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Reactions of Alkoxy Radicals.

II.

Photolysis of Ethyl Propionate
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The photolysis of ethyl propionate has been investigated over the temperature range 30 to 345° at different light intensities

and initial pressures.
CHaCHO and C2H50C2H5.

As main reaction products were observed: CO, CO,, CH,, C.H;, C;H,, C;Hs, C;Hio, CH20, C;H;OH,
These primary steps are suggested to occur in the photolysis of ethyl propionate:
C2H5COOC2H5 + hy —> CgHa + CcO + CgHsO
—_—> 2C2H5 + C02

(1a)
(1b)

Several main reactions, involving ethoxy radicals, take place subsequently

CH,0 + CiH; —» C:H;0C,H; (4)
—_— C2H6 + CH3CHO (5)
—> CH, + GH:0H  (6)

An activation energy difference of about 7 kecal. has been established for Egs — Ej;.

CgHsO —_—> CH3 -+ CHQO (8)
C.H;0 + C,H;CO,C.H; — C,H;0H + CH,CO, (15)

Activation energies of, respectively, 8.2

and 9.8 keal., were determined for the abstraction of a hydrogen atom from ethyl propionate by methyl and ethyl radicals.

Introduction

Little quantitative information on alkoxy radi-
cals is available in the literature, although they are
generally believed to play an important role in
many combustion processes.

In a recent study! at this Laboratory, methoxy
radicals were produced by photolysis of methyl
acetate. Since methoxy radicals were thus ob-
tained in a relatively simple system, it was possible
to obtain considerable information regarding their
reactivity.

This study has been extended, therefore, to the
photolysis of ethyl propionate, where ethoxy radi-
cals are produced by the main primary step.

Experimental

The apparatus has been described previously.? A. Hano-
via S-500 medium pressure mercury arc was used as light
source. Asa rule the light of the $-500 arc was not filtered.
Some runs were carried out using Corning filter No. 9-54
(transmitting above 2200 A.). No difference, other than the
difference due to increased light intensity, was observed
when using filtered or non-filtered light. The light inten-
sity was varied by inserting wire gauze screens between re-
action cell and arc.

The reaction products and the excess ethyl propionatc
were cooled down to —150°. The products volatile at this
temperature were pumped off by Toepler pump and their
total volume was measured. This fraction was then ana-
lyzed by mass spectrometer, and quantitative measurements
were obtained for these several components: H;, CO, CO,,
CH,, CoH;, C:H; and C;Hg. In addition, some C,Hiy was
present. Theresidual butane and the ethanol, acetaldehyde,
ethyl ether and excess ethyl propionate were determined
by direct mass spectrometric analysis of the residue.

No accurate analysis could be obtained for the amount of
formaldehyde produced.

The conversion was less than 59 in most experiments.

Results

The photolysis of ethyl propionate has been car-
ried out over the temperature range 30 to 344° at
different light intensities and initial 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
formation of CO and/or CO..

(1) M. H. J. Wijnen, Am. Chem. Soc. 131st National Meeting,
Miami, April, 1957; J. Chem. Phys., 27, 710 (1957).

(2) K. O. Kutschke, M. H. J. Wijnen and E. W, R. Steacie, THIS
JourxaL, 74, 714 (1952).

Primary Steps.—Two primary steps are suggested
to occur in the photolysis of ethyl propionate

C.H;COOC.H; + kv —> C.H; + CO + C,H;0 (1a)

Step la produces carbon monoxide and ethyl and
ethoxy radicals. Carbon monoxide has been ob-
served to be the main reaction product in all ex-
periments. The formation of ethanol and ethyl
ether indicates the presence of ethoxy radicals dur-
ing the reaction. Step la has been represented
here as giving directly both C,H; and CO, rather
than C;H;CO. It is possible that C,H;CO radi-
cals are formed intermediately, although their
presence could not be shown under any conditions
of this investigation by formation of stable prod-
ucts such as diethyl ketone. In this respect, it
may be pointed out that the relatively high quan-
tum yield of 0.6 to 0.7 for the production of CO in
the photolysis of diethyl ketone at 25°, as reported
by Kutschke, Wijnen and Steacie,? indicates that
the C;H;CO radical is quite unstable. Step 1b is
proposed to explain the formation of CO,, which
has been observed at all temperatures as a reaction
product.

No direct evidence has been obtained in this in-
vestigation indicating any molecular rearrange-
ment of the ester molecule in the primary process.
It should be mentioned, however, that it is not un-
likely that the step may occur to some extent

C.H;COOC:H; + hy —> C.H;COOH + C.H, (IC)

Evidence for this type of primary step in esters has
been first obtained by Ausloos.® Additional evi-
dence for this type of decomposition also has been
found in the photolysis of #- and <sopropyl pro-
pionate where step lc contributes to an extent of
about 159, of the total decomposition in the pri-
mary process.* Careful examination of the mass
spectrometer data did not yield any evidence for
step 1c. This may, however, be explained by the
fact that C;H;COOH is absorbed ecasily on the walls
of the reaction vessel and thus was not present
among the reaction products. A vague indication
as to the maximum extent to which step lc possibly

(3) P. Ausloos, private communication,
(4) M. H. J. Wijnen, to be published.
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TABLE 1

Rate of formation of products in molecules/(sec. cc.) X 10=1?

Ethyl
ether

1.44
0.33
.70
.03
Not detd.
0.14
.38
11

0.08
.08
.29

0.21

Methane Ethane
Temperature 30°

0.09 1.68
.03 0.47
.09 1.53

Trace 0.14

0.03 0.92
.02 0.50
.06 1.60
.02 0.48

Temperature 72°

0.07 0.45
.22 2.29
.07 0.28
.15 0.56
.24 3.29
.19 2.14
.18 2.37

Temperature 108°
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.34 1.03
.75 4.02
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¢ Open spaces indicate that under the given conditions this compound was not formed or formed in too small amounts
to allow detection by mass spectrometer analysis.



2396

may occur may be obtained by assuming that in the
low temperature runs all ethylene, not produced by
disproportionation of the ethyl radicals, is due to
step lc. Such calculations indicate that step lc
may be responsible for about 109, of the decom-
position occurring in the primary steps.

Steps la and 1b are similar to the primary steps
in the photolysis of CH;COOCH,;?> and CHs-
COOCD;,5 where in the case of CH;COOCD; the
following steps could be shown to occur

CH;COOCD; + kv —> CH;3;CO + CD;O
—_—> CH: + CD: + COg

The ratio Rco/Rco, was found to be 3.8 = 0.3 in
the temperature range 30 to 157°. This indicates
that step la occurs about 4 times as frequently as
step 1b. At higher temperatures this ratio of
Rco/Rco, increases somewhat. It seems likely
that this is caused by secondary reactions such as
decomposition of the CH;CHCOOC,H; and C,-
H;COOCHCH; radicals rather than by a tem-
perature effect on the relative occurrence of steps
la and 1b.

Reaction Mechanism.—Accepting reactions la
and 1b as primary steps, these main reactions are
proposed to explain the observed results

2C,H; —> C.Hjo (2
—_—> C2H4 —+ CzHe (3)
C:H; + C.H:O —> CHOCH, 4
—> C;Hs + CH;CHO (5)
—_— C2H4 + CszoH (6)
2C.H;0 —> C;HOH + CH,;CHO (7)
C.H;0 —> CH; + CH,0 8
—> CH;CHO + H 9
2CH; —> C,Hs (10)
CH; + C:Hs —> CyH, (11)
—> CH, + C.H, (12)
CH; + C:H;COOC;Hy —> CH, + CH,CO, (13)
C2H5 + CgHsCOOCsz —_— CgHe + C¢H9C02 (14)

C,Hs0 + C:H;COOC,Hs; —> C,H;OH -+ CH,CO; (15)
H + CH:COOC,Hs —> Hy 4+ CHCO; (16)

Reactions 2, 3, 10, 11 and 12 are generally ac-
cepted recombination and disproportionation re-
actions of ethyl and methyl radicals and do not
warrant any discussion. Reaction 4 explains the
formation of ethyl ether, especially observed at low
temperatures. Reactions 5 and 6 are possible dis-
proportionation reactions between ethyl and ethoxy
radicals. Disproportionation reactions of alkoxy
radicals, such as reaction 7, have been suggested
frequently®~¢ to explain alcohol and aldehyde for-
mation. Not included in the reaction mechanism
is the recombination reaction of two ethoxy radicals
to form diethyl peroxide. The mass spectrum of
diethyl peroxide shows considerable peaks at m/e
90 and m/e 62. Total absence of these peaks
proved the absence of diethyl peroxide as a reaction
product. Reactions 8 and 9 have been shown to
occur by several investigations.®~!! Reaction 8

(5) M. H.J. Wijnen, J. Chem. Phys., to be published,

(8) J. B. Levy, THis JourNaL, 75, 1801 (1953).

(7) J. H. Raley, L. M. Porter, F, F. Rust and W. E, Vaughan, ¢bid.,
73, 15 (1951),

(8) Y. Takezaki and C. Takeuchi, J. Chem. Phys., 22, 1527 (1954).

(9) R. E. Rebbert and K. J. Laidler, ibid., 20, 574 (1952).

(10) F. F. Rust, F, H. Seubold and W. E. Vaughan, THI1S JOURNAL,
72 338 (1950).

(11) F. H. Pollard, H. S. B. Marshall and A. E. Pedler, Trans.
Faraday Snc., 52, 59 (1956).
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produces formaldehyde and methyl radicals. The
results show clearly an increase in methyl radicals
with increasing temperature as might be expected
by the thermal decomposition of ethoxy radicals
according to reaction 8. Not included in the reac-
tion mechanism are the reactions of methyl radi-
cals with ethoxy radicals to form methyl ethyl
ether and/or methane and acetaldehyde. The
main reason for this is that, in the low temperature
region where such reactions preferably occur, the
amount of decomposition of the ethoxy radical is
too small to allow these radical-radical reactions
to occur to any marked extent. It may be men-
tioned that methyl ethyl ether never was observed
among the reaction products. Reactions 13, 14,
15 and 16 represent the hydrogen abstraction reac-
tions from ethyl propionate by methyl, ethyl and
ethoxy radicals and by H atoms produced by re-
action 9. The radicals formed by these abstrac-
tion reactions are given as C;HyCO;, rather than ex-
pressing an opinion whether the abstraction would
occur at the propionyl or ethoxy group of the ester
molecule.

In the suggested reaction mechanism, methane is
formed by reactions 12 and 13. According to Aus-
loos and Steacie,!? Rcm,an = 0.04Rc,m, where
Rcniay indicates the rate of production of methane
by reaction 12 only. Equation I is therefore
obtained

(Rcrutotat — 0.04Reymy) /(R :csmeney [EP)) = kis/kro'/s
0]

Reym0—the rate of ethane production by reaction
10—may be calculated from data obtained by
Ausloos and Steacie!? and by Wijnen,!® which indi-
cate that Reman = 0.29R?%c,m/Rcam,. Values
calculated via equation I for kia/ki1'/* are given in
Table 1I. By plotting log kis/k1'/* against 1/T
(Fig. 4), an activation energy of about 8.2 kcal. is
obtained for reaction 10.

TasLE II
RATIO OF RATE CONSTANTS
10:2 101]
ku/ku:/:, ku/k:'l//’z,
Temp, el il Rty
°C. sec.'/s sec'!/2 1019 kig/ kst sec. cc.
30 .. .. 97 ~50
72 7 45;37(V)
108 13 3 9.2(V)
152 46 8 3.1 ~0.2
202 115 22 2.1
239 251 43
277 397 105
344 817 289

@ Values given for ki;/ks marked by (V) were obtained
via equation V, all other data for %15/ks were obtained from
equation IV.

According to the given reaction mechanism,
ethane is produced by reactions 3, 5, 10 and 14.
Reomae may be calculated as indicated above, and
previous investigations have shown that Re,u,s =
0.12Rcmy,.21* The results in Table I indicate that

(12) P. Ausloos and E. W. R, Steacie, Can, J. Chem., 33 1062
(1955).

(13) M. H. J. Wijnen, J. Chem. Phys., 22, 1631 (1954).

(14) P. Ausloos and E. W. Steacie, Bull. soc. chim. Belges, 63, 87
(1954).
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from 239° upward in most experiments no ethanol
could be detected. This proves that reaction 6
and therefore in all probability also reaction 5 do
not occur at these temperatures.

It may be added here that the formation of acet-
aldehyde may be explained easily by other reac-
tions as will be pointed out later.

At 239° and higher, the ethane formation by ab-
straction of a hydrogen atom from ethyl propionate
may therefore be given by the equation

(Resme totat — 0.12Rcimy — Rewmsan) /(RYicm, [EP)) =
ku/ke' /2 (11)

Values for ki/k,", thus calculated, are given in
Table II for the temperatures 239 to 344°. At
temperatures below 239° reaction 5, producing
ethane vi¢ disproportionation of ethyl and ethoxy
radicals, may become more important. There-
fore, equation (III) is derived, which includes
possible C,H, production via reaction 5.

(Rosg total — Rosmsany — 0.12Rcary) /(Rem R 10,,) =
ku/ke'r[EP|/Romy + ko/ksks'/2  (III)

In equation III, Rcy, represents the rate of pro-
duction of CHj radicals. In the proposed reaction
mechanism CHj radicals are produced only by ther-
mal decomposition of C,Hs;O radicals. If this is
correct, Rcg, will be a measure of the concentration
of ethoxy radicals. To calculate Rcy,, it has been
assumed that CHj radicals will only react to form
ethane (reaction 10), propane (reaction 11) and
methane (reactions 12 and 13), in which case Rcw,
is given by Rcn, = 2Rcu, an + Ren, + Royms
Some CHj; radicals undoubtedly may have dis-
appeared undetected, possibly by addition to C,-
H,CO; radicals. As will be pointed out later, the
extent to which CHj; radicals disappear by addition
or other, not given, reactions, seems to be small
and the evidence indicates, therefore, that Rcg, is a
good approximation of the C;H;O radical concen-
tration.

Equation III is plotted in Fig. 1 for the tempera-
tures 108, 152 and 202°. Values thus obtained for
ku/ks'r are given in Table II. Figure 1 shows
clearly that the results are less accurate at lower
temperatures. Considering that Rc,m,as is cal-
culated from R, tota — Roman ~— 0.12Rcme
this is not surprising. With increasing tempera-
ture, Re,ma40 approaches Re,m, total, and errorsin the
determination of Re,m,ae and 0.12Rcm, become,
therefore, negligible compared to Rc,x, total.

Log ku/k,'/ 1s plotted against 1/T in Fig. 4, and
an activation energy of 9.8 kcal. is obtained for E,s,
the energy required to abstract a hydrogen atom
from ethyl propionate by ethyl radicals.

In plotting equation III, small intercepts were
observed at 108 and 152° which, if real, indicate
that reaction 5 occurs. The results are, however,
not ?ccurate enough to give reliable data for ks/
kska'/t.

The results show a considerable acetaldehyde pro-
duction at temperatures above 239°. Since at
these temperatures no ethanol is observed, it is
obvious that acetaldehyde cannot be produced by
disproportionation of ethoxy radicals. A possible
explanation for this increased acetaldehyde produc-
tion might be given by reaction 9—the thermal

PrOTOLYSIS OF ETHYL PROPIONATE
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10° (Reymatotal — 0.12 Ry — RogHgqg)-

0.5 1.0
10~¢[EP]/RcH;.

Fig. 1.—Plots of 10% (RcyHs total — RczHg0) — 0.12RCHy)/
(ReHsRY'cy) versus 108 [EP] /R at 108, 152 and 202°.

decomposition of ethoxy radicals into acetalde-
hyde and hydrogen atoms. However, if this were
the case, then it might be expected that, especially
at high temperatures, the hydrogen production
would closely parallel the acetaldehyde production.
This is not the case. The possibility that acetal-
dehyde may be produced by some other reaction(s)
should therefore be considered. The C.H,CO,
radical, produced by abstraction of a hydrogen
atom from ethyl propionate, may well be a source
for acetaldehyde production. Accepting that
mainly a secondary hydrogen atom is abstracted
from ethyl propionate, these two C.H,CO,
radicals may be formed: CH;CHCOOC,Hs and
C:H;COOCHCH,;. Little speculation seems in-
volved in suggesting that the CH;CHCO,C,H,
radical may thermally decompose into C,H,, CO
and C.H:O, into C,H,, CO, and C.H;, or possibly
even into CH;CHCO and C.H;0, although methyl
ketene was not observed among the reaction prod-
ucts. The C,H;CO,CHCH; radical on the other
hand may decompose into C,H;, CO, and C.H, or
into CH;CHO, CO and C,H;. Either radical, in
decomposing, produces a C,H; or C,H;O radical
and thus starts a chain reaction. Indication for
such a chain reaction is obtained by comparing the
product yields at 344 ° with those obtained at lower
temperatures. The fact that Re.m, total >>>
(0.12Rc, + 0.04Rcym,) is added proof for the de-
composition of the C4HoCO, radical. In addition,
acetone was photolyzed in presence, of ethyl pro-
pionate at wave lengths above 3000 A., where ethyl
propionate does not absorb. Both ethylene and
acetaldehyde were formed at temperatures above
152°, proving that at these temperatures ethylene
and acetaldehyde are formed by decomposition of
the C,HsCO; radicals.

No appreciable ethylene and acetaldehyde pro-
duction was observed when acetone was photolyzed
in presence of ethyl propionate at 152°. It may
therefore be assumed that at this and lower tem-
peratures, the C,H,CO:; radical will not decompose.
Equations (IV) and (V) may be derived under this
condition

Rommon — Remusy _ k1, ki [EP)
Ricx, ks> ' ks Rcm,

I



2398 M. H. J. WIJNEN Vol. 80
and )
Rommor — Remseno _ ks — ks | ks _[EP] W) lé 0.6 "
R'2om0Rem, ksk2's T ks RVicm gl .ost I (o]
In equation IV, Rc,u,) is the rate of ethylene pro- < S’ P
duction by reaction 6 only and is given by Rc,me) l el 3 4
= RcHe totat — 0.12Rcm, — 0.04Rc,m, disre- E S207t -
garding possible ethylene production by primary EE -
step lc. The maximum extent to which primary & ol 72°C
step lc may take part is 109, of the total decom- 2 '
position occurring in the primary steps. Taking —
this ethylene production by step lc into account, 5 4

data obtained for ki;/ks via equation IV will in-
crease by not more than 159, at 30 and at 72°, At
152° the value of 10" kis/ks is 3.1, disregarding
primary step lc and 5.4 if it is accepted that step 1lc
occurs to an extent of 109, of the total decomposi-
tion in the primary steps. Equation IV is plotted
in Fig. 2 for the temperatures 30, 72 and 152°.
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10‘5[EP] /Rom;.

Fig. 2.— Plots of 10'? (RC:H;0H — RCeHye)/R¥CHs versus
105 [EP)/RcH; at 30, 72 and 152°.

Except for the results at 152° no intercepts were
observed, indicating that k;/ks?is small compared to
the units in which the ordinate of Fig. 2 is expressed.
Values of ky5/ks, obtained from Fig. 2, are given in
Table II. No accurate results were obtained at
108°, although there was a general agreement of the
data with equation IV.

Equation V is plotted in Fig. 3 for the tempera-
tures 72 and 108°. The intercepts are not pro-
nounced enough to allow an accurate determination
of (ks — ks)/(ksks'?).  Values of kis/ks obtained via

equation V are given in Table II. No plot was
possible for equation V at 30 and at 152°. In this
respect, it should be mentioned that acetaldehyde is
probably the compound most subject to analytical
error. An explanation for the failure to be able to
plot equation V at 152° may in addition be given by
the possibility that at this temperature some acet-
aldehyde is produced by reaction 9—the thermal
decomposition of ethoxy radicals producing CH;-
CHO and H atoms.

10—t [EP] /R *camno.

Fig. 3.— Plots of 108 (RceH;0H — Remzeno)/(RY 3y, ReH;)
versus 101 [EP]/R"*ciHy at 72 and 108°.

Equations IV and V are not applicable to the
results obtained at 202° and higher, since at those
temperatures additional acetaldehyde and ethylene
are produced by the thermal decomposition of the
C.H,CO; radicals at 202°, kis/ks therefore was cal-
culated via equation VI.

Rogmon  _ ks
RCH: [EP] - ka

Equation VI is valid only if reactions 6 and 7 do
not occur at 202° which is difficult to prove. Some
justifications for equation VI may be found in the
following considerations. Plots of equation IV at
different temperatures gave no or small intercepts,
indicating that k;/ks? is small compared to kis/ks
X [EP]/Rcym, Secondly the fact that no ethyl
ether is found at high temperatures proves that no
recombination—and therefore probably also no
disproportionation—reactions occur between ethyl
and ethoxy radicals at these temperatures. Table
II gives the value obtained for kis/ks at 202° by

equation VI. No calculations have been carried
out to determine ky5/ks at 239° since the amount of
ethanol produced at this temperature is too small
to allow its accurate determination.

In Fig. 4, log kis/ks is plotted against 1/T.
From this plot an activation energy difference of
Es — E; =~ 7 kcal. is obtained.

Since disproportionation and recombination re-
actions usually have a low activation energy, they
will be most important in the lower temperature re-
gion. As an example of this may be given the
production of ethyl ether, formed by recombination
of ethyl and ethoxy radlcals which decreases
rapidly with increasing temperature. By extra-
polation of the data obtained for ki/k.'/%, it may
be shown that at 30° the amount of ethane, pro-
duced by reaction 14, is negligible compared to the
total ethane production. At this temperature
Rc,my therefore is given by

Reymssy = Reams total — 0.12Reymy — ReHenon)

Equation (VII) is thus obtained

(Remeno — Regme) /Ricm = ki/ks? (VID)

It is obvious from the derivatives made to ob-
tain Re,ms that large errors are almost unavoid-
able. The results nevertheless indicate that at 30°
1012 ky/ks? = 5 = 2 molec. ! sec. cc.

Material Balance.—Since CO and C,H;O are both
produced by the primary step la only, it is evident

(VD)
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that Rco/Re,m0 should be equal to unity. In the
above expression Rc,mg;0 indicates the rate of pro-
duction of C;H;0 radicals and is given by R0 =
Remoons + Remeno + Remon + Rem,. These
calculations have been carried out, although they are
not reported in order to save space. Within ex-
perimental error Rco/Remo was found to be equal
to unity—largest observed deviations were —0.2
and +-0.3. The fact that experimentally Rco/
Rc.m0 equals unity indicates also that Rcgy,, as
suggested earlier, is a good approximation for the
rate of disappearance of ethoxy radicals by ther-
mal decomposition into CHs and CH,0.

Combining the reaction products of steps la and
1b, it may also be shown that 2(Rco + Rco,)/
(Rcms + Rewmo) should equal unity, which has,
within experimental error, been observed to be
true.

Discussion

An activation energy of 8.2 kcal. was obtained
for E,;, the energy required for the abstraction of a
hydrogen atom from ethyl propionate by methyl
radicals. No other data are reported in the litera-
ture for £y3. An activation energy of 10 kcal.* has
been reported for the reaction

CH; + CH;COOCH; —> CH, + CH;COOCH;

These values seem to be in good agreement since
in methyl acetate a primary—and in ethyl pro-
pionate a secondary—hydrogen is abstracted. A
similar difference in activation energy for the ab-
stractions of primary and secondary hydrogen has
been observed in acetone and methyl ethyl ketone.

CH; + CH;COCH; — CH, + CH,COCH; (4A)

CHa + CszCOCHa —_—> CH4 + C2H4COCH3 (B)
The activation energies have been reported as 9.7
kcal.’s for reaction A, and 7.4 kecal. ¥ for reaction B.

As activation energy for the hydrogen abstrac-
tion from ethyl propionate a value of E;y = 9.8
kcal. was obtained. Since the C.H:—H bond is
somewhat weaker than the CHs-H bond, it might
be expected that the hydrogen abstraction by ethyl
radicals needs a higher activation energy than the
similar reaction by methyl radicals.

The ratios of the steric factors Py3/Pi'”t and
P/ P,/2 is in the order of 1073, as generally ob-
served in abstraction reactions by methyl and ethyl
radicals.

Information obtained from this work indicates
that with increasing temperature the ethoxy radical
decomposes rather than forming ethanol by hydro-
gen abstraction or by disproportionation. It is in-
teresting to compare these data with those obtained
by Rebbert and Laidler,” who studied the thermal
decomposition of ethyl peroxide in a flow system
in presence of a large excess of toluene. As main
reaction products were observed ethane and form-
aldehyde and in much smaller amounts, methane
and dibenzyl. They suggested the following re-
action mechanism to explain their data

C,H;00C,H; —> 2C:H;0 (16)
C.H;0 —> CH; + CH:0 (8)
2CH; —> C,H, (10)
CH; + CH;CH; —> CH, + CH,CH: (17)
2C5H5CH2 —_—> (CGH{,CHZ)Z (18)

(15) A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem.
Phys., 18, 1097 (1950).
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Fig. 4—Plots of 13 - log kis/k/2 (®); 13 -+ log ku/k' (O);
and 19 + log kis/ks (A) versus 10% X 1/T.

Because of the lack of any appreciable peak at 17
m/e in the mass spectrometric analysis of the reac-
tion products, they concluded that reaction 8 would
be much faster than reaction 19.

CoHsO “+ CeHsCH; —> C,H;OH + CeH,CH, (19)

These results were obtained in the temperature
range 200 to 245°. Our data show that small
amounts of ethanol were observed at 200° but
within experimental error no ethanol was found in
four of the five runs at 239°. Qualitatively speak-
ing, these data are in excellent agreement and indi-
cate, as pointed out by Rebbert and Laidler, that at
these temperatures the thermal decomposition of
the ethoxy radical proceeds much more rapidly than
the hydrogen abstraction reaction by ethoxy radi-
cals.

Evidence for the occurrence of a disproportion-
ation reaction between ethoxy radicals to form
ethanol and acetaldehyde has been obtained at 30
and at 152°. Ethanol formation by dispropor-
tionation of ethoxy radicals seems to be mainly
important in the 'low temperature region. A
similar observation was made regarding methoxy
radicals.!?

As difference in activation energy between re-
actions 8 and 15 was obtained Eg — FEi; =~ 7 kcal.
The heat of dissociation of ethoxy radicals into CHj
and CH;O has been reported as 10.4 kcal. by Reb-
bert and Laidler” and as 12.8 kcal. by Gray.!® In
his calculations Gray accepted AH = —9.0 keal. as
enthalpy of formation for the C.H;O radical. Re-
cent investigations by Pollard, Marshall and Ped-
ler? place AH = —6.7 kcal., in which case the heat
of dissociation of the C,H;O radical into CH; and
CH:0 would become 10.5 kcal. as reported by Reb-
bert and Laidler. Accepting therefore AH (C.-
H;O0 = CH; + CH;0) as 10.5 kcal,, it is obvious
that Eg > 10.5 kcal.; from this a minimum value
of 3.5 kcal, is obtained for E;s.

(16) P. Gray, Proc. Roy, Soc. (London), A221, 462 (1954),
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The author of this investigation feels that Es
and Ej; are close to the minimum values given
above and bases his opinion on the following consid-
erations. Granting that the values reported for
k7/ks® are not very accurate, since they were mainly
determined from intercepts, they nevertheless indi-
cate that Egis small. Inan investigation of methyl
acetate,! an activation energy of about 4.5 kcal.
was obtained for reaction 20.

CHOH + CH,COOCH; (20)
Although the RO-H bond has been reported! as

(17) P. Gray, Trans, Faraday Soc., 82, 344 (1950).

E. G. KiNc

Vol. 80

100 kecal. for CH;0—H and as 99 kcal. for C.H;0-H,
it seems logical that E;; should not exceed Eq to any
great extent, if at all. This is even more so if we
consider that a primary hydrogen is abstracted in
reaction 20 while a secondary hydrogen is ab-
stracted from ethyl propionate.
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Low Temperature Heat Capacities and Entropies at 298.15°K. of Lead Sesquioxide
and Red and Yellow Lead Monoxide

By E. G. King!
RECEIVED JANUARY 10, 1958

The heat capacities of lead sesquioxide and the red and yellow forms of lead monoxide were measured over the tempera-

ture range 51-298°K. All three substances behaved in a regular manner.

Entropies at 298.15°K.. were obtained, as shown

(cal./deg. mole): sesquioxide, 36.83 = 0.7; red monoxide, 15.6 = 0.2; and yellow monoxide, 16.1 £ 0.2.

This paper reports heat capacity measurements
over the temperature range 51-298°K., together
with entropy evaluations at 298.15°K.., for lead ses-
quioxide, red lead monoxide (tetragonal) and yel-
low lead monoxide (rhombic). No previous similar
data have been published for these compounds ex-
cept the few results of Nernst and Schwers? for the
yellow monoxide in the temperature range 21-93°K.
Data for lead dioxide and minium (PbsOs) have
been reported by Millar.?

Materials.—Lead sesquioxide was prepared by the follow-
ing procedure. A solution of reagent grade lead nitrate was
treated with a slight excess of ammonium carbonate solution.
The precipitated lead carbonate was washed free of ammo-
nium salts and dried at 140°. It then was converted to
sesquioxide by heating in air, 40 hr. at 290°, 64 hr. at 310°
and 10 days at 320°. Analysis of the product gave 89.649,
lead, as compared with the theoretical 83.629,. The X-ray
diffraction pattern agreed with the ASTM catalog.

Red lead monoxide was prepared by heating electrolytic
lead dioxide n vacuo at 430-480° for about 8 weeks. (The
long heating period was required to eliminate yellow mon-
oxide which is very slow to convert to red.) The product
gave no test for higher oxides when treated with strong
sodium hydroxide solution. It analyzed 92.699, lead
(theory, 92.839%). The X-ray diffraction pattern indicated
the presence of only a small amount of the yellow
variety.

Yellow lead monoxide was made by heating lead carbon-
ate (obtained by the method mentioned above). The first
heating, 80 hr. at 560-580°, was insufficient to decompose
the carbonate completely or te prevent the formation of
some red monoxide. The substance finally was split into
small portions, heated for 10 hr. at 725° and quenched to
room temperature. No reconversion to the red form oc-
curred during this treatment. Analysis of the product
gave 92.849, lead (theory, 92.839,). The X-ray diffrac-
tion pattern agreed with the ASTM catalog.

(1) Bureau of Mines, U. S. Department of the Interior, Berkeley,
California.

(2) W. Nernst and F. Schwers, Sitzber. preuss. Acad. Wiss., 355
(1914).

(3) R. W. Millar, TH1s JoUrNaL, 51, 207 (1929),

TABLE I
Hear CaraciTiEs (CAL./Dec. MoOLE)
T, °K. Cp T, °K. Cp T, °K. Cp
Pb,0O; (mol. wt., 462.42)
53.36 8.891 114.88 15.90 216.45 22.80
58.06 9.524 124,78 16.81 226.13 23.25
62.66 10.12 136.53 17.82 235.97 23.64
67.03 10.70 145.90 18.58 245.91 24.04
71.50 11.24 155.87 19.33 256.50 24.44
75.95 11.77 166.02 20.02 266.45 24.81
81.00 12.38 175.85 20.62 276.38 25.09
85.48 12.87 186.19 21.25 287.09 25.40
94.96 13.91 196.05 21.78 296.56 25.70
104.75 14.92 206.42 22.33 298.15 (25.74)
PbO (red, mol. wt., 223.21)
53.40 4.095 114.78 7.039 216.27 9.878
58.07 4.354 124.89 7.440 226.09 10.05
62.71 4.608 135.91 7.841 236.73 10.21
67.26 4.851 145.79 8.183 245.91 10.32
71.67 5.088 155.84 8.494 256.39 10.47
76.13 5.311 165.83 8.773 266.62 10.60
81.30 5.59 176.34 9.039 276.58 10.71
85.97 5.777 186.35 9.283 286.79 10.82
94.64 6.179 195.99 9.479 296.27 10.94
104.7 6.627 206.38 9.702 298.15 (10.93)
PbO (yellow, mol. wt., 223.21)
54.13 4.353 114.74 7.184 216.48 9.915
58.39 4.500 124.80 7.568 226.22 10.08
62.59 4.806 135.95 7.958 236.04 10.24
66.82 5.041 145.71 8.292 245.94 10.37
71.12 5.260 155.95 8.599 256.39 10.50
75.57 5.472 165.87 8.868 266.26 10.61
81.03 5.734 176.28 9.118 276.22 10.72
85.21 5.924 185.83 9.337 286.42 10.82
94.91 6.363 196.21 9.547 296.11 10.94
105.01 6.793 206.23 9.747 298.15 (10.95)



