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Reactions of Alkoxy Radicals. VII. The Ethoxy Radical 

BY M. H. J. WIJNEN 1 

RECEIVED NOVEMBER l.'i, 1959 

The photolysis of ethyl propionate has been reinvestigated. The reactions of ethoxy radicals, produced in the primary 
process, have been studied in detail. Information regarding these reactions has been obtained. 

C2H6O + C2H5 > C2H5OC2H5 (4) 
C2H5O + C2H5 >• C2Hc + CH3CHO (5) 
C2H5O + C2H5 >• C2Hj + C2H5OH (6) 
C2H5O > CH3 + CH2O (9) 
C2H5O + C2H5COOC2H5 — > C2H5OH + R (16) 

At 29°, ks/kt = 1.3 ± 0.2 and k6/kt = 2.3 ± 0.3 indicating that disproportionation reactions between ethoxy and ethyl 
radicals are more important than their recombination reactions. Activation energies of 13 and 5.5 kcal. have been ob­
tained for reactions 9 and 16, respectively. 

Introduction 
Recent investigations2 of the photolysis of esters 

have given information on the ability of alkoxy 
radicals to form alcohol by hydrogen abstraction 
reactions. Little quantitative information is avail­
able, however, in regard to disproportionation and 
recombination reactions of alkoxy radicals among 
themselves and of alkoxy radicals with alkyl radi­
cals. 

Taking advantage of improved techniques for 
analysis of liquid reaction products by gas chroma­
tography, the photolysis of ethyl propionate has 
been reinvestigated. 

Experimental 
The experimental technique is essentially the same as de­

scribed previously.2 A Hanovia S-500 medium pressure 
mercury arc was used as the light source. The light of the 
S-500 arc was not filtered; its intensity was varied by in­
serting wire gauze screens between arc and reaction cell. 

As reaction products were observed: CO, COo, CH2O, 
CH4, C2H6, C2H4, C3Hr, CjH10, C2H5OH, CH3CHO and 
C2H6OC2H5. After the xposure reaction products and ex­
cess ethyl propionate w :re cooled down to —145°. The 
products volatile at tl is temperature (CO, CO2, CH4, 
C2H6, C2H4, C3H8 and partially also C4Hi0) were pumped off 
and analyzed by gas chromatography, using a 2 m.-long 
silica gel column preceded by a 21A m.-long column con­
taining 16% (by weight) of 50 HB 660 Ucon fluid (obtained 
from Union Carbide Chemical Company) on firebrick. The 
other reaction products and the excess of ethyl propionate 
were sampled and analyzed by gas chromatography. In 
this case a 5 m.-long column containing 18% (by weight) of 
Reoplex 400 (obtained from Geigy Chemical Corporation) 
on firebrick was used. It was observed, however, that this 
method of separation did not give reproducible results for 
acetaldehyde and ethyl ether. Further investigations indi­
cated that part of the ether and of the acetaldehyde came 
over in the first fraction and was lost in the silica gel column. 
To obtain accurate data for acetaldehyde and ether separate 
runs were made in which all reactions products and excess 
ethyl propionate were condensed together and then analyzed 
by gas chromatography using the Reoplex 400 column. By 
this procedure accurate data were obtained for acetaldehyde 
and ether. 

Xo quantitative measurements were carried out to deter­
mine the amount of formaldehyde produced although its 
presence was observed in all experiments. 

In addition to the products mentioned above we observed 
the formation of a compound having the empirical formula 
CTH 1 4 O 2 . It is extremely likely that this compound is either 
propyl a-methylpropanoate or ethyl 2-methylbutanoate, 

(1) This investigation was supported, in part, by the U. S. Atomic 
Energy Commission. 

(2) M. H. J. Wijnen, J. Ckem. Phys., 27, 710 (1957); 28, 271, 939 
(1958); Tins JOURNAL, 80, 2394 (1958); Can. J. Chem., 36, fi!U 
(1958). 

possibly a mixture of these two compounds. Determination 
of the amounts of CTHI 4O 2 formed was sometimes impossible, 
quite often extremely difficult since no complete separation 
was obtained between CyHi4O2 and the excess of undecom-
posed ethyl propionate. Figures given for the rate of forma­
tion of CTHI 4 O 2 in Table I may be in error by as much as 30%. 

In order to prevent, or at least minimize, secondary pho­
tolysis of acetaldehyde, the conversion was arranged such 
that the acetaldehyde production was less than 0 . 1 % of the 
starting material. This procedure has been followed for all 
experiments except those at 195° where exact knowledge of 
acetaldehyde formation was not required. 

Results 
The photolysis of ethyl propionate has been 

carried out at 15, 29, 6.3, 114 and 195° at different 
light intensities and various pressures. The results 
of these experiments are given in Table I. At each 
temperature, the relative light intensity for the 
experiments may be obtained from the rate of CO 
and/or CO2 production. Single figures in column 
1 of Table I indicate that only one experiment was 
carried out either analyzing for all products except 
acetaldehyde and ether, or analyzing only for 
butane, ether, acetaldehyde and alcohol produc­
tion. Two figures in column 1 indicate that dupli­
cate runs were carried out analyzing for all products 
as described under Experimental. 

Primary Steps.—These primary steps have been 
suggested previously3 to explain the results 

C2H6COOC2H6 + hv > C2H5 - CO + C2II5O ( la) 

C2H5COOC2H6 + hv — > • 2C2H5 + CO2 ( lb) 

T h e f o r m a t i o n of r e a c t i o n p r o d u c t s s u c h as C O , 
CO 2 , C 2 H 5 O H , C 2 H 5 O C 2 H 5 , C 2 H 6 , C 2 H 4 a n d C 4H 1 0 

p r e s e n t s sufficient e v i d e n c e for t h e o c c u r r e n c e of 
t h e s e s t e p s . N o f u r t h e r d i scuss ion of s t e p s l a 
a n d l b s eems the re fore w a r r a n t e d , e x c e p t t o n o t e 
t h a t t h e r a t i o Rco'Rco, = 3.4 ± 0.2 in t h e t e m p e r ­
a t u r e r a n g e 29 to 114° . T h i s v a l u e is in r e a s o n ­
ab le a g r e e m e n t w i t h t h e p r e v i o u s e s t i m a t e of 
Rco/Rco, = 3.8 ± 0 .3 . 3 T h e fac t t h a t a t 15° 
t h e r a t i o Rco/Rco2 is c o n s i d e r a b l y sma l l e r t h a n 3.4 
m a y b e t a k e n as e v i d e n c e t h a t t h e f o r m a t i o n of C O 
b y s t e p l a o c c u r s t h r o u g h t h e C 2 H 5 C O rad i ca l as 
i n t e r m e d i a t e . R e s u l t s o b t a i n e d in t h e p h o t o l y s i s 
of d i e t h y l k e t o n e 4 i n d i c a t e t h a t a t 15° t h e C 2 H 5 C O 
rad ica l m a y b e s t a b l e e n o u g h t o r e a c t w i t h o t h e r 
r ad ica l s f o r m i n g C O c o n t a i n i n g c o m p o u n d s s u c h 

(3) M. H. J. Wijnen, T H I S JOURNAL, 80, 2391 (1958). 
(!) K. O. Kutschke. M. II J. Wijnen and IC. W. R. Steacie, ibid., 

74, 711 (1952). 
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TABLE I 

PHOTOLYSIS OF ETHYL PROPIONATE" 

Rate of formation of reaction products in molec./(sec. cc.) X 10~12 

R u n 
no. 

29 
30 
31-32 
33 
34 
35 
36 
37 
38-39 

1-2 
3-4 
5 
6-7 
8-9 

10-11 
12 
13 

28 

18 
19 
20 
21 
22 
23 

14 
15 
16 
17 

24 
25 
26 
27 

io- '1 

[ E P ] 
m o l e c / 

35 
77 
32 
06 
06 
24 
37 
50 
18 

3.36 
9.20 
3.52 
3.56 
9.74 
6.50 
9.10 
9.30 
8.45EP 
0.07I2 

8.80 
8.82 
8.58 
8.50 
5.86 
5.86 

5.15 
2.70 
7.22 
5.10 

6.55 
6.37 
4.22 
6.37 

co 

n.d. 
n.d. 
0.94 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

11.20 

0.75 
1.38 
n.d. 
2.64 
4.99 
4.55 
n.d. 
1.49 

6.32 

n.d. 
3.52 
n.d. 
3.16 
n.d. 
2.30 

3.00 
1.61 
3.55 
0.93 

2.62 
2.66 
2.06 
0.97 

CO2 

n.d. 
n.d. 
0.40 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
4.43 

0.21 
0.42 
n.d. 
0.80 
1.54 
1.37 
n.d. 
0.45 

4.82 

n.d. 
0.92 
n.d. 
0.87 
n.d. 
0.69 

0.84 
.46 
.97 
.33 

C H 4 

n.d. 
n.d. 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

0.03 
0.02 
n.d. 
0.11 

.07 

.07 
n.d. 
0.03 

n.d. 
0.02 
n.d. 
0.13 
n.d. 
0.09 

0.51 
.26 
.48 
.16 

C 2 H. 

n.d. 
n.d. 
0.13 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
2.14 

0.23 
0.24 
n.d. 
0.69 

.80 

.83 
n.d. 
0.21 

Trace 

C 2H 4 

Temp, 
n.d. 
n.d. 
0.40 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
3.53 

Temp. 
0.24 
0.40 
n.d. 
0.89 
1.52 
1.50 
n.d. 
0.43 

3.31 

15° 

C J H 8 

3 

n.d. 
n.d. 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

C 2 HsOH C 2 HiOC 2 Hs C H 3 C H O C 1 H u O i 

29° 

0.06 
0.08 
n.d. 
0.12 

.20 

.31 
n.d. 
0.07 

0 / 
.87 
.78 
28 

.56 

.45 

.05 

° Open spaces indicate 
to allow its determination 

n.d. 
0.76 
n.d. 
0.69 
n.d. 
0.48 

0.98 
0.53 
1.04 
0.30 

1.59 
1.64 
1.14 
0.71 

Temp. 63.5° 
n.d. 
0.91 
n.d. 
0.85 
n.d. 
0.71 

Temp 

0.81 
.54 
.94 
.28 

Temp. 195 

114° 

n.d. 
0.27 
n.d. 
0.24 
n.d. 
0.22 

0.69 
.33 
.75 
.20 

0.75 

.21 

0.35 
.42 
.36 
.06 . i IS U. 0 0 U. Yl .Xl .UB 

that under the given conditions this compound 
by gas chromatography; n.d. indicates that no analysis 

3.92 
1.32 
0.36 
1.54 
0.23 

.10 

.24 

.07 
3.34 

0.22 
.49 
.17 
.73 

1.80 
1.49 
0.69 
0.70 

1.12 
0.96 

.83 

.93 

.73 

.76 

0.61 
0.38 
1.00 
0.23 

0.43 
.38 
.27 
.10 

was not 

9.64 
4.02 
0.80 
4.38 
0.52 

.21 

.44 

.17 
10.41 

0.55 
1.37 
0.48 
2.04 

86 
49 

.47 

.43 

4.28 

2.75 
2.12 
1.88 
2.22 
1 .88 
1.64 

0.85 
0.32 
1.45 
0.27 

0.36 
.31 
.19 
.09 

1.45 
0.48 

.043 

.51 

.022 

.006 

.029 

.007 
1.36 

0.019 
.030 
.015 
.120 
.177 
.160 
.037 
.033 

0.045 
n.d. 
0.024 
n.d. 
0.033 
n.d. 

2.09 
0.64 

.046 

.52 

.007 

.035 
? 

1.61 

0.025 
.047 
.020 
.160 
.181 
.201 
.049 
.043 

1.741 

n.d. 
n.d. 
n.d. 
n.d. 

0.09 
0.20 
n.d. 
0.32 
0.72 
n.d. 
n.d. 
0.24 

n.d. 0.080 
n.d. 0.51 
0.061 n.d. 
n.d. 0.64 
0.057 .43 
n.d. .41 

0.50 
.14 
.51 
.16 

n.d. 
0.47 

.34 

.13 
formed or formed in too small amounts 
was carried out for the given compound. 

as C2H5COC2H5. Such reactions would reduce 
the ratio Rco/Rco2 as observed. 

A third primary step, occurring in the photolysis 
of esters, has been suggested by Ausloos5 

C2H5COOC2H5 + hv >• C2H5COOH + C2H4 (Ic) 

Previous3 and present attempts to confirm step 
Ic by identifying C2H5COOH as a reaction prod­
uct have failed. This may be due, however, to 
the fact that C2H5COOH is absorbed easily on 
the walls of the vacuum system. Confirmation 
of ethylene formation via a molecular rearrange­
ment reaction is given by run No. 28 (at 29°), 
where ethyl propionate was photolysed in the 
presence of iodine. In this experiment a con­
siderable amount of ethylene was produced while 
methane, ethane, propane and butane were not 

(5) P . Ausloos, Can. J. Chem., 36 , 383 (1958). 

observed. Analysis of the liquid products showed 
that ethyl and methyl radicals had formed iodides, 
the ratio C2H5VCHaI being in the order of 13/1. 
It is also interesting to point out that the ratio 
Rco/RcOz < < 3.4 in this experiment. Reduction 
of the rate of CO formation may be caused by the 
reaction 

C2H5CO + I2 — > C2H5COI + I 

The formation of ethanoyl iodide has been suggested 
previously6 to explain the decreased rate in CO for­
mation when acetone is photolyzed in the presence 
of iodine. 

Accepting that the rate of CO2 formation is not 
changed by the presence of iodine the relative 
importance of steps la, lb and Ic at 29° has been 
calculated. These calculations indicate that steps 

(6) E . Gor in , Acta Physicochim, U.R.S.S., 8, 513 (1938) ; J. Chem. 
Phys.. 7, 256 (1939). 
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la, l b and Ic account for, respectively, 67.5, 19.3 
and 13.2% of the total primary process. I t is, 
however, extremely likely tha t the relative im­
portance of steps la , l b and Ic will vary with wave 
length as observed by Ausloos" and possibly even 
with temperature. 

Reaction Mechanism.—The reaction mechanism 
shown has been suggested previously3 to explain 
the results obtained 

2C2H5 »- C4H1,, (2) 
2C2H5 > C2H6 + C2H4 (3) 

C2H5 + C2H5O > C2H5OC2H5 (4) 
C2H5 + C2H5O > C2K6 + CH3CHO (5) 
C2H5 - C2H5O >• C2H4 + C2H5OH (6) 

2C2H5O ^C2H5OOC2H5 (7) 
2C2H5O >- C2H5OH + CH3CHO (S) 

C2H5O >• CH3 4- CH2O (9) 
C2H5O >• CH..CHO + H (10) 

2CIl5 J-C2H6 (11) 
CH3 + C2H5 s- C3H, (12) 

CH3 + C2K5 > CH4 + C2H4 (13 i 
CK3 + C2Ii5COOC2H5 >• CK1 + C5H4O2 (14) 
C2H5 + C2H5COOC2Fr5 > C2H6 + C5H11O2 (15) 

C2H5O - C2H5COGC2K5 > 
C2HZ-1H + C5H9O2 (16) 

H + C2H5COOC2H5 > K2 4- C5H11O2 (17) 

R + C5H9O2 >• RC5H9O2 (18) 

R + C5H9O2 >• RH 4- C5H8O2 (H).) 

R + C5H9O2 >• R ' H + C2H5CDOC2K5 (20) 

Previous experiments3 indicated tha t no hy­
drogen is produced when ethyl propionate is photo-
lyzed below 150°. Since we were interested mainly 
in the low temperature region we have not carried 
out any analysis for this compound. I t is quite 
likely, however, t ha t small amounts of hydrogen 
were produced a t 195°. Present analysis by gas 
chromatography confirmed earlier results by mass 
spectrometer analysis regarding the absence of 
diethyl peroxide as a reaction product. Not 
included in the reaction mechanism are the pos­
sible recombination and disproportionation re­
actions of methyl and ethoxy radicals. Since 
methyl radicals are produced only by thermal de­
composition of the ethoxy radical (reaction 9), 
their concentration is extremely low a t low tem­
peratures where recombination and disproportiona­
tion reactions are favored. A rough estimate of 
the amount of methyl ethyl ether formed may be 
obtained from -RcH1OC2Hs — -Rc2H5Oc2H. X -Rc1H5/ 
-Rc4H13- Such calculations indicate t ha t the amount 
of methyl ethyl ether formed is in the order of 10% 
of the amount of ethyl ether formed. Only in 
experiments with large conversions (not reported 
here) was it possible to show the presence of methyl 
ethyl ether as a reaction product. 

Reactions 14 to 17 represent the hydrogen ab­
straction reactions from ethyl propionate by the 
various radicals produced in the system. The 
radicals formed by these abstraction reactions are 
given as CeH9O2 rather than expressing an opinion 
whether the abstraction occurs a t the propionyl 
or ethoxy group of the ester molecule. 

Reactions IS, 19 and 20 represent possible re­
combination and disproportionation reactions be­
tween the C6H9O2 radical and various other radicals 
present in the system. In the case of ethyl radi­
cals these reactions are 

C2H5 + C5H9O2 > C7H11O2 (ISa) 
C2H5 + C5H9O2 >• C2H6 4- C5H3O2 (19a) 

C2H5 4- C5H3O2 >• C2H4 + C2H5COOC2H5 (2Oa) 

The formation of CvH14O2 has been observed as 
discussed under Experimental. Evidence will be 
presented regarding reactions 19a and 20a. We 
have not observed the addition product of methyl 
radicals to C6H9O2. We feel tha t the failure to 
observe C6H12O2 is due first to its small quantities 
formed (the concentration of methyl radicals is 
considerably lower than the ethyl radical concen­
tration) and secondly to possible masking of its 
peak by tailing effect of the excess of undecom­
posed ethyl propionate during the gas chroma­
tography analysis. In the forthcoming discussion 
of the reaction mechanism we will neglect the 
reactions of ethoxy radicals with C5H9O2 radicals, 
since alcohol and acetaldehyde productions by 
reactions such as 19 and 20 are negligible 
compared to alcohol and acetaldehyde forma­
tion by other reactions. As will be shown 
later, a t 29° and higher, ethoxy radicals react 
extremely rapidly to form ethyl alcohol via re­
action 16. The fraction of ethoxy radicals taking 
par t in recombination and disproportionation re­
actions a t these temperatures is therefore extremely 
small as may be seen from the small amount of 
ethyl ether. On the other hand, the results show 
tha t a t 15° very little hydrogen abstraction from 
ethyl propionate occurred thus reducing the con­
centration of the C6H9O2 radical to such an extent 
tha t even the addition product of C2H6 and CsH9O2 

radicals could hardly be observed. 
Previous investigations have shown tha t no 

hydrogen is produced in the photolysis of ethyl 
propionate below 150° indicating tha t a t these 
temperatures reaction 10 (thermal decomposition 
of the ethoxy radical into CHsCHO and H atoms) 
does not occur to any appreciable extent. At 15 
and 29°, acetaldehyde will thus be produced mainly 
by reactions 5 and 8 and equation (I) may be 
derived 

-^C4Hio-RcH3CHO _ £ 5 °CjHio k^k-1 , r -j 

^CsHiOC3Hi2 ki ^C2HiOC2H5 &-12 

Equation I is plotted in Fig. 1 for the tempera-
ki 

tures 15 and 29° and establishes a value of r = 
Ri 

1.3 ± 0.2, within experimental error, independent 
of temperature. Figure 1 also shows tha t the 

k$k2 maximum value of -j-~ is not likely to exceed 2.5. 
K4" 

According to the proposed reaction mechanism 
ethylene is produced by primary step Ic and re­
actions 3, 6, 13 and 20a. -Rc1H4 (3) (rate of ethyl­
ene production by reaction 3 only) = 0.12 -Rc4HiO-7,8 

-Rc2H1 U3) = ° ' 0 6 ^c3H8 .910 By subtracting from 
(7) P . Ausloos and E. W. R. Steacie , Can. J. Chem., 32 , 593 (1954). 
18) H . Cer fon ta ine and K. D. K u t s c h k e , ibid., 36, 344 (1958). 
iS) P . Ausloos and E . W. R. Steacie , ibid., 33 , 1002 (1955). 
(10) C. A. Hel ler , J. Chem. Phys., 28 , 1255 (1958). 
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Fig. 1.—Plot of .RCtHiO-RcH3CW-R2C2H5OC2H5 versus Rc1H10/ 
-Rc2H5OC2H5 at 15 and at 29°. Open circles represent data ob­
tained at 15°, closed circles at 29°. 

'O" R C O / R C , H 5 O C , H ; 

Fig . 2 . — P l o t of i?c2Hi( I c + 6 V-Rc2H6OC2H5 versus -Rco/ 

-RC2H5OC2H6 a t 2 9 ° . 

the total amount of ethylene produced the fractions 
originating from reactions 13 and 3, it is possible 
to calculate the fraction of ethylene produced by 
reactions Ic, 6 and 20a. Later results will show 
tha t the amount of ethylene produced by reaction 
20a is only in the order of about 5% of the total 
amount of ethylene produced by reactions Ic, 6 
and 20a. Neglecting temporarily reaction 20 
equation (II) may be derived 

RWi (Ic + 6 ) ke , Rco 
-Rc2Hb0C2Hi 

kj 1 

ki -Rc2HsOCsHs 

( I I ) 

In this equation a indicates the ratio of the rate of 
C2H4 formation by step Ic over the rate of CO pro­
duced by step la . According to our iodine experi­
ment a = 0.2. Equation I I is plotted in Fig. 2 
for the data obtained a t 29° and confirms the value 
of a = 0.2. From the intercept in Fig. 2 we 
obtain ki/ki = 2. I t may be mentioned here that , 
if corrections are made for reaction 20a, a is re-

duced to 0.18 and -=- increases to 2.3. Accepting 

therefore 7- = 
k\ 

2.3 ± 0.3 and accepting tha t this 

value is independent of temperature, as usually is 
observed for reactions of this type, it is possible to 
derive the equation 

( -RciH 5 OH-2,3 -Rc2HsOC2Hs) Rc4HlO _ 

k,k2 , klek2'A - R C 4 H I O V = J E P I 

-RC2H5OC2H5 

+ ( I I I ) 
ki2 ki -Rc2H»OC2Hs 

The data are plotted in Fig. 3 according to equation 
I I I for the temperatures 15 and 29°. From Fig. 3 

w e o b t a i n ^ - 2 = 18 X 1 0 - 1 2 a t l 5 ° a n d 3 2 X 10"1 2 

at 20° in molec. '^/Oec.1^ cc.1^). The intercepts, 

RC,HI0LEPJ / R C2H5OC2H5' 

F i g . 3 . P l o t of (Rc 2 H 5 OH -2.3-Rc 2 H5()C 2 H 5 )RciHio/-R 2 C2H 5 OC 2 H 5 

versus K C ^ I 1 0 [ E P ] A R C 2 H J U C 2 H 5 a t 15 a n d 2 9 ° . 

'0" ! [EP] / R ' c V 
Fig. 4 .—Plo t of (.Rc2H5OH - - R C H 3 C H O V - R C 2 H 5 C C 2 H 5 versus 

[EP] /R'clnw a t 1 5 a n d at 29°. The origin for the line at 29° 

has been displaced upward by one ordinate scale unit. 

if present at all, are not large enough to allow us to 
b b 

draw any conclusions regarding - ^ - from Fig. 3. 

From equation I we obtained -7-7 $ 2.o. Con­

sidering the extremely small amounts of diethyl 
ether formed at 63.5°, it is obvious tha t the amount 
of alcohol produced via reaction 8 will be extremely 
minute a t this temperature. Neglecting there­
fore reaction 8 as contributing to any appreciable 
extent in the alcohol production a t 63.5° equation 
I I I may be simplified to 

(Rc 2 H-OH-2 .3 Kc2HsOC2Hs) -RciHia'''2 _ kijk^/l 

Sc2HiOC2H5 [ E P ] ~ k4 

knki''2 

Thus we obtain —.^— = 77 ± 4 X 10~12 melee.1"'2/ 
«4 

(sec.I/!cc.'/V) at 63.5°. Information regarding 

—r-̂ — may be obtained from the equation 

Kc2HsOH — -RcHaCHO _ #6 — kb k]f}kn}h [ E P l 

Rc Rc4HlO 

Equation IV is plotted in Fig. 4 for the tempera­

tures 15 and 29°. We obtain h^ll! = 17 x 10"12 

ki 
at 15 and 31 X 10"12 at 29° in molec AV(SeC.1^ 
CC.1''"-). These data are in excellent agree­
ment with those obtained from equation I I I . 
The intercepts in Fig. 4 are. not pronounced 
enough to allow an accurate estimate of ——-—-

kt 
They are, however, of the same order of magnitude 

kf, ks 
as expected from data obtained for — and — via 

ki ki 
equations I and I I . 
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Fig. 5.—Plot of Kc2H1(Ic + 20a)/KC2H6(19a) versus J W 
.R(W 19a) at 29°. 

Little attention has been given so far to the 
amounts of ethane and ethylene produced. Ac­
cording to the reaction mechanism -Kc2H6 (total) 
= -Kc2H6 (3) + Re*. (5) + Ram (H) + -Kc2H6 

(15) + -Kc2Hs (19a), where -Kc2H6 (X) is the ra te of 
ethane production by reaction x only. .Kc2H6 

(3) =_0.12i?ClHl,.
7 '» Rem, ( H ) = 0.29i?C!H8

2/ 
IZC1HK-9 n By subtracting from the total amount 
of ethane produced the fractions originating 
from reactions 3 and 11, it is possible to calculate 
the fraction of ethane formed by reactions 5, 
15 and 19a. Since ku/k2

1/' previously has been 
determined over a wide range of temperature,3 

it is also possible to calculate -Kc2H6 (is)- Such cal­
culations indicate tha t a t 29 and 15°, i?c2H„ us) 
contributes less than 2 % of the amount of ethane 
produced by reactions 5 and 19a. Reaction 15 
may thus be neglected a t these temperatures. 

In Table I I we compare the values calculated 
for -Kc2H1 (5 + 19a) with those obtained for -KC H 3CHO-
The results discussed earlier indicated tha t a t low 
temperatures acetaldehyde is almost exclusively 
produced by reaction 5. I t is thus obvious tha t 
if reaction 19a occurs -Kc2H6 (5 + 19a) > J^CH3CHO-
This is indeed observed as seen in Table I. I t is 
also interesting to point out tha t .Kc2H6 o + ig a)/ 
-KCHSCHO increases from 15 to 29°. This is ex­
pected since hydrogen abstraction reactions (pro­
ducing the C6H9O2 radical required for reaction 
19a) increase with increasing temperature. Simi­
larly the addition product of ethyl radicals to the 
C6HgO2 radical was observed clearly a t 29°, 
while a t 15° this product was too small to be esti­
mated. I t also follows from the previous deriva­
tions tha t -Kc2IIs (l()a) = -Kc2Hc (19a + 5) ~ -KcHjCHO-

The amount of ethylene produced during the 
reaction is given by -Kc2H1 (total) = -Kc2H1 (ic) + 
-Kc2Hi (3) + -Kc2H1 (B) + -Kc2H1 (13) + -Kc2H1 (20a) 

-Kc2H1 (3) = 0.12-RcW'8; J?C,H. (13) = 0.06-KoH,.9 

The foregoing discussion has shown tha t .Kc2H1 (o) is 
in the order of about 2.5 the amount of diethyl 
ether formed a t 29° and is thus very small. Neg­
lecting therefore ethylene production by reaction 6 
we may derive the equation 

-"-C2II1 (Io + 50a) *KCG 

^ C 2 I I o (IBu) Hc, 
(V) 

liquation V is plotted in Fig. 5 for the data at 29°. 
In spite of the rather complex way by which we 
had to calculate -Kc2H4 (ic + 20a) and i?c2n6 (ioa) 
the data agree well with equation V. The value 
obtained from Fig. 5 for a = 0.19 is in good agree-

(11) -M. H . J. Wi jnen , / . Chan. I'hys., 32, 1«31 (1954). 

TABLE II 

COMPARISON OF ETHANE PRODUCTION BY REACTIONS 5 AND 
19a WITH PRODUCTION OF ACETALDEHYDE 

R u n no. 1O10Kc2H6 (o + 19a) 1010RcH3CHO 

Temp. 15° 
31-32 8.6 4.6 
38-39 17.4 16.1 

Temp. 29° 
1-2 19.9 2.5 
3-4 17.7 4.7 
5-6 59.7 16.0 
8-9 57.8 18.1 

10-11 63.2 20.1 
13 14.6 4.3 

ment with the value obtained from the iodine 
experiment (a = 0.2) and from equation I I (a = 
0.2). The small intercept observed in Fig. 5 
indicates tha t reaction 19a is considerably more 
important than reaction 20a. 

Da ta obtained for ratios of ra te constants are 
summarized in Table I I I . 

Material Balance.—Since CO and C2H6O are 
both produced by primary step l a only, it is evident 
tha t -KCO/-KC2HSO should be equal to unity. In the 
above expression i?c2Hso indicates the rate of pro­
duction of C2H6O radicals and is given by .Kc2HtO = 
-Kc2H6OH + -KCHJCHO + -Kc2H6OC2H6 + i?CH6, where 
-KCHS is a measure for the amount of ethoxy radicals 
decomposed via reaction 9. The rate of methyl 
radical production is given by Rem = -KcH1 + 
-Kc6H8 + 2.Kc2HeUi) + -Kc6Hi2O2- The rates of meth­
ane and propane production are measured directly. 
As pointed out earlier -Kc2H6 uu may be calculated 
from the amounts of propane and butane formed. 
We have not observed the addition product of 
methyl radicals to the radical Ri (reaction 18). 
The fact tha t the addition product of an ethyl 
radical to Rj has been observed leaves however 
no doubt tha t such a reaction occurs. For the 
present material balance calculations, we have 
neglected the amount of methyl radicals disap­
pearing to form CeHi2O2. .Kc6Hi2O2 is only a frac­
tion of Rem, which in its turn is only a small frac­
tion of the total amount of ethoxy radicals pro­
duced. Neglecting to account for .Kc6Hi2O2 should 
therefore not upset the material balance calcula­
tions for -KcO1AKc2HsO to any appreciable extent. 
Calculations carried out for the runs at 29° indi­
cate -Kco/'-Kc.HsO = 1.0 ± 0.1 as expected from 
primary step la . As an over-all result of the three 

primary steps the ratio ^ -—f,—' should be 
-Kc2Hi — M c o 

equal to unity. -Kc2H6 is the rate of ethyl radicals 
production and is given by .Kc2Hj = Rem, ( H ) + 
-Kc2H1 + -Kc3Hs + -Kc 1 Hi 1 1 + -Kc2HsOC2Hs + -Kc7HuO2-
The total amount of ethyl radicals produced should 
be reduced by a-Kco ( = 0.2 Rco at 29°) to compen­
sate for the ethylene produced by step Ic. At 

29° we obtained J ^ 0 + JJ\-~- = 0.98 ± 0.04 in 
-Kc2Hs ~" 0.2A.CO 

good agreement with the expected value of unity. 
Discussion 

A. Recombination and Disproportionation Re­
actions.—The recombination and disproportiona-
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Temp. ' 
15 
19 
63.5 

114 
195 

TABLE III 

RATIO OF RATB CONSTANTS 
fo/k, kt/h, kikt/kS WkuktV'/la km/hu 

1.3 ± 0.2 <2.5 17.5 ± 1.0 
1.3 ± 0 . 2 2.3 ± 0 . 3 <2.5 31.0 ± 1 . 0 ~ 0 . 1 

77 ± 4 . 0 

tion reactions involving ethoxy radicals proposed 
in our reaction mechanism were 

C2H6 + C2H6O • 
C2H5 + C2H6O —• 
C2H6 + C2H6O — 

2C2H6O — > 
2C2H6O • 

—>- C2H6OC2H5 

- C2H6 + CH3CHO 
> C2H4 + C2H6OH 
C2H5OOC2H5 

(4) 
(5) 
(6) 
(7) 
(8) C2H5OH + CH3CHO 

From the data discussed in the previous section 
we obtained kjki = 1.3 ± 0.2 and k6/fa = 2.3 ± 
0.3. The results thus indicate t ha t disproportiona-
tion reactions between ethoxy and ethyl radicals 
are more important than their recombination re­
action. No other data are available in the litera­
ture for a direct comparison. These data are how­
ever similar to those reported regarding reactions 
21 and 22. 

CH3 + CD3O >• CH3D + CD2O (21) 
CH3 + CD3O — > CD3OCH3 (22) 

Here a value of k2i/k22 = 1 . 4 has been reported,12 

also indicating tha t the disproportionation reaction 
is more important than the recombination reaction. 
Da ta obtained for kt/kt a t 15 and 29° are within 
experimental error identical, indicating an acti­
vation energy of zero kcal. for reaction 5. Simi­
larly a zero activation energy for reaction 21 has 
been reported.12 

The value obtained for ks/ki is somewhat more 
doubtful since it was obtained from intercept 
measurements. There seems to be little doubt 
however tha t ethyl alcohol and ethylene are the 
main products resulting from the reaction of ethyl 
and ethoxy radicals. 

A maximum value of 2.5 was obtained for the 
ratio k$k2/ki2. This value allows us to calculate 
the maximum amount of ethyl alcohol produced 
by disproportionation of two ethoxy radicals. 
Such calculations indicate tha t under the present 
conditions alcohol and acetaldehyde formation 
via reaction S is very small indeed at temperatures 
of 29° and higher. 

Concerning reactions 19a and 20a 
C2H5 + C5H9O2 > C2H6 + C5HaO2 (19a) 

C2H5 + C6H11O2 > C2H4 + C2H6COOC2H5 (20a) 

the results indicate tha t reaction 19a is consider­
ably more important than reaction 20a and as an 
approximate figure &19/&20 = 10 may be accepted. 
Unfortunately we were not able to obtain accurate 
figures for the amount of C7H14O2 produced so tha t 
it is not possible to relate the disproportionation 
of ethyl and C5H9O2 radicals to their recombination 
reaction. 

B. Abstraction and Thermal Decomposition 
Reactions.—The hydrogen abstraction reaction 
from ethyl propionate by ethoxy radicals has been 

(12) M . H . J. Wi jnen , J'. Chem. Soc, 28 , 271 (1958). 

10«*16/&9 

130 ± 2 0 . 0 
59 ± 6.0 
11.0 ± 3.0 
2.1 ± 0.2 

25 ± 4 . 0 

related to recombination reactions of ethyl and 
ethoxy radicals to form diethyl ether and butane 

by the obtained ratio of ra te constants —7-1—. 

Data for obtained a t 15, 29 and 63.5° are 

given in Table I I I . In Fig. 6 we plotted log 
&16&21/! 

—T— against 1/T. From Fig. 6 we obtain Ei6 + 
1Z2E2 - E 4 - 5 . 5 k c a l . AcceptingE2 = Ei = Okcal., 
the resul'.s indicate tha t the abstraction of a hy­
drogen a torn from ethyl propionate requires an 
activatioi energy of about 5.5 kcal. No other 
direct de erminations are available for this acti­
vation en :rgy. This value is comparable however 
to the ac ivation energy of about 5 kcal. for the 
abstractic 1 of a hydrogen atom from methyl ace­
tate1 2 by . tiethoxy radicals and adds further proof 
tha t alkos y radicals are considerably more reactive 
than the corresponding alkyl radicals. 

2.5 3.0 3.5 
103X 1/T-

Fig. 6.—Plot of 18 + log k16/ks and of 12 + log k16k2
l/2/kt 

versus 103 X 1/T. 

So far we have not discussed the thermal decom­
position reaction of the ethoxy radical into CH3 

and CH2O. Since we have not analyzed for form­
aldehyde, information regarding this reaction has 
to be obtained from the rate of methyl radicals 
production by reaction 9. Equations (VI) and (VII) 
may be derived from the reaction mechanism. 

^ C H 3 ^ C fcafeoVs 

•RC2HSOC2H; 

-RcsHiOH (16: 

ki 
(VI) 

(V I I ) 
/̂ CHa [ E P ] k, 

I n e q u a t i o n s V I a n d V I I i?CH s = i?cH4 + 2.Rc1H6 (ii) 
+ -Rc3H8 + ^CoH12O2- I n a n a l o g y to r e a c t i o n 18a, 
C 6 Hi 2 O 2 is p r o d u c e d b y 

CH3 + C6H9O2 >• C6H12O2 (18b) 

Since we did not determine C6H12O2, we have cal-
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culated -Kc6H12O2 from the equation 

_ fro'/ifc1Sb R c 2 H s 1 Z - ( I l ) „ 
-KCeHi2O2 - T - T T T S T T " - K C T H U O 2 

«11 / 2 « l , a K c 4 H i O • -

assuming fe'^isb/^n'^isa = 1. Data obtained for 
6H12O2 by this calculation are admittedly ex­

tremely rough. The final result for Rem will, 
however, be considerably more accurate since 
^c6Hi2O2 does not contribute more than 20% of the 
total value of i?cHi-

Da ta obtained via equation VI indicate kik^'^/ki 
= 25 ± 4 X 105 molec.1/«/(sec.'-/i c c > ) a t 29°. 
Da ta calculated for k^/kg are given in Table I I I . 
In Fig. 6 log &J6/&9 is plotted against l/T. Al­
though the data in this plot show considerable 
scatter, they leave little doubt tha t E 9 — E j 6 = 
7.5 ± 1 kcal. Accepting, as determined earlier, 
Ei6 = 5.5 kcal., an activation energy of about 13 
kcal. is obtained for the thermal decomposition 
reaction of the ethoxy radical into methyl radicals 
and formaldehyde. 

I t is interesting to compare the activation energy 
of reaction 9 with the value obtained for reaction 
23. 

A complete X-ray analysis of the structure of 
polyethylene glycol has not yet been reported. 
The dimensions of the unit cell12 show tha t the 
chain has a crooked configuration. From infrared 
absorption studies, Davison3 has proposed a helical 
structure in which OCH2CH2O groups exist only in 
the gauche configuration. His conclusion is pri 
marily based on the analogies between the spectra of 
the polymer and gauche 1,2-dichloroethane. The 
positions of two CH2 rocking vibrations of poly­
ethylene glycol, 960 (doublet) and 844 cm. - 1 , were 
in better agreement w7ith those of the gauche di-
chloroethane than those of the trans. 

In several esters of ethylene glycol, however, 
CH2 rocking frequencies are different from those of 
dichloroethane. Table I lists the frequencies in 
some of the esters previously investigated.4 6 In 
these esters, the CH 2 rocking frequency of a trans 
OCH2CH2O group has been assigned to bands a t 
about 850 cm.""1. This is supported by the fact 
tha t a similar band in polyethylene terephthalate 
(S48 cm. - 1 ) intensifies as the polymer crystallizes. 
It has been shown by X-ray diffraction studies6 

(1) E. Sauter, Z. physik. Chem., B21, 161 (1933). 
(2) E. R. Walter and F. P. Reding, Abstracts of the 133rd Meeting 

of the American Chemical Society, San Francisco, April, 1958. 
(3) W. H. T. Davison, / . Chan. Soc, 3270 (1955). 
(4) A. Miyake, J. Polymer 6Vi., 38, 479 (1959). 
(5) A. Miyake, Bull. Chem. Soc. Japan, 30, 301 (1957), 

(CH3J3CO —=»- CH3COCH3 + CH3 (23) 
Recent data for the activation energy of reaction 
23 are E23 = 11 ± 2 kcal.,13 '14 E23 = 9 ± 2 kcal.1-"' 
and E 2 3 = 13.2 ± 2.4 kcal.16 

Values for the dissociation energy of the C2H5O 
radical into CH3 and CH2O and of the /-butoxy 
radical into CH3 and CH 3 COCH 3 have been calcu­
lated by Luft17 as 7.5 and 6.6 kcal., respectively. 
From these values it might be expected tha t E 9 

and Ei6 would not differ to any appreciable extent. 
Our value of about 13 kcal. for E 9 is thus in good 
agreement with data obtained for the activation 
energy of reaction 23. 
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t ha t the OCH2CH2O group in the crystalline par t of 
this polyester exists in a trans configuration. Two 
bands a t about 900 c m . - 1 assigned to the gauche 
CH2 rocking frequencies (A and B), weaken as the 
band mentioned above intensifies, indicating that 
these two arise from a different isomeric configura­
tion.4 

TABLE I0 

CH2 ROCKING FREQUENCIES IN CM, -1 OF ETHYLENE 

GLYCOL ESTERS 
Compound B^ A B A11 Ref, 

C6H5COOCH2CH,-
0OCC6H5(SoIn.) 900 884 847 4 

CH3C6H4COOCHOCH..-
0OCC6H4CH3 (crvst.) 899 884 853 4 

[OCC6H4COOCHO-
CK20]3(crvst.) 904 891 4 

HOCH2CH2OOCC6H4-
COOCH2CH2OH (a-form) 909 897 870 8(51 5 
° Symmetry species are those for point groups C2i, (Bg and 

\„:trans) and C2 (A and B : gauche). 

Thus the assignments given in Table I are be­
lieved to be well established In comparing these 
frequencies with the known CH2 rocking frequencies 
of other 1,2-disubstituted ethanes (Table I I ) , 
a t least two important differences are apparent. 
The first is t ha t the Au type vibration occurs near 

(6) R. Daubney, C, Bunii and C. Brown, Proc. Roy. Soc. (London), 
A226, 531 (1954). 
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Ethylene glycol, its esters and its ethers always show two absorption bands about 20 cm, "l apart in the range 950-850 
cm.-1. These two bands are assigned to the CH2 rocking vibrations of a gauche OCH2CH2O group. The CH2 rocking 
vibration of a trans OCH2CH2O group appears in the range 850-800 cm.-1. From these assignments, it has been concluded 
that the OCH2CH2O groups in polyethylene glycol exist in two forms, trans and gauche. 


