,, t 
CH3COCHs + IZV --+ CH3 + c&CO (1) 

CHa + CHIC0 -+ CH3COCH3 0-8 (8) 
CH3 + CH3CO -+ CzH6 + CO (10) 

CH3CO + (CH3COCHs) -+ CH3 + CO + (CH3COCH3) 18 ( 7 )  

CH3 + CH3COCH3 -+ CH, + CH2COCH3 16 (22) 

2CH2COCH3 -+ (CHaCOCH2)Z (25) 

CH&O + CI-IzCOCHj -+ CH3COCH2COCH3 (26) 

CH3 + CHzCOCH3 -+ C2HDCOCH3 8 (23) 

C2H6COCH3 f h v  -+ (CO + CzHs + C3Hs + C4H,,) (28) 

CH3 + CzHbCOCH, -+ CHd + C2H4COCHS < 1 G  (27) 
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---- ACETONE AND MERCURY (VAPOR AND SURFACE) 

.-------- ACETONE AND MERCURY VAPOR ----- ACETONE AND MERCURY DIMETHYL , 
?, #' 

\ ', 

0 IO 20 30 40 10 60 
x 

FIG. 8. Effect of temperature on the products of the decomposition of acetone. (Saun- 
ders and Taylor (69) .) 

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

E,, t 
CH3 + Hg + HgCH3 (29) 
CH3 + HgCH3 + Hg(CH3)2 (30) 
CH3 + HgCH3 + CH, + HgCHz 13 (31) 
CH3 + HgCH3 + CZH, + Hg (32) 

Additional reactions suggested for dimethylmercury are : 

(33) 
(34) 

CH3 + Hg(CH3)z + CHI + Hg(CH3)CHz 
CH3 + fIg(CH3)z + CZHG + HgCH3 
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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. a t  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. 

Q- ACETONE 

A ----- ACETONE AND MERCURY 

AGETONE AND MERCURY DIMETHYL ---- E 30 
a 

TEMPERATURE 'C. 
FIG. 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: 

and 

co 
A few last points on the photolysis of acetone a t  higher pressures need men- 

tioning. Roof and Blacet (67) have pointed out that a t  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 a t  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 sloir, 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 : 

CH3 + CH3 -+ C2H6 
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 a t  300°C. have led these authors to conclude that acetone 

TABLE 14 
Polymerization of olefins by free radicals ut 900°C. 

(Danby and Hinshelwood (17)) 

(9') 

~- 
I , I .  

(APBITUXY UNITS) 1 -  
. .  . . . . . . . . . . . .  . . . . . . .  . . . . , 50 nun. C H ~ C H O . .  , , , , , , , , , , 9.9 

. .  5.1 25 mni. CHICOCH,. . . .  , , . . . . . . .  , 
50 mm. CHsCOCHs.. , , , , , . I  8.4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . .  5 .8  25 mm. C S H ~ C O C ~ H ~ .  , ,  , I 

, , , , , , , , i 
, . . . . . . . . . . . . . .  , . .  , . .  

" ' I  
. . . . . . . .  . . . . . . . . . . . . . . . . .  . . . .  . . . . . . .  

- ' 1  . 

100 200 300 400 

ETHYLENE PRESSURE (MM.) 

FIG. 10. Polymerization of ethylene induced by photolysis of dimethyl and diethy 
ketones. (Danby arid Hirishelwootl (17). 1 

is only 69 per cent as effective in producing free radicals a t  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, u, was calcula- 
ted from the equation 

where 
CH&OCHs + hv --+ CH3 + C€13C0 
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A .  
3130 

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

1.00 I 0.70 

I PPESSUXEOP PpP.SSUREOP I IEEPPEM- 1 CH,I 
ACETONE IODINE 1 TUPE , I -  I 

I nm. / - T i  T. moles x I D  

1 1 852 1 90 5.67 

3 1 1266 0 .5  ' 90 8.76 
3 1 852 0 j 80 

TABLE 16 
Photolysis of acetone, acetone-iodine mi z tures  
Experiments in filtered light; A = 3130 A.  

(Gorin (30)) 

co l l y ~  1 CHJ 

moles x I D  min. 

120 0.85 

120 0.78 
1.13 120 

4 1 1 2 6 5 1 0  j801 I 1.90 

That hydrocarbons a t  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 arc, 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). 

-in 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 a t  
the wall to give methane and acetonyl. The latter does not seem to dimerize 
on the waI1, but only reacts with a methyl radical to form ethyl methyl ketone. 

, 120 
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The higher hydrocarbons are considered to be formed by reactions such as the 

(39) 

(40) 

(41) 

(42) 

following: 

CH3 + CZH6 -+ CH, + C Z H ~  

C2H.5 + CH3 -+ C3Hs 

CH3 + C3Hs -+ CH3CHCH3 or CH3CH2CH2 + CH, 

C3H7 + CH3 -+ C4HI0 (normal and iso) 

Since the acetone photolysis can become so complicated above 3OO0C., studies 
a t  these temperatures are probably of little help in determining the nature of 
the over-all scheme of decomposition. 

n’othing has been said so far concerning the photolysis of acetone a t  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 belon- 1850 A. and, hence, were complicated by 
mercury resonance radiation (1849 A) effects. S o  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 a t  pressures of 
about 0.025 ram.; (2) small amounts of carbon dioxide are formed a t  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)  a t  higher pressures (90 mm.), secondary reactions such as Hz + CzHa 4 C?Hs 
occur. 

Howe and Koyes (37) studied the photolysis of acetone a t  about 1900 X., 
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 n-ith 
Norrish, Crone, and Saltmarsh (53), Howe and Soyes (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 : 

(CH3)2CO -+ C&G f co (43) 
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 

(1) CHaCOCH3 + h~ -+ CH3 + CH3CO 
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the recombination reaction 

CH3CO + CH3 -+ CH3COCH3 (8) 
would appear to  be important. 

As mentioned previously, the extent of the reaction 

CH&O* + CH3 + CO 

is about 50 per cent a t  1900 A. which, if the primary process 1 had an efficiency 
of about unity, would explain the value of 'Pco = 0.5 obtained by Howe and 
Noyes a t  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 a t  1900 A. 
and since only @co was determined, except in a few runs. Assuming no com- 
plicating factors, reactions 8 and 5 seem to be equally probably a t  50 mm. 

( 5 )  

pressure, since no biacetyl mas found. At lower pressures, the reactions 

CHsCO --+ CH3 + CO 
or 

CHIC0 + M + C H 3  + CO + M 
or 

CH3 + CHsCO -+ CzHe + CO 
as well as 

walls 
CH3 - + 4CzHa 

or 
CH3 + CH3 -+ CZHs 

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 HgCH3 by deactivation 
of the mercury (see table 18). 

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

A .  Summary of reactions 

I. Free-radical reactions 
CHsCOCH3 + h~ -+ CH&O + CH3 

Xecessary to  explain biacetyl formation. 
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1.81 
1.72 

2.12 
2.12 

CHsCOCHs + h~ -+ CHsCOCHs* (2) 
Necessary in the Spence and Wild mechanism but unnecessary 
in the free-radical mechanism. 

TABLE 17 

(Howe and Iioyes (37)) 
Bflect of added gases on quantum yield of acetone decomposition 

9.8 
18.4 

2.23 
3.78 

mm. 

1.51 
0.115 
0.124 
0.134 

20.4 
20.4 
9.9 

7.38 
7.13 

2.30 12.30 

I 

0.73 I 0.62 I 
0.72 0.65 1 
0.88 ' 0.65 ' 
0.81 1 0.65 1 

0.53 I 
, 0.55 j 0.55 i I 0.53 , 

QUANTUM YIELD 
QUANTUM YIELD WITBOUTADDED 1 GAS 

0.81 
0.85 
0.88 

0.60 
0.81 

0.74 
0.75 
0.80 

0.61 
0.61 
0.62 

0.61 
0.61 

0.61. 
0.61 
0.61 

ADDED GAS 

Effect of Hg(6lP1) on quan tum yield for acetone decomposition 
(Howe and Noyes (37)) 

~ Qi$xTiF ~ 

RESONANCE RADIA- 1 REMARKS 

Resonance radiation present 

Trap in CO~-CHCl~ 

Resonance radiation present 
Resonance radiation removed 
Resonance radiation present 

. 

CHsCOCHs + h~ -+ C2Hs + CO (3 
No data to support this as being of more than minor im- 
portance. 

(4) CH3COCHs + h~ + 2CH3 + CO 
Equivalent to  reaction 1 followed by reaction 5. 

CHsCO* -+ CH3 + 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 CH3C0 is considered to  dissociate spon- 
taneously. 

(6) 
The lack of pressure dependence of the thermal reaction 
above 50-100 mm. allows for the use of a unimolecular 
reaction. 

( 7 )  
Below 25 rnm. pressure, the thermal decomposition of CHaCO 
is pressure dependent. 

( ia )  

(‘ib) 

( T c )  
The three equations represent the reaction involved in the 
thermal decomposition of CH&O. 

(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. 

CHaCO --+ CH3 + CO 

CHsCO + M -+ CHB + CO + M 

CHaCO + R1 --+ CH3CO* + M 

CHsCO* -+ CH3 + CO 

CHaCO* + M 4 CH3CO + h!I 

CHBCO + CH, -+ CH3COCH3 

2CHa-+ CzHs (9’) 
The formation of ethane has been found to be bimolecular a t  
high pressures. Where specified, this equation represents 
the formation of ethane without consideration of the modc 
of formation (homogeneous or heterogeneous). 

(9) 
with decreasing 

CH3 + CHaCO -+ C2Hs + CO (10) 

2CHsCO 4 (CH3CO)z (11’) 

wall CHa -----+ 5C2He 
Xecessary to explain the increase of 
pressure a t  low pressures. 

Arguments for and against this reaction. 

The formation of (CH3C0)2 has been found to occur in a 
manner similar to the homogeneous formation of ethane 
(reaction 9’) a t  high pressures. 

CHsCO A!--+ +(CH,CO), (11) 
Xecessary to  explain the increase of %(cH3co) with decreasing 
pressure a t  low pressures. 
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2CH3CO + M -+ (CH3CO)z + 1 4  rate = kI2(,4c)2M' (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. 

(20) 

(21) 

CH3 + (CH&0)2 -+ CH3COCHs + CH3CO 

CH3 + Hz -+ CH4 + Ii 
This reaction has been shown not to occur'. 

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

CH3 + CH3COCH3 + CH, + CH3COCH2 (22) 
One of the few ways in which methane can be formed from 
methyl radicals in the presence of acetone. 

CHa+CH,COCH2 -+ CH3COCHZCH3 (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. 

CH3COCH2 + CHZCO + CH3 

This reaction is probably unimportant except a t  temperatures 
above 400°C. 

(24) 

2CH3COCH2 -+ (CH3COCHz)z (25)  

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

CHSCO + CH3COCHz -+ CH3COCH2COCH3 (26) 

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

CH3 + CHSCOC2Hs -+ CHI + CH3COCZH4 (27) 

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&OCzHs + hv + (CO + CzHs + C3Ha + CIHIO) (28) 
The ethyl methyl ketone photolysis is unimportant in the 
acetone photolysis except when large percentages of acetone 
are decomposed a t  elevated temperatures. 

(29) CH3 + Hg + Hg(CH3) 

CH3 + Hg(CH3)z + CHI + fIg(CHd(CHz) 

CH3 + Hg(CH3)z + CzHs + Hg(CH3) 

(33) 

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

(38) CH3 + CzH4 4 RI 
The polymerization of olefins is induced by the photolysis of 
acetone. 

CH3 + C2Hs + CH, + C2H5 (39) 

CzH5 + CH3 -+ C3Hs 

CH, + C3Hs --+ CH3CHCH3 (or CH3CH,CHz) + CH, 

C3H7 + CH3 -+ C4HI0 (normal and iso) (42) 
Reactions 39-42 are used to  explain the high-temperature 
products of the photolysis of acetone. 

11. Additional reactions of the Spence and Wild mechanism for the “banded” 
region near 3100 A. 

-+ CH3 + CHsCO @a 
lo-* sec. 

pressures 
CHaCOCK at low 

At low pressure the Spence and Wild mechanism predicts 
mainly radical formation. 

CH3COCH3$ + M + CH&OCH3** + 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 C2Hs/C0 
as the cell size decreases. 

lo-* see. 
CH3COCH3** -+ cas  + co (14) 

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

CH3COCH3** -+ CH3COCH3 (15) 

C&COCH~* -__- ---f C?R6 + co 
Deactivation by fluorescence or collision. 

wall 
(16) 

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

(17) 

This reaction is used to  explain the decrease in C2Hs/C0 with 
increasing intensity a t  high intensities and a t  moderate to 
high pressures of acetone (> 100 mm.) 

CH3COCH:* + CH,CO -+ CH3COCH3 + CH3 + CO 

111. ETHYL METHYL KETOSE 

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 meclianism of the photode- 
composition of those ketones which undergo the Sorrish Type 1 decomposition, 
namely 

R + R’CO 

R’ + RCO 
RCOR’ + h v  -< Type 1 (1) 

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, a t  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 i t  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 a t  least part of the decomposition takes place accord- 
ing to  reaction 1, which we may write as 

and 
CH~COC~HS + h v  -+ CH3CO + C ~ H I  

C&COCzHs + h~ + CzHsCO + CHI 

(la) 

Ob) 
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Xorrish and -4ppleyard (52) analyzed the products of the photolysis of this 
ketone and found -chat of the hydrocarbons formed ethane, propane, and butane 
n ere present in about equal amounts, these forming 70-80 per cent of the hydro- 
carbon products (tahle 19). These authors also found 20-25 per cent of the 
hydrocarbons formed to  be ethylene. The conditions of these studies n-ere 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 
SOT., a t  which temperature the acetyl radical is fairly stable and the propionyl 
rridical, as n ill be discussed later, is quite unstable, and readily dissociates to  CO 
and CzHS. Equal quantities of ethane, propane, and butane would require, 

TABLE 19 
P h o t o l y s i s  of e thy l  m e t h y l  ketone 

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

PPESSURE 01 
CHsCOCdh 

I 
I W'VE - I , mm . A .  

65 I 3130 
i o  ~ 3130 
67 i Cniiltered 
72 1 Unfiltered 

__ .- 

I 
P R F S S U R E O F 1 2  1 RI CO 1 CaHs 

I-------- -__- __ 
nim 1 motes x 1~ i- tnolcr x I @  ' moles x 10' 

4 22 2 I 1 05 0 82 
2 21 2 0 89 I 0.74 

2 1 1 7 6  1 1 3 3  j 1 2 4  
4 ' 1 7 2  1 24 ' 1 12 

-__ 

from the work of Xorrish and Appleyard, that 70-80 per cent of the decomposi- 
tion proceed according to  reactions la and 1b with no process of the type 
CH3COC2H6 -+ CaHs + 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 ( S i ) ,  the inefficiency of the simple bulb-to-bulb dis- 
tillations used by Xorrish and Appleyard probably explains the 1 : 1 : 1 ratio of the 
three hydrocarbuns obtained rather than 1.00: 1.74:0.83 for CzHs:C3Hs: C4HI0 
as calculated by M o m  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 a t  essentially the same conclusions as did Xorrish 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 l a  and 1b. Gorin indicates that some of the 
decomposition may proceed according to  the one-step mechanism 

CH3COC2H5 + h v  -+ CO + C3Hs 
this occurring to the extent of 6.5 per cent in the unfiltered arc and 3.5 per cent 
a t  3130 A., both figures for 70°C. 

Gorin's studies of ethyl methyl ketone v-ere 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 

T.1BLE 21 
Comparison of the rates of photolyszs of CH3COCI-13 und CH3COC2HS in the presezce  of 

iodine and unfiltered light 
(Gorin (30)) 

($4) 

PRESSURE KCTONE 1 TIME I RI I I 

I I 
ozm. nii i i  moles X I@ 

24 6 
21.7 

' CHaCOCHa 40 ~ 20.6 
I 

90 ' CH3COC2H6 40 I 90 CHaCOCH3 40 1 

90 
90 j CH3COC2Hs 1 40 22.1 

I 

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

CH3 + CH3 = CzHe (4 (9') 
CHZ + C2H5 = C ~ H S  ( b )  (40) 
C2H6 + C2H5 = Ci"0 ( c )  (45) 

the ratio of the number of collisions is 

The experimental values obtained were 
a : b : c  = 1.00:1.74:0.83 

C2Hs : C3Hs : C4H10 = 1 .OO : 1.54 : 1 .OO 
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 cthane formation remains essentially constant. 
This and the methane formation are probably explained by reactions 27 and 46. 

CH3 + CH3COC2H5 -+ CHI + CH3COC2H4 
CzH5 + CH~COC~HG -+ CzHs + CH3COC2H4 
CHSCOC2H6 + h~ -+ CHsCO + C2Hs 
CH3COCsH5 + hv 3 CzHaCO + CH3 

(27) 
(46) 
(14 
(1b) 
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Hs . . . . . . . . . . . . . . . . . . . . . . .  0 . 4  
co . . . . . . . . . . . . . . . . . . . . . .  47.5 

C*H,, . . . . . . . . . . . . . . . . . . . .  2 . 2  
CPHG. . . . . . . . . . . . . . . . . . . . .  11.5 
C3Hx. . . . . . . . . . . . . . . . . . . . .  19.1 
C,HIo. . . . . . . . . . . . . . . . . . . .  13.2 
C*H*. . . . . . . . . . . . . . . . . . . . .  1 . 5  

CH,. . . . . . . . . . . . . . . . . . . . .  i 3.4  

The relative importance of reactions l a  and l b  a t  room temperature for ab- 
sorption of light near 3000 A. has been determined by Ells and Xoyes (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 ac0 from diethyl lietone, ap- 
proximately unity a t  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 l b  proceeded to a very large 
estent a t  room temperature the quantum yield of carbon monoxide formation 
would be espected to be appreciably higher for ethyl methyl ketone than for 
acetone. Actually, Ells and Koyes (23) found ac0 for ethyl methyl ketone to 
be very nearly the same as for acetone. This would indicate that reaction l a  is 
much more important a t  room temperature than is reaction lb a t  the relatively 

0 . 1  0 . 3  0.0 
49.0 47.0 48.5 
4 . 4  9 .0  18.0 
0 . 5  1 . 7  3 .0  

13.0 14.5 12.5 
20.0 18.6 11.0 
13.0 9.0 7.0 

0.0 

TABLE 22 
Percentage composition of the photolysis products of C&COCJH6 

(Moore and Taylor (48)) 

I I I I 

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

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

CH, + CH&O -+ CHsCOCH3 

CzHs + C~HSCO -+ CzHsCOCzHs 

Reaction 4’i 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 Yoyes (22) and found not to have 
chain character (table 23). 

At 1850-2000 A. Ells and Soyes (22) found @co to approach unity, as might 
be expected. Thus, ac0 from acetone a t  these wave lengths is about 0.7. With 
the formation of the more unstable propionyl radical, aCo would be expected to 
be greater than 0.7 on the basis of the free-radical theory (see table 2 4 .  

(8) 

(47) 
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In  general, the photolysis of ethyl methyl ketone appears to follow a com- 
pletely free-radical meehnnism, the formation of ethylene possibly being ex- 
plained by 

(48) 

CH~COCZH~ CH,CO + CzH4 (49) 

wall 
2CzHs __ --f CZH4 + CZH6 

and a t  higher temperatures by reaction 27 or 46, followed by 

At room temperature and IOU- pressures biacetyl is probably formed according 
to the reaction: 

I V d l  
CH3CO ---+ $(CH,CO), (11) 

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

TABLE 23 
Quantum yields of cayi)on monoxide and methane a' elecated feitiperature 

(Ells and S o y e s  (22)) 

XETONE PSESSUBE 

mm. 

4.75 
43 

45 
43 

I 

TEMPEBhTURE ' co 1 

*co I CH4 
I------ ___--- 

0.70 4.2 105-110 i 
160-165 I 0 i o  , 4.0 

195-200 1 0 .71 1.5 

__ 
I i ____--__ 
I 

"C. 

160-165 0 85 ~ 2.2 

0.19 I 
0.20 

~ 0.38 
~ 0.17 
I 

IV.  DIETHYL mnom 
Diethyl ketone has not been studied very extensively, but the n-ork 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 shoiy the presence of radicals when diethyl 
ketone is photolyzed by studies on the free-radical-induced polymerization of 
olefins (table 14 and figure 10). 

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

CZHsCOCzH6 + h~ -+ CZHeCO + CzH6 

-4t about 3000 A. the quantum yield of carbon monoxide formation was found 
by Ells and Soyes to  rise from 0.67 at  10 mm. pressure to 1.04 a t  36 mm. pres- 
sure. Thus, in both wave-length regions, 1850-2000 A. and 3000 A., ac0 tends 
toward unity. In  view of this, the propionyl radical is apparently very unstable, 
unless i t  enters into some very efficient carbon monoxide-producing reaction, 
and reaction 51 would appear to  proceed to a large extent a t  all wave lengths. 

CzH6CO + C?H5 + CO 

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

(50) 

(51) 

wall 
C&CO ------f +(C,HKCO), (52) 

The recombination of propionyl and ethyl radicals possibly accounts for acto 
being I e s  than unity a t  higher pressures (38 mm.) 

CzHsCO + CzHs -+ CzH6COCzHs 

-4t 1850-2000 Ai. Ells and Soyes (22) found that 77-88 per cent of the ethyl 
radicals formed combined l o  form butane, the remainder apparently dispropor- 
tionsating t o  give ethane and ethylene, these being found in equal amounts. 

(47) 

wall 
CzHs + CZHE + C2H4 4 CzHs (48) 

CzHs + CzHs -+ CJLo (53) 
These equations explain very satisfactorily the observed products. An al- 

ternative reaction that might be postulated to explain the high value of Qo is 
reaction 54, if this hns a very low energy of activation. 

CzH6 + CzHsCO + C4H10 + CO (54) 
There is no advantage in the use of this equation, since if i t  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. 

V. ?$-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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--I 

2 . 0  I 0.95 
1 . 6  ~ 1.05 I 1.6 1 1.7  

these in approximately equivalent amounts, when the vapor over the boiling 
ketone (b.p. 127°C.) was irradiated vi th  a hot mercury arc. The percentage 
composition of the gaseous products is given in table 25. 

Experiment 3 m s  performed in the presence of the acetone from experiment 2, 
and the increase in carbon monoxide and ethane in the former is probably due 
t o  decomposition of acetone. Thus, under the conditions of the experiments 
made by Korrish and Appleyard, a t  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 format ion  f r o m  acetone, ethyl 

methyl ketone, and diethyl ketone 
(Ells and Koyes (23)) 

80.6 
73.7 
63.5 

WAVE-LENGTH REGION 

A .  

1850-2000 
1850-2000 
1850-2000 
1850-2000 
1850-2000 

3000 
3000 
3000 
3000 

PRESSURE 

ni nt . 
20 
8 
4 
1 
0 . 3  

10 
10 
21 
36 

(CH3)zCO 

0.52 
0.56 
0.59 
0.62 
0.64 
0.095t 
0.095t 
0.0951 
0.095t 

CHaCOCzHa 

0.76 
0.78 
0.78 
0.82 
0.86 
0,082 
0.11 
0.12 
0.12 

(C2Hs)zCO 

0.88 
0.90 
0.95 
0.98* 
0.99* 
0.67 
0.98 
0.97 
1.04 

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

TBBLE 25 
Composition of gaseous products in per cent 

(Xorrish and Appleyard (52)) 

CzHa 

5 .1  
10.3 
14.1 

From these data Sorrish and Appleyard proposed the Type I1 method of 

CH3COC4H9 + hr --+ CH3COCH3 + C3H6 Type I1 (55)  

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

Davis and Xoyes (18) photolyzed ?i-butyl methyl ketone vapor a t  about 
25°C. and 12 mm. pressure n-it11 the full mercury arc and also using approsi- 
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 

decomposition of this ketone 
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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 t o  about 75  per cent of the latter. In  view 
of the solubility of acetone in n-butyl methyl ketone i t  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 Toyes (75) studied the photolysis of n-butyl methyl ketone a t  
about 3130 and 2537 A. Some of their results may be summarized as follows: 
( 1 )  a t  27°C. the quantum yield of C3-hydrocarbons (propylene plus propane) 
is about 0.34, independent of intensity and pressure; ( 2 )  the quantum yield of 
C3-hydrocarbons is independent of temperature from 25-1 15°C. within experi- 
mental error and equal to  0.39 =t 0.02; (3)  aCct is approximately the same for 
3130 and 2537 h.; ( 4 )  the quantum yield of acetone plus other products after 
the removal of Cs-hydrocarbons is about 0.26 a t  3130 -4. and 27"C., increasing 
slightly vi th  decreasing wave length; ( 5 )  the carbon monoxide yield is small but 
increases Jvith temperature. 

Wilson and Soyes also reported ac2w6 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. 
Sorrish and hppleyard (52) and Davis and Soyes (18) found carbon monoxide 
in appreciable quantities, the latter using the same apparatus as employed by 
Wilson 2nd Soyes. It seems probable that the - 195°C. fraction obtained by 
Wilson and Soyes was carbon monoside with traces of methane and ethane 
rather than nearly pure ethane. 

Wilson and Soyes 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. Hoivever, 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. 

CH3COC4Hg + h~ -+ C&CO + C4H9 (56) 
If such a process made a small contribution to  the primary step, a t  the low 
pressures of ketone used by Wilson and Soyes (12 mm.), most of the acetyl 
radicals would be espected to  form biacetyl heterogeneously according to  
equation 11 : 

wall 
CH3CO - + i(CH3CO)Z (11) 

At higher temperatures, where the acetyl radical is quite unstable, we would 
expect 

CH3CO --+ CH3 + CO (6) 
or 

( 7 )  CH&O + M t C H 3  + CO + M 
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followed by 
wall 

CHa - -+ $C2H6 
and 

CH3 + C4H9 -+ CsHiz 

(9) 

(57) 
U'hether ethane is formed in more than negligible amounts 113s still to  be proved; 
hence the value of reaction 56 in esplaining the formation of biacetyl or other 
products is to  be questioned. Wilson and Xoyes have used reaction 56 to 
explain the products of the photolysis of butyl methyl ketone, especially the 
inequality of propylene and acetone. These authors proposed that equation 56 
also be followed by 

CJ& -+ C3Hs + CH3 (58) 

159) 

(60) 

(61) 

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: 

2CH3CHzCH2 -3 C61-L (62) 

Moore and Taylor (48), studying the mercury-photosensitized hydrogenation 
of butene, found only 1 per cent propane, 29 per cent butane, and GG per cent 
octane, indicating that the extent of reaction 58 is small, 3t least a t  low tempera- 
tures, cornpared with reactions 63 and 64. 

2CH&H&HzCHz -+ C~HI" + C4Hs (63) 

2CH3CHzCH&H? -+ CsIlu (64) 

to esplain the formation of propylene. Further, these authors suggested 

CH3COCdHp + h~ -+ CH3COCHz + CHsC€T&Hz 

CH3COCHz + CH3 3 CHsCOC€I&H3 

2CH3CHzCH2 + C3Ha + C3Hs 

folloived by 

Recent work by Davis and Koyes (19) indicates that a t  low temperatures the 
main reaction must be that given by reaction 55; i.e., a direct split into the final 
products. Vp to 100°C. acetone and propylene n-ere found to be formed in 
equal amounts. From this work eCaHs = 0.45 =t 0.05 at  IOO'C., as compared 
with a value of 0.30 i 0.02 found by Wilson and Soyes ( 7 3 ) .  Studies on the 
effect of temperature (19) showd that acetone was formed up to 300°C. end 
therefore could not be formed by the reaction 8, o:\-ing to the great instability of 
the acetyl radical. 

CHaCO + CHa -+ CH3COCIla (8) 
At higher temperatures, above 100°C., the radical forming primary process 56 

appears to  become increasingly important, the yields of carbon monoxide, 
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methane, ethane, propylene, and C4-hydrocarbons increasing considerably. At 
these higher temperatures reaction 58 becomes quite important. 
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