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The y-Radiolysis of a Cyclohexene-Carbon Dioxide Mixture
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The y-radiolysis of a cyclohexene—carbon dioxide mixture in the liquid phase at —18 °C has been studied.
When the mole fraction of carbon dioxide was low, carbon dioxide behaved as an electron scavenger and slightly
suppressed the formation of the hydrogen and hydrocarbon products: 2,2’-bicyclohexenyl, cyclohexane, 3-cyclo-
hexylcyclohexene, bicyclohexyl, 1-cyclohexylcyclohexene, and 1,3-cyclohexadiene. Along with this suppression,
the formation of cyclohexanol was observed. At the high mole fraction of carbon dioxide, the main products were
carbon monoxide and the oxygen atom-addition products: cyclohexene oxide, cyclohexanone, and cyclopentane-
carbaldehyde. The material balance for oxygen atoms was good. The formation ratio of the addition products
suggests that the precursors of the addition products are the ground-state oxygen atoms. These oxygen atoms are
probably produced by the direct radiolysis of carbon dioxide. As the CO, mole frcation approached unity, the
G-values of the addition products and other oxygenated compounds including 2-cyclohexenone and 2-cyclohexenol
sharply increased. This suggests that there is another source of oxygen atoms which is suppressed by the presence of
cyclohexene. The reactions may be CO,t+ CO,~—>CO+ O+ CO, and CO,++ cyclohexene—CO, 4 cyclohexenet,
The formation of 2-cyclohexenone and 2-cyclohexenol may be explained in terms of the reaction between the cyclo-
hexenyl radicals and oxygen molecules eventually produced. To support the elucidation of the reaction mecha-
nism, the radiolysis in the solid phase at 77K and the mercury-photosensitized reaction of a nitrous oxide-cyclo-
hexene mixture in the gas phase have also been studied.
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Carbon dioxide was used as an electron scavenger in
the radiolysis of liquid hydrocarbon.1»® The formation
of hydrogen was suppressed by the addition of carbon
dioxide, but the yield of carbon monoxide was found to
be very small.) In the radiolysis of pure liquid carbon
dioxide, the observed products were carbon monoxide,
oxygen, and ozone.?) The oxygen atoms produced as
intermediates were assumed to be in the ground state,
O(®P). In the liquid-phase y-radiolyses of benzene—
CO,Y and of toluene—CO,> mixtures at 0 °C, the main
oxygenated products observed were phenol in the case of
the benzene—-CO, mixture and o-, m-, and p-cresols in
the case of the toluene—-CO, mixture. As the precursors
of these oxygenated compounds, O~ and COj;~ ions were
considered because the addition of a small amount of
SF¢ inhibited the formation of the oxygenated com-
pounds. Sakurai et al. studied the p-radiolysis of olefin-
CO, mixtures and showed that the oxidizing species
must be the ground-state oxygen atoms.5)

The reactions of the ground-state oxygen atoms with
simple olefins in the gas phase were extensively studied
by Cvetanovi¢ and his co-workers, and a general reac-
tion mechanism has been established.”? The reaction of
O(3P) atoms with simple olefins in the liquid and solid
phases at cryogenic temperatures has also been stud-
ied.8-19 These experimental results show that the
general reaction mechanism proposed for the gas-phase
reaction can equally apply to the liquid- and solid-phase
reactions, although there are some ambiguities in the
solid-phase reaction.

The reaction of O~ radical ions with simple olefins in
the gas phase has been studied by Bohme and Young,'
and a general reaction mechanism has been proposed,
one which involves either the abstraction of a hydrogen
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atom to yield a hydroxide ion or the abstraction of a
proton to yield a carbanion. The reaction of O~ radical
ions in the liquid phase, however, has not been establish-
ed. Neta and Schuler studied the reaction of O~ ions
with organic compounds containing a double bond in an
aqueous solution and concluded that the addition of O~
to the double bond is relatively slow, so that abstraction
dominates addition.'?

As has been described above, the reactions of O(®P)
atoms and of O~ radical ions with cyclohexene may
produce different types of products. With this prospect
in mind, we have investigated the y-radiolysis of the
cyclohexene-CO, mixture in the liquid phase at —18 °C
and in the solid phase at 77 K.

Experimental

Carbon dioxide and nitrous oxide supplied by the Takachiho
Shoji Co. were used after thorough degassing and distillation.
Cyclohexene supplied by the Tokyo Kasei Co. was distilled
before use. The impurity was less than 1/200.

A conventional vacuum system was used for sampling. The
measured amount of cyclohexene was introduced into a Pyrex
tube (about 3 ml) with a breakable seal and was thoroughly
degassed at the temperature of liquid nitrogen. Then a
known amount of carbon dioxide was condensed in the tube,
and the tube was sealed. The sample thus prepared was left
for thirty minutes in a Dewar flask containing ice-sodium
chloride slush at —18-41 °C so that the carbon dioxide and
cyclohexene were well mixed. The y-irradiation was carried
out at —18°C or 77 K at the dose rate of 1.40x 10® R h—?
usually for 3 or 6 h. The absorbed dose was estimated by
Fricke dosimetry on the assumption of a proportionality be-
tween the absorbed dose and the electron fraction.

The gas noncondensable at the temperature of liquid
nitrogen was collected in a gas buret by means of a Toepler
pump. After the amount had been measured, the gas was
introduced into a copper oxide furnace at about 270 °C, where
CO and H, were converted into CO, and H,O respectively.
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Both of them were trapped at 77 K. The amount of CO was
measured by recovering CO, from the trap at —80°C. In
the radiolysis at 77 K, the formation of oxygen was observed;
this was confirmed by using a gas chromatograph equipped
with a 6 m column of a 5A molecular sieve at 40 °C.

The analysis of the condensable products was made by gas
chromatography. The seal of the irradiated sample tube was
broken in the atmosphere, and a certain amount of mesitylene
was added as a standard. Two columns were used for the
analysis; one was a 2-m PEG-600 column of 209% w/w on
celite for Cg hydrocarbons, while the other was a 2-m PEG-600
column connected in series with a 50-cm silicone SE-52 column
for the C,; hydrocarbons and the oxygenated compounds.
The identification of the products was made by seeding the
gas chromatograph with authentic samples when available.

Results

y-Radiolysis of Liquid COy—Cyclohexene Mixture at —18
°C. The G-values of the noncondensable products,
hydrogen and carbon monoxide, are shown in Fig. 1 as
a function of the electron fraction of CO,. The small
change in G(H,) from 1.25 to 0.75 at the low electron
fraction of CO, and the rapid increase of G(CO) in the
range from 0.8 to 1.0 of the electron fraction of CO, are
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Fig. 1. G-values of hydrogen (@) and carbon monoxide

(O) obtained at — 18 °C in the liquid phase.
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Fig. 2. G-values of 2,2’-bicyclohexenyl (), cyclohexane
(@), 3-cyclohexylcyclohexene ([]), and 1,3-cyclohexa-
diene (A) obtained at — 18 °Ci in the liquid phase.
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Fig. 3. G-values of bicyclohexyl (O) and 1-cyclohexyl-
cyclohexene (@) obtained at —18 °C in the liquid
phase.
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Fig. 4. G-values of cyclohexene oxide (), cyclohexa-
none (@), and cyclopentanecarbaldehyde ([7]), obtain-
ed at — 18 °C in the liquid phase.
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Fig. 5. G-values of cyclohexanol (()), cyclohexenol
(), and cyclohexenone (A) obtained at —18 °C in
the liquid phase.

noticeable. It is also recognized that G(H,) does not
linearly approach zero as the electron fraction of CO,
approaches unity. These results suggest that some
energy or charge-transfer processes between CO, and
cyclohexene are involved in the formation of H, and CO.
Figures 2 and 3 show the G-values of the hydrocarbon
products. All of the curves are similar to one another.
Figures 4 and 5 show the G-values of the oxygenated
compounds. The rapid increase in the G-values of
cyclohexene oxide, cyclohexanone, 2-cyclohexenone,
and 2-cyclohexenol above 0.8 of the electron fraction of
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Fig. 6. G-values of the sum of hydrogen and oxygen
(@) and of carbon monoxide () obtained.at 77 K
in the solid phase.
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Fig. 7. G-values of bicyclohexenyl (), bicyclohexyl
(@), 3-cyclohexylcyclohexene ([]), and cyclohexene
oxide ((») obtained at 77 K in the solid phase.

CO, corresponds to the rapid increase in G(CO) in the
same region. Cyclohexanol seems to be quite different
from the other oxygenated products in the mechanism of
its formation.

y-Radiolysis of Solid CO,—Cyclohexene Mixture at 77
K. Figures 6 and 7 summarize the data obtained
at 77 K.  In the noncondensable products, oxygen was
found; this was confirmed by gas chromatography but
no quantitative measurement could be made. As Fig.
7 shows, the G-value of cyclohexene oxide was very
small. This is quite different from the data obtained in
the liquid phase. In the solid-phase radiolysis, it seems
that there is no or very little interaction between COj
and cyclohexene.

Mercury-photosensitized Reaction of the Nitrous Oxide—
Cyclohexene Mixture. In order to obtain the relative
yield of the oxygen-atom-addition products, the mer-
cury-photosensitized decomposition of nitrous oxide in
the presence of cyclohexene was carried out. The ex-
perimental procedure was the same as that reported
previously.'® The relative yields obtained were as
follows: cyclohexene oxide, 0.76; cyclohexanone, 0.19,
and cyclopentanecarbaldehyde, 0.05.

Discussion

Radiolysis of Cyclohexene. The radiolysis of cyclo-
hexene in the liquid phase at room temperature has been
studied by several groups.!4-19 The most important
reactions and the formation of products may be describ-
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ed as follows:

c-CeHyp > c-CeH,o" + €7 (1a)

s c-CgH,yo* (1b)

c-CeHyo" + €~ c-CH, + H (2a)
c-CgH,y o % c-CHg + H, (2b)
c-CeHyq (2¢)

H + c-CgHy;y — H, + c-C,H, (3a)
™ ccH, (3b)

2c-GgHy — (c-CgH,y), (4)

2 c-CgH,;; — c-CgHyy + c-CgH,, (5a)
™~ (c-GgHyy)e (5b)

c-CeHy + c-CH;; — ¢-CgHy + c-CgH,, (6a)
e CH)(CHy)  (6h)

c-GeHyy + c-CgHyy — (c-CgHyy)—(c-CeHyp) (7)

Hydrogen is formed by Reactions 2b and 3a. Wake-
ford and Freeman showed that Reaction 2b is less impor-
tant than Reaction 3a in the formation of hydrogen.
The radical formed by the abstraction of a hydrogen
atom from cyclohexene is presumably of the allylic type.
The disproportionation-combination ratio for allylic-
type radicals has been measured in the condensed phase
at 90 K by Klein and Kelly.!® The combination takes
place exclusively.

On the basis of the reaction mechanism proposed
above and on the assumption that Reaction 7 is not
important, we can estimate the G-values of the inter-
mediate radicals, c-CgHy and c-CgHy,;, by using these
disproportionation-combination ratios: kj,/k;,=1.2 and
kgalkgr=0.2.1%-20  Here, the correction for the tempera-
ture of —18 °C has been made by using the activation-
energy difference of 300 cal mol-! between the combina-
tion and disproportionation established for ethyl and
propyl radicals.? The radical yields thus calculated
are shown in Fig. 8. If the reaction mechanism pro-
posed above is correct, a half of the difference between
G(c-CgHy) and G(c-CgHy,) should be equal to the G-
value of hydrogen produced through the atomic reaction
(3a). A comparison of G(H,) in Fig. 1 and G(c-CgH,)
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Fig. 8. G-values of cyclohexenyl () and cyclohexyl
radicals (@) calculated from the data obtained at — 18
°C in the liquid phase.
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and G(c-CgH,,) in Fig. 8 shows that most of hydro-
gen is produced through the atomic reaction; in other
words, the formation of hydrogen by the unimolecular
reaction (2b) is not important in the radiolysis of cyclo-
hexene, as was suggested by Wakeford and Freeman.19)

The formation of 2,2'-bicyclohexenyl, bicyclohexyl,
3-cyclohexyl-cyclohexene, 1,3-cyclohexadiene, and
cyclohexane may be explained by Reactions 4—6b. The
formation of a small amount of 1-cyclohexylcyclohexene
may be explained in terms of the following disproportio-
nation reaction:

(c-CgHyy)~(c-CgHyp) + c-CgHyy —
3-cyclohexylcyclohexene or
l-cyclohexylcyclohexene + c-CgH,, (8)

Electron Scavenging by Carbon Dioxide. Upon the
addition of a few mole percents of carbon dioxide to
cyclohexene, the G-value of hydrogen and the G-values
of the hydrocarbon products were reduced. This
reduction may be explained in terms of the electron-
scavenging reaction of carbon dioxide:

CO, + e — CO," 9)
CO,~ + c-CgHyy* —— no hydrogen (10)

As Fig. 5 shows, the formation of cyclohexanol was
observed in place of the decrease in G(H,). This sug-
gests that a part of Reaction 10 probably leads to the
formation of the hydroxyl radical:

CO,™ + c-CgHy* —— CO + OH + c-CgH, (10a)

and that the OH radicals thus produced react with
cyclohexene as follows:

OH + ¢-CgH,y — ¢-CgH,,0H (11a)
H,O + c-CH, (11b)

Soylemez and Schuler studied the reaction of OH
radicals with hydrocarbons in an aqueous solution??
and reported that the addition-abstraction ratio for the
reaction of OH radicals with cyclopentene is 4.0. Almost
the same value may be applied to Reactions 1la and
11b. The c-CgH,,OH radicals thus formed will react
with other radicals in the system through the dispropor-
tionation or combination reaction:

c-CgH,;,OH + c-CgH,, (12a)
c-CgH,,OH + c-CgH,; — c-CgH,,0O + c-CgH,, (12b)
(c-CgHy,OH)~(c-CgHy,) (12c)

Similar reactions may occur between c-CgH;OH and
c-CgHy radicals. A small part of cyclohexanone, the
main process of the formation of which will be discussed
below, must be produced by Reaction 12b.

Formation of Cyclohexene Oxide, Cyclohexanone, and Cyclo-
pentanecarbaldehyde. As Fig. 4 shows, the most
abundant oxygenated compound observed is cyclo-
hexene oxide. If oxygen atoms in the ground state are
produced in the present system, the formation of cyclo-
hexene oxide can easily be explained, because it is well
known that the main product between oxygen atoms and
olefins is this type of oxide.” Since Cvetanovi¢ did not
report the formation ratio of the oxygen atom-addition
products—cyclohexene oxide, cyclohexanone, and cyclo-
pentanecarbaldehyde, we have measured them, as was
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Fig.9. Theratios of R, and R,. R, is the ratio between
the sum of the G-values of oxygenated compounds and
the G-value of carbon monoxide. R, is the ratio be-
tween the G-value of cyclohexanone and the sum of
the G-values of cyclohexene oxide and cyclohexanone.
The dashed line shows the ratio, R,, obtained in the
mercury photosensitized decomposition of nitrous oxide
in the presence of cyclohexene.

stated in the Results section. Figure 9 shows the ratio
of cyclohexanone/(cyclohexene oxide--cyclohexanone).
The ratios obtained in the radiolysis are in good agree-
ment with that obtained in the photolysis. The small
deviation at the low concentration of CO, may be due to
the formation of cyclohexanone by other processes, such
as Reaction 12b.

When the electron fraction of carbon dioxide is above
0.8, the amount of oxygen atom-addition products
increases with the increase in the electron fraction. This
suggests that there are two processes for the formation of
oxygen atoms, and that one of them is suppressed by the
presence of cyclohexene. They may be written as

follows:
CO, w» CO* —> CO + O (13a)
CO,* + e (13b)
e + COy —> CO,~ 9)
CO,* + CO,~ —» CO + O + CO, (14a)
2CO + O, (14b)
CO,* + c-CgHyp —> CO, + c-CgHyo* (15)
oRens
O + c-CH;y — | \) s L] (16)
\ “CHO

~o0 &

Formation of 2-Cyclohexenol and 2-Cyclohexenone. At

the high concentrations of carbon dioxide, the formation
of 2-cyclohexenol and 2-cyclohexenone has been observ-
ed. These compounds may be explained in terms of the
reaction of cyclohexenyl radicals with the oxygen mole-
cules produced.

c-CeHy + O, — ¢-CgH, 0, (17)
2 ¢-CgH,0, —> ¢-CgH,OH + ¢-CHO + O, (18)
Material Balance jfor Oxygen Atoms. As Fig. 9

shows, the ratio between the sum of the oxygenated
compounds and carbon monoxide was about 939,
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throughout the range of the electron fraction of CO,.
The ratio between the sum of the oxygen-atom-addition
products and carbon monoxide was about 749%,.
y-Radiolysis at 77 K. As Figs. 6 and 7 show, the
interaction between CO, and cyclohexene at the tem-
perature of liquid nitrogen seems to be very little. The
formation of cyclohexene oxide was very small. Accord-
ing to the experiment by Hughes et al.,19 the reaction of
oxygen atoms, which are produced in the gas phase,
with olefins in the solid state is similar to that in the gas
phase. This discrepancy might be due to the inhomo-
geneity in the solid in the present system or to the melt-
ing of the solid olefin surface by the collision of gas
molecules in the experiment of Hughes et al. This
problem is obviously subject to further investigations.

References

1) S. Sato, T. Terao, M. Kono, and S. Shida, Bull. Chem.
Soc. Jpn., 40, 1818 (1967).

2) P. P. Infelta and R. H. Schuler, J. Phys. Chem., 76, 987
(1972).

3) P. Harteck and S. Dondes, J. Chem. Phys., 23, 902
(1955) ; ibid., 26, 1727 (1957); D. L. Baulch, F. S. Dainton,
and R. L. S. Willix, Trans. Faraday Soc., 61, 1146 (1965).

4) 8. Sato, K. Hosoya, S. Shishido, and S. Hirokami, Bull.
Chem. Soc. Jpn., 45, 2308 (1972).

5) K. Ishizaki and S. Sato, Chem. Lett., 1975, 123.

6) H. Sakurai, K. Akimoto, S. Toki, and S. Takamuku,

Laszlo WojNarovits, Shun-ichi HirokAmi, and Shin SaTo

[Vol. 49, No. 11

Chem. Leit., 1975, 469.
7) R.]J. Cvetanovié, Advan. Photochem., 1, 115 (1963).

8) W. B. DeMore, Chem. Phys. Lett., 16, 608 (1972); J.
Phys. Chem., 713, 391 (1969).

9) S.Hirokami and R. J. Cvetanovié, Can. J. Chem., 51,373
(1973); J. Am. Chem. Soc., 96, 3738 (1974).

10) A. N. Hughes, M. D. Scheer, and R. Klein, J. Phys.
Chem., 70, 798 (1966); M. D. Scheer and R. Klein, ibid.,
74, 2732 (1970).

11) D. K. Bohme and L. B. Young, J. Am. Chem. Soc., 92,
3301 (1970).

12) P. Neta and R. H. Schuler, J. Phys. Chem., 79, 1 (1975).

13) S. Tsunashima and S. Sato, Bull. Chem. Soc. Jpn., 41,
284 (1968).

14) W. G. Burns and J. H. Winter, Disc. Faraday Soc., 36,
124 (1963).

15) B. R. Wakeford and G. R. Freeman, J. Phys. Chem., 68,
2635 (1964).

16) J. Y. Yang and I. Marcus, J. Chem. Phys., 42, 3315
(1965).

17)  W. A. Cramer and G. J. Piet, Trans. Faraday Soc., 66,
850 (1970).

18) R. Klein and R. D. Kelley, J. Phys. Chem., 79, 1780
(1975).

19) W.A. Cramer, J. Phys. Chem., 71, 1112 (1967).

20) C. W. Larson, B. S. Rabinovitch, and D. C. Tardy,
J. Chem. Phys., 47, 4570 (1967).

21) H. A. Gillis, Can. J. Chem., 49, 2861 (1971).

22) T. Séylemez and R. H. Schuler, J. Phys. Chem., 78, 1052
(1974).






