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A mechanism is presented for the vapor phase photolysis of propionaldehyde and propionaldehyde-iodine mixtures, which 
includes the following primary processes; (I), dissociation into ethyl and formyl radicals; (II) , formation of ethane and 
carbon monoxide in an intramolecular process; ( I I I) , decomposition into ethylene and formaldehyde; and (IV), dissociation 
into methyl and CH2CHO radicals. At 3130 A. (I) is highly favored, but at 2654 A. (I) and (II) are equally probable. Proc­
ess (IV) is negligible at 3130 A. but not at 2380 A., whereas ( I I I ) is minor at all wave lengths. The gaseous products of 
unhibited photolyses, carbon monoxide, ethane, butane, methane, propane, ethylene and hydrogen, are explained on the 
basis of the four primary processes, and subsequent secondary reactions of the free radicals formed by those processes. 
Values of 13, and 8.1 kcal./mole, are found for the over-all activation energies of formyl radical decomposition and of carbon 
monoxide formation, respectively. Butane formation by ethyl radicals is about nine times as probable as the dispropor-
tioiiation reaction giving ethylene and ethane. 

The vapor-phase photolysis of propionaldehyde 
has been the subject of several previous investiga­
tions, 3~7 however, some fundamental questions 
have continued to exist concerning the nature and 
extent of the primary and secondary processes. 
In the present work, the use of iodine vapor to trap 
free radicals, a technique employed successfully 
with other aldehydes,8-11 led to the establishment 
of four primary modes of photodecomposition. A 
quantitative study of the reaction products from 
the non-inhibited processes has shown that propion­
aldehyde free radical reactions are similar to those 
postulated for other aldehydes. 

Experimental 
Photochemical Apparatus.—All photolyses were carried 

out by a procedure similar to that developed by Blacet and 
Heldman9 and recently employed by Blacet and Calvert.11 '12 

A direct current mercury arc operating at atmospheric pres­
sure, and a crystal quartz monochromator provided selec­
tive radiation in the region 2380-3340 A. The cylindrical 
quartz reaction cell was 20 cm. long, had an inside diameter 
of 30 mm., and a volume of about 140 cc. The cell was 
completely filled with a parallel light beam. The reaction 
system was composed of the cell, a glass circulating pump, 
and a t rap, all of which were contained in an air-thermostated 
chamber which could be maintained at constant tempera­
tures up to 180°. The reaction system was joined to a con­
ventional gas train utilized to introduce the aldehyde at the 
start of photolysis and to remove the gaseous products at 
the end of the run. Quantitative measurements of radiant 
energy were made with a thermopile-galvanometer system 
calibrated against Bureau of Standards lamps. The ther­
mopile was designed and constructed by Crane.13 

Purification of Propionaldehyde.—Eastman Kodak Co. 
white label propionaldehyde was dried over anhydrous cal­
cium sulfate and fractionated in an atmosphere of dry nitro­
gen. A trace of hydroquinone was added to the pot liquid 
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prior to distillation in order to retard possible oxidatioti re­
actions. The middle fraction (48.5-48.7°) was retained 
and subjected to repeated vacuum distillations until a cut 
was obtained in which no solid polymer was observed when 
the sample was cooled to —80°. This fraction, stored over 
anhydrous calcium sulfate, served as the aldehyde supply. 

Quantum Yield Determinations.—Quantum yields for 
photolyses at room temperature were determined by the 
method described previously.13 Since it was impractical to 
heat the thermopile above 40°, in the runs at elevated tem­
peratures the fraction of light absorbed by the propionalde­
hyde could not be determined directly. Therefore, in the 
manner of Blacet and Heldman,9 curves were obtained at 
room temperature, giving the fraction of light absorbed 
vs. concentration and the assumption was made that the 
absorption coefficients were temperature independent in the 
range from 25 to 175°. In all quantum yield runs, not more 
than 1 or 2 % of the aldehyde was decomposed. 

Xo appreciable reaction was observed when dry pro­
pionaldehyde vapor was added slowly to iodine vapor and 
the mixture allowed to stand at 100° in the dark for nine 
hours in a clean dry reaction system. Considerable care 
had to be taken to ensure that the gases and reaction system 
were anhydrous, for traces of moisture caused the iodine to 
deposit in the reaction cell. The procedure for the photoly­
sis of propionaldehyde-iodine mixtures was essentially the 
same as that described before.'' 

Product Analysis. — The non-condensable products were 
separated with the aid of a Toepler pump from the remain­
ing products and the unreacted aldehyde condensed at 
— 80°. The gaseous products were treated with a potas­
sium hydroxide bead to polymerize traces of propionalde­
hyde, and then analyzed for carbon monoxide by micro-
methods using silver oxide as the absorbing agent. The 
residual gas was then analyzed with a modified Westing-
house Type LV Mass spectrometer. 

The entire condensed phase from several uninhibited runs 
was introduced into the. mass spectrometer and the mass 
spectrum observed from m. /e . 180 to m. /e . 59. The 
sample was then removed from the gas train of the spec­
trometer, treated with solid potassium hydroxide to remove 
the excess propionaldehyde, and the cracking pattern again 
determined. In two runs, in which liquid nitrogen was the 
refrigerant, the sample remaining after the potassium hy­
droxide polymerization treatment was exposed to cold con­
centrated sulfuric acid to remove oxygenated compounds. 
A spectrum having mass peaks of considerable intensity re­
mained and it was conclusively proved to be due to normal 
butane. 

The condensable fractious from the aldehyde-iodine runs 
were dissolved in several ml. of carbon tetrachloride and 
the solution equilibrated with mercury. The volatile mate­
rials were then distilled from the mercury-mercuric iodide 
residue and equilibrated with 0.001 N aqueous potassium 
hydroxide. Analysis of the organic phase for iodide by a 
modified Viebdck procedure provided an estimate of the 
total alkyl iodide yield, and the iodide titer of the aqueous 
solution was taken to represent the hydrogen iodide that had 
condensed in the cell t rap. As an additional check on the 
distribution of hydrogen iodide, the interior of the reaction 
system was washed with dilute base and analyzed for tola! 
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iodide ion. Practically all of the water-soluble iodide was 
found on the walls of the reaction system. The deposit 
probably was a non-volatile addition compound of hydrogen 
iodide and propionaldehyde.11 

Experimental Results 
I. The Non-inhibited Photolysis of Propionaldehyde. 

The Non-condensable Products.—The major products of 
the photolysis of propionaldehyde in its first electronic ab­
sorption band are carbon monoxide and ethane. In addi­
tion, rc-butane, ethylene, methane, hydrogen and propane 
are produced in small but significant amounts. The quan­
tum yields of the latter three compounds increase materially 
on going to the shorter wave lengths. 

(a) Composition vs. Wave Length.—The original work of 
Leighton and Blacet3 on the photolysis of propionaldehyde 
furnished values for the quantum yield of carbon monoxide 
production over the region from 3130 to 2537 A. In the 
present study the wave length range was extended to include 
3340 and 2380 A., and values for the quantum yields of 
carbon monoxide at these wave lengths, as well as some check 
values run at 3130 and 2537 A., are presented in Table I . 
In addition to determining the quantum yields of carbon 
monoxide, the quantum yields of hydrocarbons and hydro­
gen were determined over the entire wave length range from 
3340 to 2380 A. These results are given in Table I I . The 
quantum yields were obtained by multiplying the mole per 
cent, of each constituent as determined with the mass 
spectrometer, by the ratio (average quantum yield of CO) / 
(mole per cent. CO). 

TABLE I 

QUANTUM YIELDS OF CARBON MONOXIDE PRODUCTION AS A 

FUNCTION OF WAVE LENGTH AT 30° AND 200 MM. PRESSURE 

tolyses carried out for a very short time, for butane is some­
what soluble in propionaldehyde at —80° and it is difficult 
to make a quantitative separation from the condensable 
fraction. This difficulty was minimized by carrying out at 
least one long run at each of the wave lengths 3340, 3130 and 
2804 A. (runs 9, 6, 46). Larger amounts of butane were 
formed in these longer runs and in each case the amount of 
butane retained with the condensable fraction was small 
compared with that collected in the non-condensable por­
tion. 

(b) Composition of Gaseous Products vs. Temperature.— 
In Table I I I are presented the average values obtained for 
the quantum yields of the gaseous products as a function of 
temperature at 3130 and 2537 A. 

(c) Composition of Gaseous Products vs. ^Intensity.—In 
one series of room temperature runs at 3130 A. the intensity 
was varied while the other variables were held constant. 
The fact that intensity plays an important role in determin­
ing the nature of the gaseous products is illustrated by the 
results of these runs presented in Table IV. In each run 
the photochemical reaction was allowed to proceed until 
at least 2 ml. of gaseous product was obtained, thus giving 
better accuracy in the determination of butane. The in­
tensity was varied by placing different thicknesses of Pyrex 
glass in front of the collimating slit. 

The Condensable Products.—The results of a series of 
chemical and mass spectrometric tests upon the condensable 
fractions from photolyses of propionaldehyde at several 
wave lengths and 25° show that a compound with an ap­
parent molecular weight of 86 ± 1 is formed in photolyses 
at 3130 and 2804 A. The behavior of this compound toward 
potassium hydroxide and sulfuric acid indicates that it may 
be diethyl ketone, although further experiments are neces­
sary to establish its identity unequivocally. No parent 
peak corresponding to dipropionyl was observed at any 
wave length. Blaedel and Blacet8 had identified formal­
dehyde and glyoxal as products of the photolysis of pro­
pionaldehyde and no further attempt was made to identify 
these compounds in this research. 

TABLE II 

QUANTUM YIELDS OF NON-CONDENSABLE PRODUCTS AS A FUNCTION OF WAVE LENGTH AT 200 MM. PRESSURE 

W a v e l e n g t h , A . 3340 
E x p e r i m e n t 30 
/a ( q u a n t a / s e c . - c o m . ) 

X IO-12 2 . 0 7 
Q u a n t u m yield of CO, <1> 0. 43 

3130 
10 

11 .2 
0 . 5 3 

3130 
12 

7 . 2 3 
0 . 4 9 

3130 
21 

8 . 8 5 
0 . 5 1 

2537 
32 

0 . 2 4 
0 . 7 8 

2380 
2» 

1.45 
1.00 

2380 
31 

1 .15 
0 . 9 4 

Wave length, A. 

Experiment 
Temp., 0 C. 
Time, sec. X 10^4 

Volume gases, ml., 
T = 25° 

3340 

9 
21 
19.3 

3340 

30 
23 
3.04 

p = l attn., 
1.9 0.20 

3130 

6 
21 
11.3 

2 .1 

3130 

21 
30 
0.852 

0.38 

3130 

22 
30 
3.19 

1.0 

2804 

5 
23 
15.7 

4.0 

2804 

46 
24 
15.4 

5.1 

2654 

8 
22 
19.0 

0.67 

2537 

5 
22 
8.28 

1.1 

2537 

32 
30 
1.96 

1.1 

2380 

7 
21 
23.0 

1.1 

2380 

29 
24 
3.27 

0.52 

2380 

31 
30 
2.74 

0.32 

Quantum yields, $ 

CO 0.43 0.43 0.51 0.51 0.51 0.70" 0.70" 0.76" 0.886 0.886 0.97 0.97 0.97 
C4H10 .053 .013 .098 -033 .06l c .O63 .019 -003 .OI4 .004 . 0 H .OO4 
C3H8 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 ' .012 .015 
C2H, .28 .26 .29 .29 .27 .49 .50 .62 .67 .71 .77 .71 .65 
C2H4 .Oil .008 -018 . 0 H .009 .020 .OI3 .006 .023 .0OQ .02Q .0OQ . 0 I Q 
CH4 

H2 

.000 .000 .000 .000 .000 .003 . 0 H .012 -04o .038 .O84 .08Q .0075 

.OO9 .015 .012 .012 .017 .027 .043 .053 -072 .073 .07i 
" Data of Leighton and Blacet. b Average of results of Leighton and Blacet and the authors. " Not determined. 

TABLE II I 

T H E EFFECT OF TEMPERATURE ON THE QUANTUM YIELDS OF 

THE GASEOUS PRODUCTS OF THE UNINHIBITED PHOTOLYSIS 

AT 3130 AND 2537 A. 
Wave length, 

TABLE IV 

COMPOSITION OF THE GASEOUS PRODUCTS AS A FUNCTION' OF 

INTENSITY AT 3130 A. AND 25° 

A. 3130 
T e m p . , 0 C . 30 
Average q u a n t u m yields 

C O 0 . 5 1 
C 2 H , . 28 
C 1H 1 0 .09g 
C 2 H 4 . 0 I 3 

C H 4 .000 
H 2 .012 

3130 
60 

, * 
0 . 6 5 

.41 

. 0 4 5 

. O i l 

.0Oi 

. 0 I 6 

3130 
100 

0 . 9 6 
.77 
.047 
. 0 I 2 

.0Oi 
.030 

3130 
140 

1.57 
1.20 

.016 

. 0 I 0 

. 0O 5 

. 0 7 2 

3130 
175 

3 . 0 4 
2 . 6 2 

• 0 2 6 

. 0 2 0 

. 0 2 2 

. I 8 4 

2537 
30 

0 . 8 8 
.69 
.OI4 
.012 
• 0 3 9 

. 0 4 8 

2537 
100 

1.70 
1.24 
0 . 0 0 6 

. 0 O 5 

. 052 

.O85 

Ja (quanta/sec. ccm. 
Experiment 
% ethane 

«-Butane 
Ethylene 
Hydrogen 
Carbon monoxide 

%ethane/%CO 
%ethane/%butane 

) X 1 0 - " 6.5 
6 

31.3 
10.6 
1.9 
1.3 

55.4 
0.56 
2.95 

3.1 
34 

33.5 
6.7 
1.2 
0 .5 

58.1 
0.58 
5.00 

0.86 
28 

38.4 
2.7 
1.2 
1.6 

56.1 
0.68 
14.2 

The reported quantum yields of butane represent mini­
mum values which may be considerably low in these pho-

II. Propionaldehyde-Iodine Photolysis. The photoly­
sis of propionaldehyde- iodine mixtures was studied over a 
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range of temperatures, wave lengths and pressures of iodine. 
The products are carbon monoxide, ethane, ethylene and a 
trace of hydrogen in the gaseous fraction, and ethyl iodide 
and hydrogen iodide in the condensed phase. Carbon 
monoxide was the only major noncondensable product at 
•3130 A., but at higher quantum energies, the yield of ethane 
also became important. The yields of ethylene and hydro­
gen were very small under all experimental conditions in­
vestigated. 

(a) Quantum Yields vs. Temperature.—Quantum yields 
of the products of propionaldehyde-iodine photolyses at 
3130 A. and several temperatures ranging from 73 to 175° 
are given in Table V. Most of the photolyses were carried 
out before a suitable method of analysis for hydrogen iodide 
was available and data for that compound were obtained 
for runs 47 and 48 only. 

TABLE V 

The following secondary reactions 
tulated to occur in the presence of iodine 

are pos-

QUANTUM YIELDS OF PRODUCTS FROM 

PROPIONALDEHYDE-IODINE 

SEVERAL Ti 

Temperature, 0C. 
Experiment 
CsH6O pressure, mm. 
/2 pressure, mm. 
h, (quanta abs. / 

sec. ccm.) X 10~12 

Quantum yields, <J> 
CO 
C2H5I 
HI 
C2H6 

H2 

C2H4 

73 
48 

110 
1.7 

13.0 

0.56 
.45 
.43 

.014 

THE '. 

M I X T U R E S AT 

EMPERATURES 

100 
47 

201 
2.2 

12.9 

0.45 0 
.44 
.49 
•009 
.004 
.004 

100 
35 

211 
4.0 

15.3 

.50 

.41 

.026 

PHOTOLYSIS OF 

3130A. 

140 
36 

224 
4.2 

13.2 

0.56 
.46 

.029 

.006 

.002 

AND 

175 
45 

237 
4.9 

14.0 

0.08 
.65 

.026 

. 0U 

.004 

(b) Quantum Yields vs. Wave Length.—In Table VI arc 
the results of a series of photolyses carried out at 100°, 
about 4 mm. iodine pressure, and wave lengths 3130, 2804, 
2654 and 2537 A. No analyses for HI were made in these 
runs. 

TABLE VI 

QUANTUM YIELDS OF THE PRODUCTS OF PROPIONALDEHYDE-

IODINE PHOTOLYSES AT 100° AND SEVERAL WAVE LENGTHS 

Wave length, A. 
Experiment 
C3H6O pressure, mm. 
h pressure, mm. 
/ a (quanta abs. / 

sec. ccm.) X 10 12 

Quantum yields of 
CO 
C2H5I 
C2H6 

H2 

C 2 H 4 

3130 
" 

0.48 
.43 

.018 

.004 

. OO4 

2804 
42 

210 
4.2 

5.53 

0.59 
. 57 

• 098 

2804 
49 

138 
3.2 

3.79 

0.60 
.51 
.15 

.101 

2654 
43 

218 
3.5 

0.38 

0.66 
.25 
.34 
.021 
.01;; 

2537 
40 

207 
4.0 

3.24 

0.66 
.26 
.37 
.075 
.014 

0 Average of runs 47 and 35. 

Discussion of Results 
The experimental results obtained for the pho­

tolysis of propionaldehyde and propionaldehyde-
iodine mixtures can be explained logically by as­
suming the existence of four primary decomposition 
processes, analogous to those found for the butyral-
dehydes11'12 

r->- C2H5 + CHO (I) 
! - > C2H6 f CO (II) 

"]—>• C2H4 + H2CO (III ) 
L ^ CH3 + CH2CHO (IV) 

C2H5 + I 2 -
HCO 4- I2 > 

CH3 + I 2 -
CH2CHO + I 2 -

I + I + M • 

-*- C2H6I + I 

• CO + HI + I 

-> CH3I + I 

-*- ICH2CHO + I 

— > I2 + M 

(D 
(2) 

(3) 

(4) 

(5) 

In the absence of iodine vapor the free radicals 
produced in the several primary processes are be­
lieved to react by way of the secondary processes 

C2H8 + C2H5CO C2H6 + C2H5CHO 
CHO 
H + C2H6CHO 
C2H6CO 

2C2H5 — 

C2H6 + CHO 

2CHO -L 

H + CO 

H2 + C2H5CO 

C2H5 + CO 

C4H10 

C2H6 + C2H, 

C2H6 + CO 

H2CO + CO 

(CHO)2 

CH4 + C2H5CO 

C2H6CHO + M 

C2H6CHO + W 

(6) 

(7) 

(8) 

(9) 
(10) 

( H ) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

C2H6CHO + hv • 

CH, + C2H5CHO -

C2H5CHO* + M -

C2H5CHO* 

Primary Processes (a) Primary Process (I).— 
The following facts substantiate this reaction: 1. 
The non-inhibited photodecomposition contains the 
elements of a chain as evidenced by the rise in 
$co at 3130 A., from 0.51 at 30° to 3.04 at 175°, 
while $c,H6 increased from 0.28 to 2.62 over the 
same temperature range. 

2. The presence of small amounts of iodine va­
por suppresses almost completely the secondary re­
actions which normally produce carbon monoxide, 
ethane and hydrogen. Within experimental 
error the quantum yields of carbon monox­
ide, ethyl iodide and ethane at 3130 A. were virtu­
ally constant at 0.53, 0.45 and 0.02, respectively, 
over the range from 73 to 140°. This relatively 
large yield of ethyl iodide in a process independent 
of temperature, is confirmatory evidence for ethyl 
radical formation by primary process (I). The 
presence of butane and to a lesser extent ethylene 
among the non-condensable products of the unin­
hibited photolysis is additional evidence for ethyl 
radical formation by (I). 

'•'). Hydrogen iodide was formed in amounts 
equivalent to the ethyl iodide in the two experi­
ments in which it was determined. At 3130 A. the 
average 3>HI was 0.46 compared to 0.45 for ^c2H6I. 
Since the yield of hydrogen iodide was equivalent to 
ethyl iodide, one can conclude that formyl radicals 
also must be produced in process (I) and that these 
radicals subsequently react rapidly with iodine by 
reaction (2). Additional confirmation for (2) is 
seen in the facts that $co = 31CiH5I + *CjH. under 
all experimental conditions employed, and that the 
hydrogen yields were negligible in iodine runs. 
Further evidence pointing to the formation of 
formyl radicals in a primary process is the presence 
of hydrogen, formaldehyde, and glyoxal among the 
reaction products' from the non-inhibited photoly­
sis. 

It should be noted that the quantum yields of 
carbon monoxide, ethane and ethyl iodide were un-
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changed when the iodine pressure was increased. 
This fact is evidence that the reaction responsible 
for the formation of ethyl iodide is not between mo­
lecular iodine and photochemically activated pro-
pionaldehyde molecules, but instead the alkyl iodide 
must be formed by a rapid reaction of low activa­
tion energy between ethyl radicals and iodine. 

(b) Primary Process (II).—In the aldehyde-
iodine photolyses the temperature independence of 
ethane formation at 3130 A. (cf. Table V) and the 
approximate material balances obtained for carbon 
monoxide, ethane and ethyl iodide at all wave 
lengths are evidence for the formation of ethane by 
(H). 

It is evident from the quantum yields of ethyl 
iodide and ethane, 0.45 and 0.02, respectively, that 
at 3130 A. the free radical reaction (I) is far more 
probable than the intramolecular process (II). 
However, the absorption of the more energetic 
quanta at shorter wave lengths favors process (II), 
and in the vicinity of 2700 A. the two processes are 
about equally probable and have quantum efficien­
cies of about 0.3 (cf. Table VI). 

(c) Primary Process (III).—This equation fits a 
general type first suggested by Norrish and Apple-
yard14 and later found by others to apply to a num­
ber of ketones and aldehydes.12,16 It is suggested 
for propionaldehyde to explain the presence of 
small quantities of ethylene formed in the propion-
aldehyde-iodine photolyses (cf. Tables V and VI). 
In those runs ethyl radicals that might otherwise 
disproportionate to form ethylene are trapped by 
the iodine. Therefore, the quantum yields of 
ethylene in Tables V and VI can be taken to rep­
resent the magnitude of (III). 

(d) Primary Process (IV).—Earlier workers on 
the photolysis of propionaldehyde3-7 considered 
the possibility of methyl radicals being formed by 
(IV), but both Burton and co-workers66 and Blae-
del and Blacet7 presented analytical evidence that 
ethyl radicals were the only aliphatic radicals 
formed in the photolysis. However, the use of the 
mass spectrometer provided a more sensitive ana­
lytical method than the chemical tests available to 
the earlier investigators, and it was found that 
methane is formed in uninhibited photolyses from 
2804 to 2380 A. The quantum yield at 25° rises 
from 0.007 at 2804 A. to 0.080 at 2380 A. 

The evidence is substantial that methane must 
be formed from methyl radicals produced by pri­
mary process (IV). First, the quantum yield of 
methane is almost temperature independent at 
2537 A. over the range from 30 to 100°; and sec­
ond, no significant amounts of methane were 
formed in the iodine inhibited photolyses. The 
latter evidence rules out the possibility of methane 
arising from a concerted process giving methane 
and ketene in one step. If (IV) is the source of 
methyl radicals, one might expect methyl iodide to 
be formed in the aldehyde-iodine runs and, indeed, 

(14) R. G. W. Norrish and M. E. S. Appleyard, J. Chem. Soc, 874 
(1934). 

(15) (a) C. H. Bamford and R. G. W. Norrish, ibid., 1531 (1938); 
(b) C. H. Bamford and R. G. W. Norrish, ibid., 1544 (1938); (c) 
P. A. Leighton, L. D. Levanas, F. E. Blacet and R. D. Rowe, T H I S 
JOURNAL, 59, 1843 (1937); (d) W. Davis, Jr., and W. A. Noyes, Jr., 
ibid., 69, 2153 (1947). 

Blacet and Calvert11 have identified that compound 
among the photolysis products of M-butyraldehyde-
iodine photolyses. Further evidence that methyl 
radicals are formed is the fact that small amounts of 
propane are formed at 2380 A. in non-inhibited pho­
tolyses. The most logical explanation for its pres­
ence has been suggested by Crane; namely, a re­
action between methyl and ethyl radicals. 

(e) Other Primary Processes.—Since the sum of 
the yields of processes (I) through (IV) is only 0.50 
at 3130 A. and 0.70 at 2537 A. it is evident that a 
significant portion of the photoactivated propional­
dehyde molecules must fluoresce or be deactivated 
by collisional processes, thus requiring that reac­
tions (V), (16) and (17) be included in the mecha­
nism.11 

C2H5CHO + hv —> C2H6CHO* (V) 

Secondary Reactions in the Non-inhibited Photol­
ysis (a) Carbon Monoxide Formation.—The quan­
tum yield of carbon monoxide production shows a 
pronounced temperature dependence in the region 
from 30 to 175° (cf. Table III), and it is evident that 
the decomposition contains the elements of a chain 
process. Reactions (6) and (9) were postulated to 
account for at least part of the chain character. In 
the case of acetaldehyde16'17 and the butyralde-
hydes11'12'16' the analogous reactions seem well es­
tablished. 

An over-all activation energy for the production 
of carbon monoxide can be obtained by using a rate 
expression of the type Leermakers18 and Leighton 
and co-workers16c derived for acetaldehyde and the 
butyraldehydes, respectively. This equation has 
the form 

d(CO)/d/ = k'ha. + ^(C1H6CHO) (18) 

If /abs is in einsteins absorbed X sec. - 1 X ccm. - 1 

and k' is taken as 0.51 (the yield of carbon monoxide 
not produced by the chain) the over-all activation 
energy is 8.1 kcal. in the region from 100 to 175°. 
This value can be compared with "about 6.5 kcal." 
reported by Mitchell and Hinshelwood for the re­
gion from 300 to 45O0.5 I t is difficult to ascribe 
this activation energy of 8.1 kcal. to any one partic­
ular reaction, however, it is interesting to note 
that in the series of straight-chain aldehydes the 
over-all activation energies for carbon monoxide 
production decreased in a regular fashion, 9.8, 8.1 
and 5.6 kcal./mole for acetaldehyde,9 propionalde­
hyde and n-butyraldehyde,16c respectively. 

It is to be noted that whereas biacetyl is a prod­
uct of the photolysis of acetone19 and of acetalde­
hyde,17 the analogous compound, bipropionyl, was 
absent in propionaldehyde photolyses. This fact 
suggests a greater stability of the acetyl radicals 
compared to propionyl radicals and may be related 
to the observed higher activation energy for the 
formation of carbon monoxide from acetaldehyde 
compared to propionaldehyde. 

(b) Hydrogen Formation.—It is evident from 
Table III that the formation of hydrogen in the 
non-inhibited photolysis shows a marked tempera-

tie) F. E. Blacet and D. Volman, T H I S JOURNAL, 60, 1243 (1938). 
(17) F. E. Blacet and W. J. Blaedel, ibid., 62, 3374 (1940). 
(18) J. A. Leermakers, ibid., 66, 1537 (1934). 
(19) M. Barak and D. W. G. Style, Nature, 135, 307 (1935). 
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ture dependence in the range from 30 to 175°. In 
this region Blacet and Calvert12 found similar re­
sults for hydrogen production from the butyralde-
hydes. However, they extended the range of their 
studies to include higher temperatures, and found 
that the hydrogen quantum yields approached lim­
iting values at about 250° which were in excellent 
agreement with the average primary quantum effi­
ciencies of formyl radical production for each of 
the butyraldehydes. It seems reasonable that hy­
drogen production from propionaldehyde would be 
similar at high temperatures. Therefore reactions 
(7) and (8) are considered to be the sole source of 
hydrogen at elevated temperatures. In fact, the 
evidence assembled to date indicates that this pair 
of reactions is responsible for hydrogen production 
in the entire temperature range studied. 

At room temperature, hydrogen production in­
creases rapidly with decreasing wave lengths. This 
suggests that a certain fraction, a, of the formyl 
radicals formed in (I) simultaneously decompose in 
the so-called "hot atom" reaction (?')• 

«CHO* > all +• aCO (7') 

The symbol * represents the energy supplied by the 
quantum, in excess of that required to break the 
C-C bond. If the C-C bond strength of the bond 
broken in reaction (I) is assumed to be about S3 
kcal.,20 then the maximum excess energy that could 
be supplied to the fragments at 3340 A. would be 
approximately 3 kcal.; a would be expected to be 
negligible, and hydrogen production small at room 
temperature. However, at 2380 A. the ethyl and 
formyl radicals could share a maximum of approxi­
mately 37 kcal. In this case an appreciable fraction 
of the formyl radicals might be expected to decom­
pose spontaneously and thus produce a relatively 
larger quantum yield for hydrogen at the short 
wave length. 

Since hydrogen production is a relatively ineffi­
cient process at moderate temperatures, it is evi­
dent that the formyl radicals must react in some 
fashion without producing hydrogen as one of the 
products. Reactions (12), (13) and (14) seem to 
offer a reasonable explanation of the. fate of these 
radicals for the following reasons: 1. Blaedel and 
Blacet7 have identified formaldehyde and glyoxal 
among the condensable products formed when gase­
ous propionaldehyde was irradiated at room tem­
perature by the full mercury arc. In similar exper­
iments with acetaldehyde18 they found that these 
compounds were also produced in significant 
amounts at room temperature, but thev were absent 
at 100°. 

2. The small values for the quantum yields of 
hydrogen at 100° and 3130 A. indicates that the 
formyl radicals are quite stable at that temperature, 
yet the work of Blaedel and Blacet17 indicates that 
'formaldehyde and glyoxal are not produced in appre­
ciable amounts at this elevated temperature. 
Therefore, another reaction must occur in which 
formyl radicals are destroyed, and reaction (12), 
originally postulated by Leighton and Blacet,3 ap­
pears to fit the requirements. Further evidence 

(20) E. W. R Steacie, "Atomic and Free Radical Reactions," Rein-
hold Publishing Corp., New York, K, V , 1946, pp. 7-1 80 

for (12) is the fact that the chain length for carbon 
monoxide production from uninhibited photolyses 
is about unity at 25°, hence a chain-terminating re­
action involving formyl radicals without the produc­
tion of hydrogen, formaldehyde or glyoxal must be 
significant at room temperature. 

If one follows the arguments of Blacet and Cal­
vert12 and assumes that reactions (6)-(12) are the 
only important reactions involving ethyl and formyl 
radicals at temperatures above 100°, by the usual 
steady state methods one can obtain equation (19). 

*n./(0i - *H.) = ~K~, I—2Z;—) ( ,! |) 

In equation (19), 4>i revers to the primary quan­
tum efficiency of process (I) and the K's to the rate 
constants of the reactions indicated. Taking a 
value of 0.48 for <£i, and the results for <3?H2 in Table 
III, one can evaluate the function $HV(<£>I — $H2) 
at 100, 140, and 175°. A plot of the log of this 
function vs. XjT gave points which fell along a 
reasonably straight line. The slope of this line was 
determined by the method of least squares and it 
corresponded to an apparent activation energy of 
13 kcal./mole. This value is in good agreement 
with that of 14 kcal./mole obtained by Blacet and 
Calvert12 for both of the butyraldehydes, and the 
value of 13.5 kcal./mole obtained by Calvert and 
Steacie21 for the production of hydrogen in the pho­
tolysis of formaldehyde. As pointed out by Blacet 
and Calvert, the apparent activation energy is equal 
to E7 - E12 + (*io£10 + &ii£ii)/2(&io + £ii); 
Since doubtless £12, £10 and En are small, 13 kcal./ 
mole may be taken to represent the actual activa­
tion energy for the decomposition of formyl radi­
cals. The fact that all four of these aldehydes give 
within experimental error the same value for £7 in­
dicates that once the formyl radicals are formed at 
elevated temperatures, their decomposition and the 
subsequent formation of molecular hydrogen, pre­
sumably by reaction (8), are essentially independ­
ent of the nature of the aldehyde present in the sys­
tem. 

(c) Reactions between Ethyl Radicals.—Several 
investigators3'6 have included reaction (10) in 
mechanisms postulated for the photochemical de­
composition of propionaldehyde but previous to 
now there appears to have been no direct experi­
mental proof for the formation of butane. In this 
research mass spectrometric analyses confirmed the 
existence of butane as a photolysis product at all 
temperatures and wave lengths studied. 

It is evident from the data in Table II that the 
yield of butane decreases markedly at the short 
wave lengths. This is reasonable since the trend 
in butane production with wave length should 
closely follow the relative concentrations of ethyl 
radicals present at the given wave lengths. At 
least two factors operated to reduce the concentra­
tion of ethyl radicals at that region. First, the 
intensity of the irradiating light at the shorter wave 
lengths, was less than it was at 3130 A. and, sec­
ond, the photolysis of propionaldehyde-iodine mix­
tures has shown that the primary quantum efti-

.(21) J. G Culvert and K. W. R. Steacie, / . Chrm. Phys.. 19, 170 
'Ui".] ' . . 
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ciency of reaction (I) producing the ethyl radicals is 
less at the short wave lengths than it is at 3130 A. 

Two reactions, (III) and (11), have been intro­
duced to explain the presence of small significant 
amounts of ethylene at all wave lengths and tem­
peratures studied. There is no convenient way to 
determine the relative efficiencies of these two proc­
esses solely on the basis of results from the photoly­
sis of pure propionaldehyde. However, the work 
on the propionaldehyde-iodine mixtures enables 
one to estimate the quantum efficiency of ethylene 
production by process (III) and these values can 
be subtracted from the total ethylene yield in the 
uninhibited photolysis to give rough values for the 
yields of ethylene from the disproportionation reac­
tion (11). These approximations are presented in 
Table VII. 

TABLE VII 

QUANTUM YIELDS OP ETHYLENE FORMED BY THE 

DISPROPORTIONATION REACTION 

Wave length, A. 3130 2804 
Average over-all quantum yield of C2Hj 0.013 0.017 
Quantum yield of C2H4 by primary proc­

ess ( I I I ) .008 . 0 I l 
Net quantum yield of C2Hj by dispropor­

tionation .0Io -006 
Average quantum yield of C4Hi1I .098 -063 
+,lispr<iporlioiiatioii/*a»»(ifiati(in . 1 0 . 0 9 

Since the butane from reaction (10) and the ethyl­
ene from reaction (11) are both formed by reactions 
between two ethyl radicals, one might expect to find 
the relative amounts of these compounds to be in­
dependent of the wave length studied, at a given 
temperature. It is seen from Table VII that at 
3130 and 2804 A. the ratios ^disproportionation/ 
âssociation are 0.10 and 0.09, respectively. Unfor­

tunately, as pointed out in the experimental sec­
tion, in most runs there was a considerable uncer­
tainty in the butane analyses because of the solubil­
ity of this compound in propionaldehyde. Thus 
only these two values for butane are sufficiently ac­
curate to warrant their use in the calculation of ra­
tios. Even in these runs, the good agreement be­
tween the ratios is fortuitous because of the small 
magnitude of the quantities that were measured ex­
perimentally. It is interesting to note, however, 
that Blacet and Calvert12 found for w-propyl radi­
cals a like value of 0.10 for the ratio of ^CH./^C.HH. 

(d) Other Reactions.—Mass spectrometric stud­
ies on the condensable fractions disclosed a com­
pound that apparently had a molecular weight of 
about 86 and was somewhat reactive toward solid 
potassium hydroxide but completely removed by 
concentrated sulfuric acid. The compound had a 
large m./e. 57 peak. The yield of this compound 
at room temperature varied with the wave length 
of the irradiating light in a manner similar to bu­
tane, suggesting that intensity factors might be im­
portant in its production. Diethyl ketone fits the 
requirements with regard to molecular weight and 
mass spectrometric and chemical behavior so reac­
tion (20) is tentatively postulated to account for its 
formation. 

However, the evidence that the compound is diethyl 
ketone is not conclusive, and further work is neces­
sary to characterize it unequivocally. 

A Comparison of the Photochemical Behavior of 
the Simple Aliphatic Aldehydes in the First Elec­
tronic Region of Absorption.—It seems worthwhile 
at this time to summarize the significant informa­
tion, dealing with the photochemistry of acetalde-
hyde,9'10'1617 propionaldehyde,3'7 and the butyral-
dehydes11'12'160 in the region 3130-2380 A. 

(a) Primary Processes.—In Table VIII are 
summarized the primary quantum yields for the 
four general processes found to occur in the first 
electronic absorption band, while Table IX presents 
a comparison of the ratios of primary proc­
esses (II) to (I) for the same region. 

The similarity between the values for the ratios 
of the two major processes of the four aldehydes is 
obvious. In all cases at 3130 A. about 95% of the 
molecules that decompose, dissociate into alkyl and 
formyl radicals by (I). At 2537 A., however, the 
concerted intramolecular process (II) giving "com­
plete molecules" amounts for more than fifty per 
cent, of the total molecules dissociating by proc­
esses (I) and (II). 

There appears to be a definite correlation between 

TABLE VIII 

COMPARISON OP THE PRIMARY PROCESS QUANTUM YIELDS 

OF SEVERAL ALIPHATIC ALDEHYDES IN THE FIRST ELEC­

TRONIC ABSORPTION REGION 

Wave length, A. 3130 2804 2654 2537 2380 
Energy, kcal./mole 91 102 108 113 120 

Acetaldehyde910 

I 0.20 0.39 0.36 . . . 0.31 
II .013 .15 .28 . . . .37 
Total .21 .54 .64 . . . .68 

Propionaldehyde 

I 
II 
III 
IV 
Total 

«-Butyraldehyde12 

I 
II 
I I I 
IV 
Total 

Isobutyraldehyde12 

I 
II 
IV 
Total 

0.48 
.022 
.003 
.000 
.51 

0.35 

.017 

.I64 

.005 

.54 

0.72 
.03 
.006 
.76 

0.53 

.125 

. 0U 

.007 

.67 

0.28 
.11 
.27 
.006 
.67 

0.012 

0.28 
.34 

.013 

.012 

.64 

0.28 
.25 
.38 
.010 
.92 

0.43 
.40 
• 036 
.87 

0.28 
.37 
.013 . 
.039 . 
.70 

0.31 
.33 
.30 

• 0 1 5 • 

.96 

0.072 . 

08Q 

C2HiCO + C2H5 • C2H5COC2H5 (20) 

TABLE IX 

COMPARISONS OF RATIOS OF PRIMARY PROCESS II TO P R I ­

MARY PROCESS I, FOR SEVERAL ALIPHATIC ALDEHYDES 

Wave length, A. 3130 2804 2654 2537 2380 
Energy, kcal./mole 91 102 108 113 120 
Acetaldehyde9-10 0.065 0.39 0.78 . . 1.19 
Propionaldehyde .046 .24 1.19 1.32 
m-Butyraldehyde" .049 -39 0.89 1.06 
Isobutyraldehyde" .042 •• 0.93 1.35 
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the character of the absorption spectra of the alde­
hydes22 and the total primary process quantum 
yields of decomposition. 

At 3130 A. the total primary process quantum 
yields increase in the order of decreasing fine struc­
ture and fluorescence of the compounds. The 
change in the absorption spectrum of each of these 
aldehydes, from a banded region at 3130 A., through 
a region of diffuse bands around 2804 A. and into an 
apparent continuum around 2654 A., is accompan­
ied in each case by an increase in the sum of the pri­
mary yields of decomposition. 

(b) Secondary Reactions.—The uninhibited 
photolysis of each of these aldehydes has been 
shown to involve chain processes accompanied by 
a number of free radical reactions. Of particular 
interest are the association and disproportionation 
reactions of alkyl and forinyl radicals, and the dis­
sociation of the acyl and formyl radicals in thermal 
and "hot-atom" processes. 

The necessity of including an association reaction 
between alkyl radicals in the mechanisms for alde­
hyde photolyses is evident, since the formation of 
ethane in the photolysis of acetaldehyde was shown 
by Blacet and Brinton,23 while butane, hexane, and 

(22) F. K. Blacet , J. Phys. Chrm., 82, 534 (1948). 
!23) I". K Blacet and R. K. Br in ton , T i n s H M R N A L , 72, 471.) 

(1 !>.">(». 

Introduction 
Although many silver (I) complexes containing 

two, three or four coordinating groups have been 
reported, investigations have usually been confined 
to the collection of analytical data. Thus, even 
when four coordinating groups are present in a com­
plex, it is often impossible to state that they are 
all coordinated to the silver (I) ion. 

The silver(I) complexes containing the polyden-
tate dipyridyl, tripyridyl and tetrapyridyl groups2-4 

have more than two groups available for coordina­
tion. In the latter two compounds, however, ex­
cessive strain in the coordinating groups would re­
sult from the adoption of the tetrahedral structure 

O ) Presen ted in p a r t before t he Division of Phys ica l and Ino rgan i c 
C h e m i s t r y of t he Amer ican Chemica l Society , A t l an t i c Ci ty , N . J . , 
S e p t e m b e r , 1949. 

12) G. T . M o r g a n and F . H. Burs t a l l , J. Chcm. Sac, 2594 (11)30). 
(3) G. T . M o r g a n a n d F . H . Burs t a l l , ibid., 1049 (1937). 
(4) G. T. M o r g a n and F , IT. Burs ta l l , ibi.l . 1072 0 938). 

diisopropyl were identified as products of the photo-
decomposition of propionaldehyde and the butyral-
dehydes,11'12 respectively. Evidence also has been 
accumulated for disproportionation reactions be­
tween the ethyl and propyl radicals.12 Dispropor­
tionation is considerably less probable than the as­
sociation reaction with the ratio ^disproportionate ' 
âssociation being 0.10 for both ethyl and w-propyl 

radicals, and 0.33 for isopropyl radicals. 
Studies of the yields of hydrogen vs. temperature 

led to the calculation of activation energies for the 
decomposition of formyl radicals from the several 
aldehydes. The value of E was found to be 13 kcal. 
for propionaldehyde, 14 kcal. for the butyralde-
hydes,12 and 13.5 kcal. for formaldehyde.21 In 
addition to the dissociation reaction of formyl radi­
cals there is good analytical evidence that these 
radicals can disproportionate to form formaldehyde 
and carbon monoxide7'12,17 or associate to give glv-
oxal.7'17 
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normally exhibited in four coordinated silver(I) 
complexes. For this reason Morgan and Burstall4 

believe that these compounds are polynuclear with 
the coordinating agents acting as bridging units be­
tween several metal ions. Only the bis-dipyridyl 
complex is postulated as a mononuclear four co­
ordinated complex. 

It has been claimed in some instances5 that poly-
dentate groups do not utilize all available coordina­
tion positions in complexes with silver(I) even when 
no steric factors intervene. Job investigated the 
complexes formed between silver(I) ions and ethyl-
enediamine. Although a stable complex is formed 
between two molecules of the diamine and one sil­
ver (I) ion, the magnitude of the instability con­
stant indicates that the coordination number of sil­
ver in the bis-ethylenediamine complex is two rather 
than four. The fact that one molecule of the amine 

(.") P. Ji ib. ,4 Iin. chim. [ I l l ] , 9, HKi (192Si. 
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When aqueous or alcoholic solutions of silver(I) nitrate are allowed to react with triethylenetetramine (abbrev. trien) 
several complexes are formed. Spectrophotometric and conductometric studies of their aqueous and alcoholic solutions 
indicate that complex ions with the composition [Ag trien] + and [Ag2 trien] +2 are present in both media. Although the 
complex compound [Ag trien] NOj has been isolated from alcoholic solutions, it has been impossible to isolate salts of the 
[Ag trien] + complex ion present in aqueous solution. Hydrolysis-e.m.f. studies show that the 1: 1 complex isolated from 
alcohol slowly hydrolyzes to that present in water. The observation can be best explained by assuming a coordination 
mitnber of four for silver(I) complexes. 


