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Photo-Chemical Studies. XL. The Mechanism of the Photo-Chemical 
Decomposition of Acetone l 

W. ALBERT NOYES, JR. AND LEON M. DORFMAN 

Department of Chemistry, University of Rochester, Rochester, New York 

(Received April 16, 1948) 

The data now available indicate quite strongly that the photo-chemical decomposition of 
acetone proceeds mainly if not entirely by a free radical mechanism. The various steps are 
reviewed and the evidence for them given. At high pressures where wall effects may be 
neglected certain definite conclusions are possible. In the region where some reactions are both 
homogeneous and heterogeneous the proof for all steps is not available and would be difficult 
to obtain. The analyses for some of the known products are not satisfactory for the small 
amounts formed. Nevertheless, it is believed that the steps proposed are adequately sub­
stantiated, and that the difficulties of obtaining further information are so great as probably 
not to warrant more effort along certain lines. 

T HE first quantitative experiments on the 
photo-chemical decomposition of acetone 

vapor seem to have been performed by Porter 
and Iddings,2 but the first work studying the 
effects of many variables is due to Damon and 
Daniels.3 Since this early work many articles 
have been published. The data are often in 
apparent conflict, and the present article is 
being written to present a consistent mechanism 
for the photo-chemical decomposition of acetone 
and to show that most of the undisputed facts 
are in accord with this mechanism. Certain points 
have not been proved beyond a reasonable doubt 
because of experimental difficulties, but strong 
support for their validity is found from many 
sources. 

The present article does not contain a com­
plete bibliography of the photo-chemical decom­
position of acetone. Such a review article 
covering work through 1946 has been published 
recently by Davis,4 and frequent reference will be 
made to it. 

THE PRIMARY PROCESS (PRELIMINARY) 

Three different primary dissociation processes 
for the photo-chemical decomposition of acetone 
vapor have been proposed: 

1 This work was supported by Contract N60nr-241, 
Task I, with the Office of Naval Research, United States 
Navy. 

2 C. W. Porter and C. Iddings, J. Am. Chern. Soc. 48, 
40 (1926). 

3 G. H. Damon and F. Daniels, J. Am. Chern. Soc. 55, 
2363 (1933). 

4 W. Davis, Jr., Chern. Rev. 40, 201 (1947). 

CH aCOCHs+h,,=C2H s+CO, 
CH 3COCH 3+h" = CHs+COCH s, 

followed by 

a COCHa=a CO+a CHa 

(1)6-7 
(2)7-9 

(where a is the fraction of the initially formed 
COCHs radicals which retain enough energy fol­
lowing (2) to dissociate immediately and (1-a) 
is the fraction which attain thermal equilibrium 
with the surroundings and whose reactions follow 
a pattern dependent on temperature and other 
experimental conditions) 

CH sCOCHs+h,,=2 CHs+CO. (4)7 

In addition to the preceding reactions, another 
primary process must be included 

CHsCOCHs+h"= CHsCOCH s'. (5) 

Reaction (5) is necessary because acetone ex­
hibits a weak blue fluorescence1o which possesses 
some discrete structure. ll 

Recent work12 indicates that ethane is formed 

6 R. Spence and W. Wild, J. Chem. Soc. 352 (1937); 
590 (1941). 

6 M. H. Feldman, M. Burton, J. E. Ricci, and T. W. 
Davis, J. Chem. Phys. 13,440 (1945). 

7 F. W. Kirkbride and R. G. W. Norrish, Trans. Faraday 
Soc. 27, 404 (1931). 

8 D. S. Herr and W. A. Noyes, Jr., J. Am. Chem. Soc. 
62, 2052 (1940). 

9 M. S. Matheson and W. A. Noyes, Jr., J. Am. Chem. 
Soc. 60, 1857 (1938). 

10 See R. E. Hunt and W. A. Noyes, Jr., J. Am. Chem. 
Soc. 70, 467 (1948) for a description of fluorescence and 
for a bibliography of the subject. 

11 G. W. Luckey, A. B. F. Duncan, and W. A. Noyes, 
Jr., J. Chem. Phys. 16,407 (1948). 

12 L. M. Dorfman and W. A. Noyes, Jr., J. Chem. Phys. 
16, 557 (1948). 
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PHOTO-CHEMISTRY OF ACETONE 789 

mainly, if not solely, by reaction between methyl 
radicals. Under conditions of low light intensity 
and relatively high pressure the amount of CH 4 

may exceed the amount of C 2Hs very con­
siderably. These facts do not exclude reaction (1) 
completely, but indicate that it is of minor 
importance compared to dissociation into radi­
cals. It is unnecessary to assume that (1) occurs 
during the fluorescence actY For these and other 
reasons to be given later reaction (1) is neglected 
in the following discussion. 

I t will be necessary to state very clearly the 
meaning of the primary quantum yield (cp). 
Every molecule which absorbs a quantum must 
undergo either one or the other of reactions (1), 
(2), (4), or (5). Reaction (4) would be difficult 
to distinguish from (2) followed by (3). This 
point will be discussed later. The following facts 
are pertinent: (a) At temperatures below 100°C 
biacetyl is known to be one of the products;6 
(b) at temperatures above 100°C very close to 
one molecule of carbon monoxide is formed per 
absorbed quantum;8 (c) under otherwise com­
parable experimental conditions the yield of 
carbon monoxide at 25°C is greater at 2537A 
than it is at 3130A;8 (d) at temperatures of 60°C 
and above, the photo-chemical decomposition of 
acetone at 2537A in the presence of iodine vapor 
indicates a primary yield very close to unity;la 
(e) at 800 and 90°C at 3130A in the presence of 
iodine vapor the yield of CHaI is about 0.85 
molecule per quantum.14 

Fact (a) can best be explained by assuming 
some formation of CH aCO in the primary process. 
Hence a part of the primary process at least 
must follow (2). 

Fact (c) makes it necessary to assume that a 
is dependent on wave-length and facts (a), (b), 
and (c) make it necessary to assume that a and 
perhaps also cp are dependent on temperature. 
Temperature dependence for cp is also strongly 
indicated by the decrease in fluorescence effi­
ciency with increase in temperature when 3130A 
is the exciting radiation.1O 

Fact (d) indicates that cp at 2537A is probably 
close to unity at all temperatures. No supporting 
fluorescence data are available at this wave-

13 S. W. Benson and G. S. Forbes, J. Am. Chern. Soc. 
65, 1398 (1943); d. reference 4. 

14 E. Gorin, J. Chern. Phys. 7, 256 (1939). 

length. Fact (e) does not lead to pOSitive con­
clusions, although it tends to support the 
statement that cp is less than unity at 3130A at 
80°C. This is particularly true since some CHaI 
would doubtless be formed from CHa radicals 
resulting from the dissociation of CHaCO. The 
yield of CHaCOI was always considerably below 
the yield of CH aI. 

The fate of the excited molecules produced by 
(5) at 3130A (tentatively it can be assumed that 
none is formed at 2537 A) is uncertain. They 
may do one of the following: (a) fluoresce; (b) be 
transferred to another electronic state by col­
lision ;5.10 (c) be deactivated by collision; (d) 
"predissociate by collision." The absolute fluo· 
rescence efficiency is not known but is probably 
below 0.05 at moderate pressures. a Transfer to 
another electronic state, probably through the 
agency of collisions, is strongly indicated by the 
fluorescence data10 and by the long lifetimes of 
the molecules responsible for fluorescence. 16 The 
validity of the latter point as applied to fluores­
cence in the gas phase has not been established 
since the data were obtained for solid acetone. 

The distinction between (c) and (d) cannot be 
obtained from fluorescence data since either 
process leads to fluorescence quenching. It is at 
this point that the greatest ambiguity arises both 
in defining the primary quantum yield and in 
determining the magnitude of the primary yield. 

It is concluded from the above discussion that 
process (1) occurs to such a minor extent as to be 
unimportant, that process (4) satisfactorily 
represents the facts at temperatures above 
100°C, and that the following must be included 
in the reaction mechanism at temperatures 
below 100°C: (2), (3), (5). It is further necessary 
to conclude that a is dependent on wave-length. 

I t is now necessary to define the primary 
quantum yield in terms of Eqs. (2), (3), and (5), 
assuming that (5) may be followed in some 
instances by (2) and perhaps (3). It seems best 
to do this in terms of rate of formation of methyl 
radicals. As will be shown later, there are no 
reactions, either primary or secondary, other 
than (2), (3), and the thermal decomposition of 
CHaCO radicals, which lead to the formation of 
CHa radicals. Similarly, reaction (3) and the 

loW. E. Kaskan and A. B. F. Duncan, J. Chern. Phys. 
16, 223 (1948). 
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790 W. A. NOYES, JR. AND L. M. DORFMAN 

thermal decomposition of CHaCO radicals seem 
to be the only ones which lead to CO formation. 
This neglects reaction (4) at low temperatures 
(see below). It makes no difference whether there 
is a delay of a fraction of a second following ab­
sorption and before dissociation except that such 
a delay might make cp pressure dependent. 

It is possible to write 

CH aCOCH a + hll = CH a + COCH a; 
(+d(CHa)/dt)l =CPla. (6) 

(Reaction (6) is taken to represent all molecules 
which dissociate immediately or eventually to 
give CHa+COCHa.) 

COCHa=CO+CHa; 
(+d(CH a)/dt)2 =acp1a = (+d(CO)/dt) 1, (7) 

COCHa=CO+CHa; 
( +d(CHa)/dt)g=k1(COCHa) 

= (+d(CO)/dt)2. (8) 

I t could be considered that the fraction acp of the 
absorbing molecules follows reaction (4), thus 
leading to the same rate equations. Equation (8) 
represents the thermal decomposition of COCHa 
radicals which have come to thermal equilibrium 
with the surroundings. It is evident that if 
T<100°C. 

+d(CHa)/dt· (1/Ia) = cp+acp 
+k1(COCHa)/Ia , (9) 

+d(CO) / dt· (1/1 a) = acp 
+k1(COCHa)/Ia=cI>co, (10) 

+d(CHa)/dt· (l/Ia) -cI>co = cpo (11) 

Under some conditions +d(CHa)/dt can be 
determined from the quantum yields of the 
products, thus permitting an evaluation of cpo 
The value so obtained is subject to considerable 
error because of the way in which the data must 
be treated. At low temperatures, however, the 
recombination of CHa and COCHa to form 
CHaCOCHa makes the determination of cp 
subject to even greater uncertainties. These 
matters will be treated further after considera­
tion has been given to the secondary reactions. 

SECONDARY REACTIONS 

The secondary reactions during photo-chemical 
acetone decomposition may be obtained by a con­
sideration of the reactions of CHa and COCHa 
radicals. There seem to be no secondary reactions 

involving CO at the temperatures used in most 
of the experimental work. 

The following compounds are known to be 
produced during the reaction: CH 4, C 2H 6, CO, 
(CH aCOhCB),6 CHaCOCH 2CHa(E).l6 The first 
three are the ones for which analyses are prac­
ticable in most of the work. An additional com­
pound (CH 2COCH ah{D), is certainly formed 
whenever the CH 4 yield is high. It has been 
identified among the products of the thermal 
reaction of CHa radicals with acetone,17 but it has 
never been possible to identify it positively in the 
small quantities in which it is produced during 
the photo-chemical reaction. One other com­
pound is theoretically possible at low tem­
peratures: CHaCOCH 2COCH a. However, the 
amount of this compound should be small at 
room temperature, and it should not be formed 
at all at temperatures over 100°C where the 
COCHa radical is quite unstable. Still other 
products identified at high temperatures16 need 
not be considered here. 

Two points need special emphasis before 
starting a discussion of secondary reactions. 
Some of the reactions involve combinations of 
radicals and hence depend on the second power 
of radical concentrations at pressures such that 
diffusion to the walls is unimportant. If the 
various radical reactions are sufficiently rapid so 
that the radicals to a good approximation may be 
considered not to diffuse out of the light beam, 
quantitative conclusions are possible provided 
the shape of the light beam is known. However, 
the calculations prove to be extremely difficult 
if the beam is not parallel. Moreover, even with 
a parallel beam the number of quanta absorbed 
per unit volume per second will progressively 
decrease with increase in distance from the 
window through which the light is incident on the 
cell. While it is theoretically possible to derive 
an exact expression when Ia varies in this 
manner,18 the labor is very great, and the results 
are not accurate unless the radical recombination 

16 A. O. Allen, J. Am. Chern. Soc. 63, 708 (1941). Methyl 
ethyl ketone was identified by Allen at temperatures of 
250-350°C. It should be formed whenever CH. is produced 
in appreciable quantities, but a quantitative analysis for 
it in the presence of a large amount of acetone is very 
difficult. 

17 F. O. Rice, E. L. Rodowskas, and W. R. Lewis, J. 
Am. Chern. Soc. 56, 2497 (1934). 

18 Cf. W. A. Noyes, Jr., Cold Spring Harbor Symposium 
in Quant. BioI. 3, 37 (1935). 
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PHOTO-CHEMISTRY OF ACETONE 791 

reactions are very fast. In most of the work on 
acetone the percentage absorption is sufficiently 
low to permit use of a mean value of la in the 
light beam to a good first approximation. 

These considerations make a quantitative 
treatment of much of the photo-chemical work 
on acetone impossible. It has been necessary to 
base most of the quantitative tests of the 
mechanism on data obtained with parallel or 
nearly parallel light beams with sufficiently 
accurate intensity measurements to permit a cal­
culation of mean la. The latter is expressed in 
quanta absorbed per cma per second. 

Only qualitative conclusions are possible in 

2 COCHa= (COCHa)2 

2 CHa=C2Ha 

CHa+COCHa=CHaCOCH a 

TABLE I. Quantum yields at 122°C.* 

Run No. 9 4b 4a 11 12 

<l><:2H. (fnd.) 0.60 0.27 0.25 0.17 0.17 
<l><:2H. (calc.) 0.67 0.34 0.34 0.19 0.19 
<l><:H< (fnd.) 0.41 1.06 1.21 1.11 1.32 
<1><:0 (assumed) 1.0 1.0 1.0 1.0 1.0 
I. (quanta/see./em' 

X 10-1') 2.86 0.203 0.201 0.0875 0.0743 
P(mm) 117.4 107.2 107.4 123.2 115.1 

* See reference 12. 

the intermediate pressure region (roughly 10 mm 
to SO mm) where homogeneous reactions between 
radicals and diffusion of radicals to the walls are 
both important. At very low pressures data are 
scarce. 

Reaction~ (6)-(8) will be followed by 

; k2(COCHa)2 (12) 

ka(CH a)2 (13) 

k4(CH a)(COCHa) (14) 

CH a + CH aCOCHa = CH 4 + CHaCOCH2 ; k6(CH a) (A) (15) 

2 CH2COCH a= (CH2COCHa)2 ka(CH 2COCH a)2 (16) 

CH a + CH 2COCHa = CH aCOCH2CHa k7(CH a)(CH2COCHa) (17) 

CHaCO+CH2COCHa = CHaCOCH2COCH a; ks(CH aCO)(CH2COCHa). (18) 

(A) = concentration of acetone. 
Certain relationships are now evident by 

imposing the conditions for material balance: 

NCHa=2 NC2H6+NcH4+NE+NA', (19) 

where NCHa=number of CHa radicals produced, 
NC2Ha=number of ethane molecules formed, 
NCH4=number of methane molecules formed, 
N E = number of molecules of methyl ethyl ketone 
formed, N A' = number of molecules of acetone 
reformed. 

2 N co +2 NB+NAA=NcHa-NA' 
=2 NC2Ha+NcH4+NE, (20) 

where NB=number of molecules of biacetyl 
produced, NAA = number of molecules of acetyl 
acetone produced. 

NCH4=NE+2 ND+NAA , (21) 

where ND = number of molecules of (CH 2COCHa)2 
produced. 

At low temperatures CH 4, C2H a, CO, 
(CH aCO)2, CH aCOCH2CHa, (CH 2COCHa)2, and 
CH aCOCH2COCHa can all be formed, and in 

addition some of the radicals can recombine to 
form acetone. If the first three are determined 
experimentally, five unknowns remain with only 
three equations relating them. Indeed, in the 
absence of a knowledge of C/>, NCHa must also be 
considered as an unknown. Consequently, a gas 
analysis for the easily determinable gases will not 
serve to permit even an indirect calculation of 
the yields of all of the products. 

Certain experimental conditions may be chosen 
which do make a quantitative treatment of the 
system possible provided accurate values of 
NCH4, NC2Ha, and Nco are available. 

Condition 1 

Light intensity sufficiently high to make NCH4 

negligible compared to NC2HO: If NCH4 = 0, 
NE=ND=NAA=O. Hence, 

NB=Nc2Ha-Nco, (22) 

NCHa=2 NC2H6+NA'. (23) 

Values of N B calculated from Eq. (22) will not 
be very accurate unless NC2H6 and Nco are 
known with very high accuracy. 
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792 W. A. NOYES, JR. AND L. M. DORFMAN 

Condition 2 

Temperatures over 100°C: Under these condi­
tions the COCHa radical is sufficiently unstable 
to reduce the rate of formation of (COCH a)2 to 
a negligible value. Hence, 

ND=Nc2Hs+NcH4-Nco, (24) 

NE=2 N co -2 NC2HS-NcH4. (25) 

N D and N E calculated in this way will be subject 
to considerable error. 

In the following discussion the quantum yield 
<Ilx of the species X is defined by the expression 

d(X)/ dt· (lila) = h, (26) 

where d(X)/dt is the local rate of formation (or 
disappearance) of X in the light beam, and Ia 
is the number of quanta absorbed per cubic 
centimeter per second in the light beam. It 
should be noted particularly that the differential 
is an absolute and uot a net rate. Actually, this 
is not the experimentally determined quantum 
yield which is 

(27) 

where Nx represents the total number of mole­
cules of X formed (or disappeared) in the entire 
reaction system and V L is the volume of the 
light beam. Ia in (27) is the mean number of 
quanta absorbed per cubic centimeter per second 
III the light beam. For a rigorous treatment 

2.0 

I I 
5 .~~-I 
p't 
'~ "" 

..-x>: v ct 0 

'F 
._-

u 
o ". 

r-

1.0 

0.5 

0.2 0.4 0.6 
L .. /Cfta'OH,f ' 10" 

OB 

FIG. 1. The quantum yields of methane (0) and of 
ethane «() ) as a function of l./(A)'. The curves are the 
theoretical ones from Eqs. (33) and (34). The theoretical 
yields for ethyl methyl ketone (E) and for biacetonyl (D) 
as obtained from calculated values of the yields of methane 
and of ethane by means of Eqs. (24) and (25) are also 
shown. Each of the two points for k,H6 near the origin 
represents two results. 

V Lfo t I adt should be replaced by an integral 
fotfovLJadVdt. This integral can only be ob­
tained if Ia is known as a function of V. 

One is justified in placing 

d(X) Idt· (lila) =<Ilx = Nxl V L it Iadt (28) 
o 

if the species X for which the quantum yield is 
being determined does not itself undergo further 
reaction. Thus if the compound (CH 2COCHah 
reacts with CHa radicals (which it certainly 
would if its concentration became high) Eq. (27) 
could be used to calculate the net quantum 
yield of its formation. However, (CH 2COCHah is 
a stable compound and will immediately begin 
to diffuse out of the light beam as soon as it is 
form.ed. Consequently, its concentration in the 
light beam cannot be calculated in any simple 
manner as would be possible for short-lived free 
radicals. This question is unimportant except 
when it would be desired to use steady-state 
equations for some of the products which might 
undergo further reaction. Thus biacetyl is known 
not to build up to a very high concentration,19 
probably because it reacts either with free 
~adicals or. with excited acetone molecules, and 
its rate of formation could be equated to its 
rate of disappearance after long exposures. How­
ever, this could only be done in deriving a rate 
equation if due account is taken of the fact that 
(barring thermal reactions) the formation and 
the disappearance occur mainly in the light 
beam. 

For the reasons just given a quantitative 
treatment of the photo-chemical decomposition 
of acetone must be based on studies during which 
the percentage decomposition is very small, i.e., 
durin? the early stages' of the reaction and long 
before the rates of disappearance of products 
become appreciable. The theoretical treatment 
of a situation in which the products are allowed 
to accumulate is almost impossible unless the 
light beam fills the entire vessel, and there is no 
dead volume such as a McLeod gauge. These 
restrictions reduce even further the data which 
can be considered for a quantitative test of the 
reaction mechanism. 

19 G. M. Almy and S. Anderson, J. Chern. Phys. 8, 805 
(1940). 
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PHOTO-CHEMISTRY OF ACETONE 793 

TEST OF THE MECHANISM AT TEMPERATURES 
OVER 100°C 

It is wise to subject the proposed mechanism 
to as many tests of validity as possible. One of 
these has already been published12 and may be 
stated as follows (by reference to Eqs. (13) and 
(15)): 

<I>C2Hai/<I>CH4= (ka1a)t/k6(A) , (29) 

where (A) is the concentration (or pressure) of 
acetone. This equation has been found to be 
obeyed within experimental error both at 25°C 
and at 122°C, thus furnishing evidence that 
ethane and methane are formed by the reactions 
indicated. 

Another relationship (from Eqs. (13), (16), 
and (17)) would be 

<I>c2Ha<I>D/<I>E2 = kak6/M. (30) 

<I>D and <I>E(T> 100°C) in this equation may be 
obtained indirectly from Eqs. (20) and (21), 
since N B = N AA = O. Making the proper sub­
stitutions gives the following result: 

<I>C2H6( <I>C2H6 + <I>CH4 - <I>co) 

(2<I>co - 2<I>c2Ha - <I>CH4)2 

Any errors in individual quantum yields will be 
badly magnified in ascertaining whether a true 
constant is obtained from Eq. (31). This equation 
is valid only at temperatures such that the yield 
of biacetyl is negligible, whereas Eq. (29) is 
valid at any temperature. Of course, Eq. (30) 
should be valid at any temperature, but the 
necessary yields for determining its validity are 
not available. 

Only one series of runsl2 is available for testing 
Eq. (31). The constant varies from 0.5 to 1.6, 
but the nature of Eq. (31) is such that good 
constancy could scarcely be expected. Thus an 
error of 0.01 in determining the fraction of C2Hs 
in the reaction products will cause an error of at 
least 0.03 in <I>C2H6. With the small amounts of 
gas obtained at low intensities, duplicate runs 
frequently differ by as much as 0.03 in the 
fraction of C2H 6 and other gases. 

As will be shown in later paragraphs, there is 
another way of evaluating kaks/k72 from quantum 
yields of methane alone. Neither method can 

TABLE II. The calculation of k.k6/ki'- at 122°C. 

Run k,k./k,' 
No. (A) I. (dimen-
and Temp. Press Molecules Quanta/ sion-
ref. °C mm per ems cm'/sec. ~H. less) 

6Al9 126 194 4.69X1018 16.4X 101• 0.40 1.2 
91• 122 117 2.S7 2.S6 0.41 
7Al9 120 205 5.01 2.20 0.91 3.9 
SAID 120 233 5.72 2.30 0.97 
9AI9 127 152 3.67 2.40 0.60 7.1 

10Al9 122 95 2.32 2.70 0.62 0.5 
11Al9 126.5 109 2.63 2.10 0.63 1.0 
4b12 121.2 107 2.62 0.203 1.06 1.6 
4a" 122 107 2.62 0.201 1.21 

111' 123 123 3.00 0.OS75 1.11 0.1 
121• 123 115 2.S1 0.0743 1.32 0.7 

Mean 2.0 

claim high accuracy, although the equations of 
the theory undoubtedly give the correct trend 
to the results. In order to show the difficulty of 
applying Eq. (31) and to show that, in general, 
it gives results within experimental error of the 
found values, some comparisons are made in 
Table I. The calculated values are based on 
k3ka/k~ = 2.0 (see Table II). 

In Table I <I>c2Ha is calculated by assuming 
<I>CH4, as taken from the smooth curve in Fig. 1, 
to be correct. Any more precise test of the 
mechanism would involve obtaining data of 
greater precision than has hitherto been possible. 

A complete expression relating <I>CH4 to inten­
sity and acetone pressure is 

{ 
(<I>CH4Ia/(A))2}2 

0=Ka2(4Kb-l) 
I a(2 - <I>CH4) 

+Kall ~<I>CH4 -4Kb} 
2-<I>CH4 

{ 
(<I>CH41 a/ (A))2} 

X +Kb, 
I a(2 -<I>CH4) , 

where Ka=ka/k62, Kb=kaks/k72. 

(32) 

Ka at 122°C has been obtainedl2 from a straight 
line plot of <I>CH4/<I>C2HSi vs. (A)/ I} and has the 
value 9.S X 1024 molecules sec. cm-3• It is now 
possible to solve for Kb from quantum yields of 
CH 4 under various experimental conditiOils. 
Some of the data were reported previously,12 and 
some have been obtained by Davis.19• 

Table II shows the results of the calculations. 
Runs 9 and SA gave negative values, and Run 4a 
gave an extremely high value. 

19. W. Davis, Jr., J. Am. Chern. Soc. 70, 1S67 (194S). 
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794 W. A. NOYES, JR. AND L. M. DORFMAN 

It should be noted that the data in Table II 
cover a more than 200-fold change in intensity. 
In view of the sensitivity of Kb to values of tflCH. 
and la, the constancy of Kb is as good as can be 
expected. As can be seen from Fig. 1, probably 
the values of K" and Kb may not be the best ones 
for fitting the data, but the accuracy is such as 
not to warrant a more extended treatment. The 
use of (l-tflcH4) and of tflCH.4 amplifies errors 
considerably. 

Since Ka and Kb have been determined, it is 
now possible to calculate tflcH4 as a function of 
la/(A)2. If la is expressed in quanta per cmS per 
second and (A) is in molecules per ems, the 
resulting equation for T= 122°C is 

672.3tflCH(4X2 + 68. 6tflCH.3X + tflCH42 (2 -147x) 
-8tflCH.+8=O, (33) 

where x = (1 a/ (A )2) X 1024• Figure 1 shows the 
experimental points and the theoretical curve 
taken from Eq. (33). It is evident that the equa­
tion gives the correct trend to the results and 
reproduces them within experimental error. 

It is also possible to establish an equation for 
tflC2H6 in terms of (A) / 1 at 

7tflC2H62+2.24tflC2H6iy+tflC2H6(0.204y2 -15) 
-tflc2H6t2.56y+8=0, (34) 

where y=«A)/I"t) X 10-12• Figure 1 shows the 
theoretical curve and the experimental points for 
tflC2H6 as a function of la/(A)2. The experimental 
points are not very numerous in this instance. 

Thus the mechanism embodied in Eqs. (6)-(8) 
and (12)-(18) accounts for the yields of CO, 
CH4, and C2H6 within experimental error. It 
should be noted particularly, however, that data 
must be carefully obtained or the resulting equa­
tions cannot be employed. Thus 1 a expressed in 
quanta absorbed per cubic centimeter per 
second is critical, and a diverging or converging 
light beam will make exact calculations impos­
sible. 

A few words may be said concerning the 
primary process at temperatures over 100°e. 
All authors agree that tfleo under these conditions 
is approximately 1 and varies little if at all with 
temperature.20 This could be explained in one of 

'0 See reference 4 for a summary. References 19 and 8 
have data on this point, but the data of J. A. Leermakers, 
J. Am. Chern. Soc. 56, 1900 (1934) are most significant 
since they cover the temperature range 163-405°C. 

the following ways: (a) Reaction (4) with one 
molecule of CO and two CHa radicals being 
formed per quantum absorbed; (b) reactions (6) 
and (7) with q;, and a both unity; (c) reactions 
(6)-(8) with q;, = I, a < I, and kl sufficiently large 
to make the decomposition of the COCH3 

radical very rapid compared to other reactions 
it might undergo. No definite way of deciding 
between these possibilities is available. However, 
the data of Gorinl4 show quite definitely that 
some COCHa radicals are produced in the 
primary process at temperatures of 80-90°e. 
The energy of activation for reaction (8) is not 
known precisely but has been estimated at from 
10 to 18 kca1. 4 Thus (8) will have a very high 
temperature coefficient and would be expected 
to be very rapid at temperatures over 100°e. 
This could mean merely that the COCHa radicals 
formed by (6) would be less apt to lose energy at 
high temperatures than at low. The data are in 
agreement with possibility (b) above, but (c) 
cannot be excluded. 

The equivalent of reaction (15) may occur in 
mixtures of acetone and other organic molecules. 
Thus Leermakers20 has shown that considerable 
quantities of CH 4 are produced in mixtures of 
acetone and dimethyl ether. This fact adds 
further support to the mechanism. 

A word about the low pressure case with dif­
fusion of radicals to the walls as the predominat­
ing process may be said. The unknown here is 
the possible reaction of methyl radicals with 
acetone adsorbed on the walls. The meager data 
on this point20 tend to the belief that at 403°C 
the amount of ethane produced even at a 
pressure of 12.6 mm is negligible but that the 
C2H 6/CH. ratio increases with decreasing tem­
perature. At 122°C it seems probable that a large 
fraction of the CHa radicals which diffuse to the­
walls forms C2H 6 rather than CH4, but more data 
are needed on this point. 

TEST OF THE MECHANISM AT TEMPERATURES 
NEAR 25°C 

Reference to Eqs. (19)-(21) shows that there 
are too many unknowns to be calculated from 
analyses for CO, C2H 6, and CH 4• However, it is 
possible to choose experimental conditions such 
that tflCH4«tflC2H6. When methane is formed, it 
has been shown that the same type of mechanism 
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holds for CH4 and for C2H 6 formation at 25°C 
as at 122°C.12 Thus reactions (15) and (13) seem 
to be correct at both temperatures. Indeed the 
data are more extensive at 25°C and prove the 
validity of these two equations particularly well 
at that temperature. 

From Eqs. (12) and (22) it is seen that 

<l>B =k2(COCHa)2/ Ia = <I>c2H6-<I>eo, (35) 

when <I>CH4 is negligible. Similarly, from Eqs. (7) 
and (8) 

<I>eo=k1(COCH a)/Ia+acp. (36) 
Hence, 

(<I>eo -acp)/ (<I>C2H6 -<I>eo)! = kd Nk2t. (37) 

I t should be noted that k1 and k2 should be 
independent of wave-length, whereas a probably 
depends on wave-length since the residual energy 
left in the COCH a radical will depend on the 
energy taken up by the absorbing molecules. 

The following data are taken from earlier 
work: s 

3i30A 
2537 

<I>eo 
0.11 
0.28 

Ia 
10 
10 

(P = 100 mm, T = 25°C, I a is in arbitrary units, 
where 1 unit is approximately 2 X 1012 quanta 
per cma per second.) 

Substituting the appropriate values in Eq. (37) 
and equating for the two different wave-lengths 
gives 

0.17 = (acphm-(acp)313o, (38) 

Of course it is impossible to get individual values 
by this method. The previous valueS for the dif­
ference in Eq. (38) obtained by making certain 
assumptions with regard to the constants was 
0.15. 

An examination of the proposed mechanism 
shows that there are only two reactions which 
lead to the disappearance of acetone molecules: 
(6) and (15). There is also one reaction which 
leads to reformation of acetone molecules: (14). 
With these facts in mind it is seen that 

k42(CHa)2(COCHa)2 k 4
2 

k2(COCH a)2 ka(CHa)2 k2ka 

(CP+<I>CH4 - <I> A)2 
(39) 

where <I>A is the quantum yield of acetone disap­
pearance. <I>A cannot be measured directly, and it 
can be calculated only when <I>CH4=0, i.e., when 
the intensity is high and preferably when the 
pressure is low. Under such conditions 

(40) 

Taking the data preceding Eq. (38) and 
making the proper substitutions in Eq. (39), one 
finds either 

±1.377(cp3130-0.27) =CP2637-0.44. (41) 

If the min us sign is chosen, CP2537 = 0.13 if 
CP3130 =0.5. Since the quantum yields of acetone 
disappearance are sometimes greater than 0.5 at 
both 3130 and 2537A,s the values of CP3130 and 
CP2637 must both be greater than 0.5. The positive 
sign is the only one which leads to a physically 
acceptable result. Hence, 

CP2637= 1.377cp313o+0.068. (42) 

If CP2537=1, CP313o=0.68. The accuracy of this 
figure is difficult to estimate, but it should be 
within ±0.15 and indicates that the primary 
quantum yield at 3130A is significantly less than 
1. This is in general agreement with the existence 
of fluorescence. However, cp'a1ao must be tem­
perature dependent, as indicated by the fluo­
rescence and photo-chemical data,10 and reach 
a value close to unity at 100°C. 

Another approximation may be made to 
arrive at a value of cpo In earlier works it was 
assumed that at relatively low pressures reac­
tions (12) and (13) occurred mainly on the walls, 
a conclusion supported by the work of Anderson 
and Rollefson,21,22 whereas the reformation of 
acetone was a rapid reaction which occurred 
mainly in the gas phase. The following data are 
taken from previous workS at 25°C and a 

21 H. W. Anderson and G. K. Rollefson, J. Am. Chern. 
Soc. 63, 816 (1941). 

22 E. W. R. Steacie and B. de B. Darwent, J. Chern. 
Phys. 16, 230 (1948) have shown that the character of the 
wall surface does not affect the C2H./CO ratio. This would 
not have been expected if wall recombinations of free 
radicals occur. On the other hand, for rapid reactions, 
such as CH.CO+CH.CO with a very low activation 
energy the character of the walls may not be too important. 
The data in the region where wall reactions may be 
important do not lead to very definite conclusions. On 
the other hand, it is impossible to explain the increase in 
C2H./CO ratio at low pressures without heterogeneous 
formation of biacetyl. 
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TABLE III. Summary of various constants.* 

Constant T=O°C T =25°C T =120°C 

_ <P3130 0.5 0.7 (100 mm) 1.0 
0.8 (25 mm) 

<P2637 1.0 1.0 1.0 
a31ao 0.07 
a2637 0.22 
ka/k.2 1.37X 1027 9.8X102' 

kak6/k,2 2.0 
kdM 4.8 XlO-8 

kNk2ka 1.1 

* The energy of activation for reaction (5) is 6500 cal. (see refer­
ence 12). 

pressure of 25 mm: 

3130A 
2537 

<I>C2HS 

0.24 
0.36 

<I>co 
0.098 
0.235 

k4(CH a) (COCHa) cP - 2<I>C2H6+<I>CO 

la 
10 
10 

k2'(COCHa)ka'(CHa) <I>C2H6(<I>C2H6-<I>CO)' 
(43) 

where k 2' and ka' are the constants for wall com­
bination to form (COCHah and (CHah, re­
spectively. Placing CP2537 = 1, CP3130 is found to be 
0.78, a reasonably good check with the value 
found from Eq. (42). Perhaps cP should increase 
with decrease in pressure (see below). 

Returning to Eq. (39) and assuming CP2637 = 1 
(which is a very reasonable assumption from all 
standpoints), it is seen that 

kNk2ka= 1.1. . (44) 

The constants in Eq. (44) are all constants for 
association reactions of radicals and would be 
expected to have small temperature coefficients. 
If it is assumed tentatively that k42/k2ka = 1.1 at 
O°C, one can make use of data from earlier work 8 

at a pressure of 110 mm to calculate CP3130 at that 
temperature. The following quantum yields were 
used: <I>c2H6=0.19, <I>co=0.045. From Eq_ (39) 
one finds CP3130 = 0.51 at O°e. This is a further 
indication that cP is temperature dependent. 

A possible explanation of the temperature 
dependence of cP may be offered. At 2537, where 
cP = 1, direct dissociation of the acetone molecule 
may be assumed to occur upon absorption of 
radiation. At 3130 the following steps may be 
visualized: 

A+h,,=A' rate = la, (45) 

A'=CHa+COCHa; rate=kg(A'), (46) 

A'+A =2A ; rate=k 10(A')(A'). (47) 

A' might undergo other processes, such as fluo­
rescence, but these need not be considered here. 
This leads to the definition of cP as follows: 

(48) 

cP would thus be pressure dependent. Since 
fluorescence would be a competing process for 
(46), it cannot be stated that cP should become 
unity at zero pressure, but the trend toward 
increased values at lower pressures seems to be 
definite. Data on this point are inadequate. If 
klO is assumed to have zero activation energy, an 
activation energy for kg is estimated to be about 
5000 cal. Thus cP would be very close to unity 
at temperatures above 100°C, as required by the 
data. 

Little can be said about a. From Eq. (36) 
and the data preceding Eq. (38) one can show 
that 

a 3130 = (a2637-0. 17)/0.68. (49) 

Thus if a2537 is given the value previously cal­
culated8 of 0.22, a3130 =0.073 at 25°e. The de­
pendence of a on temperature cannot be esti­
mated from present data. 

As pointed out recently by Steacie and 
Darwent,22 the C2H 6/CO ratio at 25°C obtained 
by various authors increased with increase in la. 
This is in accord with the mechanism proposed 
in the present article. If the values of cP and a at 
3130A are accepted as 0.70 and 0.073, respec­
tively, the maximum value of C2H 6/CO at 
infinite intensity would be 5.2. At 2537 with 
cP = 1.0 and a = 0.22, C2H 6/CO would have a 
maximum value of 2.8. To account for the ratio 
of 3.6 observed by Anderson and Rollefson,21 a 
would have to be 0.18 if CP2637 = 1. If the mercury 
sensitized reaction follows the same pattern, a2537 
would have to be 0.14 to account for the results 
of Steacie and Darwent. However, there is sound 
reason to believe that a for the sensitized reac­
tion should be somewhat lower than for the 
unsensitized reaction. In view of the type of arc 
used, Anderson and Rollefson21 probably were 
also dealing at least partially with a mercury 
sensitized reaction. When an excited mercury 
atom collides with a CH 3COCH a molecule to 
form CHa+CHaCO, the laws of conservation of 
energy and conservation of momentum must be 
obeyed. Thus part of the energy will be imparted 
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to the mercury atom as kinetic energy, and the 
kinetic energy of the CHaCO radical, as well as 
possibly its vibrational energy, may be appre­
ciably lower than that of a radical produced by 
absorption of 2537 A radiation directly by an 
acetone molecule. In the absence of further 
information we may accept 4>2637= 1, a2637=0.22 
±0.05 at 25°C. 

In conclusion, it is well to give a summary of 
the various constants concerning the mechanism 
which have been evaluated. 

The mechanism proposed in this article 
accounts for the following points: 

(a) The variation of the C2H,/CO ratio with pressure, 
with intensity, with temperature, and with wave-length; 

(b) the increase in the CH./C2H, ratio with decreasing 
intensity and increasing pressure; 

(c) variation of quantum yields of C2H 6, CO, and CH. 
with temperature and pressure; 

(d) the effect of wave-length on the CO yield; 
(e) the formation of all known products; 
(f) qualitatively for fluorescence and its variation with 

temperature. This point and its relationship to primary 
quantum yield merit further study. 

It is believed that the mechanism does not 
disagree with any experimental facts so far 
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available. In particular it agrees qualitatively 
with Fig. 2 of the second article by Spence and 
Wild,· who were the first to point out that the 
C 2H 6/CO ratio really falls on a family of curves, 
one for each pressure as a function of intensity. 

The mechanism makes no pretense of de­
scribing acetone decomposition except in the 
early stages before products have been allowed 
to accumulate. With large percentage decom­
position there must be secondary reactions which 
would change the composition of the gaseous 
products. Also the effect of the walls has not been 
included in detail. Such effects are almost cer­
tainly not of importance except at pressures 
below 50 mm and in any case could not be 
included easily in any quantitative theory. Many 
of the effects previously ascribed to the walls 
are undoubtedly due to variations in intensity 
and in pressure. The importance of obtaining 
data in such a fashion that the number of quanta 
absorbed per unit volume per second is as con­
stant as possible is obvious from the nature of 
the mechanism. 

The authors wish to express their appreciation 
to Dr. W. Davis, Jr., who first derived Eq. (32). 
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The heat of sublimation of graphite and the heats of dissociation of CO and C2, which have 
been the subject of much controversy in recent years, have been unambiguously established 
by the direct determination of the total vapor pressure of graphite by an equilibrium effusion 
method and by the determination of the partial pressure of C2(gas) in equilibrium with 
graphite. 

The heat of sublimation of graphite to C(g) is found to be .:lHo= 170.39±0.20 kilocalories 
per mole at OaK. The heat of sublimation of graphite to C2(g) is found to be .:lHo=233.1±7 
kilocalories per mole. The heats of dissociation of C2 and CO have been shown to be 4.7 ±0.3 
and 11.109±0.01 electron volts, respectively. The accommodation coefficient of carbon gas 
on graphite at high temperatures is found to be about 0.3 and vaporized carbon gas is shown 
to be in the 3p ground electronic state. 

* Abstracted in part from the thesis submitted by Paul 
W. Gilles in partial satisfaction of the requirements for 
the degree of Doctor of Philosophy in Chemistry at the 
University of California. Presented before the Inorganic 
and Physical Division of the American Chemical Society 
at the 113th National Meeting at Chicago, April 19, 1948. 
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