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I. Introduction

Since the publication of an earlier review' of the literature
on the gas-phase oxidation of perhalocarbons, new and more
extensive data, particularly on the simple halocarbons which
shed light on their general oxidation mechanisms, have been
reported. Also, there has developed recently a serious concern
that some of the commonly used halocarbons may adversely
affect the ozone concentration in the stratospheric layer sur-
rounding our planet.?-* It is appropriate, therefore, to review at
this time the oxidation reactions of another class of these hal-
ocarbons, namely, the haloethylenes. We examine here the
existing experimental data and their interpretations for the re-
actions of haloethylenes with atomic oxygen and with ozone.

Il. Cl-Atom-Initiated Oxidation

The chlorine-atom-initiated oxidation of chloro- and chloro-
fluoroethylenes has been studied in our laboratory.>-° Previously
the chlorine-atom-initiated oxidation of C,Cls, '%-13 C,HCI3, 1418
and CHCICHCI'? had been studied. The oxidation of CCI,CClj,
CHCICCI,, CHLCCly, cis-CHCICHCI, trans-CHCICHCI, CF,CCl,,
and CFCICFCI (mixed cis and trans) proceeds by a long-chain
free-radical process. The major products are the corresponding
acid chlorides containing one or two carbon atoms. By contrast
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there is no chain process in CHCICH,. The oxidation products
and chain lengths are summarized in Table |. Also included in
Table | are some preliminary results'® on the chlorine-atom-
initiated oxidation of CF,CF, and CF,CFCI. These oxidations also
involve long-chain reactions. For most of the chloroethylenes,
the chain length of the reaction exceeds 100 at sufficiently high
O, pressures and is independent of the absorbed light intensity,
la, or any of the reactant pressures.

The generalized mechanism which explained both the chlo-
rination and oxidation was elucidated by Huybrechts et al.3.15.19
In their studies of the photochlorination of CCIHCCI, at 363 and
403 K, they found that small amounts of oxygen inhibited the
photochlorination, but that the reaction proceeded further in the
dark after irradiation was terminated.'® They interpreted this
after-effect to be due to the formation of a semistable peroxide
which decomposes in the dark on the walls of the reaction vessel
to reinitiate the chain chlorination.

Further studies of the photooxidation of CCIHCCI,'® completed
the earlier work of Miiller and Schumacher'# and showed that
the principal oxidation product was CCI,HCCI{O) which ac-
counted for 290% of the oxidation at 363 K and =82 % of the
oxidation at 403 K. Likewise they studied the chlorine-sensitized
photooxidation and the simultaneous oxygen-inhibited photo-
chlorination of CCI,CCl, and C,HCI; at 353.5 and 373.4 K. Both
systems produced C,Cl; radicals as the chain carrier. The results
of the two systems were the same and nearly identical with those
of Schumacher et al;22° 85 £+ 5% of the oxidized CCI,CCl, and
C,HCI5s appeared as CCI;CCI(O) and 15 £+ 5% as CCI,0. Trace
quantities of CCl, (0.3 %) and tetrachloroethylene oxide (0.1%)
were also present. The quantum yield of oxidation, ®{OX}, in-
creased with the oxygen pressure to an upper limiting value of
about 300 for C,Cls radical oxidation and about 200 for
CHCI,CCI, oxidation, independent of absorbed intensity, /,
chlorocarbon pressure, Cl, pressure, or added N, pressure.
Huybrechts et al.’®'® emphasized the different light-intensity
dependency in the quantum yields for the oxygen inhibited
chlorination {/,~"/2) and the high O, pressure limiting oxidation
(intensity independent). They showed that since these two re-
actions are coupled they have common chain-breaking steps,
which must be bimolecular in radicals to explain the /,~ /2 de-
pendence of the quantum yield of chlorination. This led them to
propose the following general mechanism:

Cly + hv — 2CI (1)

Cl + CX2CXCl — CICX,CXClI (2a)

— CX,CXCly (2b)

CICX,CXCl + O, — CICX,CXCIO, 3)
CX,CXCly + 0, —> CXCl,CX,0, 39
2CICX,CXCIO, — 2CICX,CXCIO + 0, (4a)
— (CICX,CXCIO), + O, (4b)
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TABLE |. Chlorine-Atom Sensitized Oxldation of C2Cly—,H,, and C2Cly—,F,

E. Sanhueza, |. C. Hisatsune, and J. Heicklen

Log ko.©
Compound Oxidation products (%) dlox}ea Koalkoo?  ka/kap  kea/kep®  Ref? M=Tg™?
CCI1,CCl, CCI3CCI(0) (75). CCIL0 (25) 300/ 1 150 6.0 5.13 10.1
CCI,CHCI CHCI,CCI(O) (90). CO, CCIL,0 200 ~10 100 >6 15,16 10.6
CCI,CH, CH,CICCI(O) (98). CO, CCIL,0 172 2100 86 >50 6
cis-CCIHCCIH CHCIO (71), CO (26), CCI,0 (3)¢ 215 1 19 <50 7 10.6
trans-CCIHCCIH CHCIOQ (71), CO (26), CCI,0 (3)¢ 21.5 1 19 <50 7 10.6
CCIHCH, CHCIO (74), CO (25)" ~2 >10
CF,CCl, CCIF,CCHO) (91) CCIL0 (4), CF,0 (4) ~85 220 >22 9
CFCICFCI’ CCI,FCF(Q) (~100) 420 1 210 >50 9
CCIFCF, CCIF,CF(Q) (~95) >1000 >10 >20 18
CF,CF, CF,0 (100) ~250 1 <0 18
2 lox}| = —d|oletin}, neglecting isomerization. ® Calculated from product distribution. ¢ At 30-32 °C. ? Reference for kga/kep. ¢ From ref 23, / At

high O, pressure. 9 In these olefins, geometrical isomerization of the starting olefin is an important process especially at low total pressure. " At high

[02]/[C1,] ratios. * Equilibrium mixture of cis and trans isomers.

TABLE Ii. Bond Energles (kcal/mol) In Chloroethoxy Radicals ?

RO D|C-H|? D{C-Cl}* D|{C-C}¢ D{C~Cl] — D{C~C} ksa/Keb

CCl;CCIL,0 —17 —20 +3 6.0
CCI,HCCIL,0 —-16 -13 -3 >6.0
CCl3CHCIO 6 —4 —-16 +12 <10
CCIH,CCI,0 —20.8 -11.6 -9.2 >50
CCI3CH0 17 11 . LC
CCI,HCHCIO 6 -5 -11 +6 <50
CCIH,CHCIO 2 —4 —8 +4 <10
CCI,HCH0 14.8 7 L9

2 The values are mostly from ref 24, ® D{C~H} and D{C~Cl} represent
the bond energies for loss of H or Cl, respectively, from the oxygen-bearing
carbon atom. ¢ Neither of the products CCI3CH(O) nor CH,O was observed
experimentally (koa/ ko, = 100). 9 Neither of the products CHCI,CH(O) nor
CH,0 was observed experimentally.

2CXCl,CX0, —> 2CXCI,CX0 + 0, (4a")

— (CXCI,CX,0), + O (4b")

CICX,CXCIO, + CICX,CXCl — (CICX,CX2CIO),  (5)
CICX,CXCIO — CICX,CX(0) + CI (6a)

— CXCIO + CICX, (6b)

CXCl,CX,0 — CXCI,CX(0) + X (6a’)

— CXCl, + CX,0 (6b")

CICX, + 0, — CX,0 + Cl + %0, (7a)

Reaction 7a, of course, is not a fundamental reaction but must
proceed through several steps, which presumably are:
ClCXg + 0O, — ClCXgOg
2CICX20, — 2CICX,0 + O,
CICX,0 — CX20 + Cl
However there is an alternative to reaction 7a that could account
for the oxidation in which the CIO radical is an intermediate but
in which CICX,0 is not:
ClO + CX,CXCl — CX,CICXCIO (9)
Mathias et al.5 tested the two possibilities. They examined the
chlorine-atom-sensitized oxidation of C,Cly in the presence of

O3 to ensure that CIO was produced via the well-established
rapid reaction?’

Cl+0;—>CI0O+0; (10)

With O3 present, the epoxide., (5CIZCCI26, was produced. The
epoxide does not come from the direct ozonolysis reaction since
that reaction is completely suppressed in the presence of excess
0,, as discussed later. Since the epoxide production depended
on the ratio [C,Cly]/[03], it was concluded that the epoxide
came from

No epoxide was produced in the absence of O3, so presumably
CIO radicals are absent, and reaction 7a is the correct repre-
sentation of the oxidation of CCl; radicals.

From the experiments of Huybrechts et al.’3-1% and Mathias
et al.5 reaction 7a was established for CCl5 radicals. In order to
examine the oxidation of partially chlorinated methyl radicals,
Sanhueza and Heicklen?2 examined the chlorine-atom-sensitized
oxidation of CH,Cl, and CH3ClI to study the oxidation of CHCI,
and CH,ClI, respectively. They found that CHCI, oxidized just like
CCls, but that CH,CI oxidation did not generate the chlorine atom.
Presumably the oxidation of this radical is analogous to that for
CHjs radicals.

CICH, + O, — CHCIO via termination (7b)

In the CCI,CCl, and CHCICCI, systems, the quantum yields
of oxidation products increased with the O, pressure until upper
limiting values were reached. The mechanism predicts that if
termination is exclusively by reaction 5, then

(11a)

2k2k,\ 173 /]0,]2\ 173
Blox) = < 3 4) <[ 2] > 0
ks? la
However if termination is exclusively by reaction 4b, then
B{OX} = 2k,/ kg (1)

where ®{OX} = —®olefin} = {CICX,CCIO)} + LP{CX,0} +
1,${CO}. Equation | applies at low values of [0,]2//,, whereas
eq Il applies at high values of [02]2//,.

In the oxidation of CH,CCl,, cis-CHCICHCI, trans-CHCICHCI,
and CFCICFCI the quantum yields of the oxidation products are
insensitive to all the reaction parameters, and the termination
must be by reaction 4b exclusively; eq Il always applies. How-
ever, in the oxidation of CCI,CH,, since CH.CI always is oxidized
in a nonchain process, reaction 8b’ also can be a terminating
step.

In the oxidation of CF,CCl, there is one striking difference
from the results of the other chloro- and/or fluoroethylenes:
®{CF,CICCI(O)} is reduced at high pressure, but {CF,0} is not.
Thus the details of the mechanism contain some additional subtle
deviation from the general mechanism outlined above. A pos-
sible explanation is given in detail in the original work.®

In Table | the experimental results are summarized, and in
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Table Il the bond energies of the chloroethoxy radicals involved
in the process of oxidation of the chloroolefins are presented.
From Tables | and Il it is possible to deduce the following infor-
mation:

(1) From the values of k,,/ ko, (obtained mainly from the dis-
tribution of products), it is possible to conclude that the chlorine
atom prefers to attack the less chlorinated carbon atom. In the
most unsymmetrical cases (CCI,CH, and CCI,CF,), the pref-
erence for the nonchlorinated carbon atom is at least a factor
of 20. The chloro olefins with one or three chlorine atoms also
show a high preference for substitution on the less chlorinated
carbon atom. In particular this was demonstrated for CCI,CHCI
by Bertrand et al.’® at 357 K, who found the preference for
chlorine-atom addition to the less chlorinated carbon atom to
be at least eight times greater than for addition to the more
chlorinated one. They did this by comparing the products of the
reaction with those produced from the photochlorinated oxidation
of CH,CICCI; (to produce CCI3CCIH) and CHCI,CHCI,, (to pro-
duce CCI,HCCI,). Of course, the symmetrical chloroethylenes
can show no preference, and k., and k», are indistinguisha-
ble.

The inductive {I7) and mesomeric (M*) effects of the three
substituent atoms are F > Cl > H. If these effects dominated the

8- 5+

cl & H Cl. _ H
i\chc/ \\6*—(2:/

RN

Cl/ H Cl/ \H
inductive mesomeric

s 8+

F A O F. - C
N N

F/ \Cl F/ \Cl
inductive mesomeric

chlorine-atom addition, then H and F substitution should give
different results. However, the chlorine atom always prefers to
add to the less chlorinated carbon atom. Thus we conclude that
steric effects must dominate the addition process.

(2) A long-chain oxidation (>150) occurs when the exother-
micity of either reaction 6a or 6b is greater than 11 kcal/mol.
For an exothermicity of 11 kcal/mol, a relatively short-chain
length (~20) is involved.

(3) In CHCICH,, the radical produced is CH,CICHCIO, and the
exothermicity of decay of this radical by any route is <11 kcal/
mol. The favored route to decay {(most exothermic) is by C-C
cleavage which produces the terminating radical CH,CI. Thus
one cannot be certain that the parent radical would, of itself, lead
to short chains.

(4) The reaction

CICX,CXHO — CICX,CX(O) + H

is always energetically less favorable than the cleavage of either
the C-C bond or the oxygenated carbon—chlorine bond. There
was no evidence that this reaction occurred in any of the systems
studied.

(5) In radicals of the type CX3CH,0, all the decomposition
routes are sufficiently endothermic so that no decay products
are observed. Thus in the oxidation of CCI,CH, no CH,0 or
CCI;CH(O) was found as products, and in the oxidation of
CHCICH,, no CHCI,CH(O) or CH,0 was found as products.

(6) When D{C-CI} — D{C—C} is =6 kcal/mol, almost all the
chlorinated ethoxy radical decomposition goes through reaction
6b. When D{C-Cl} — D{C-C} < —3 kcal/mol, almost all the
decomposition proceeds through reaction 6a. For intermediate
values of the bond energy difference, both reaction paths are
significant.
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(7) The chlorine-atom-initiated oxidation of all the perfluoro-
chloroolefins (C,F 4—,Cl,) which have been studied gives long
chains. No study has been made for CCIFCCI,, but there is no
reason to believe that its oxidation will not proceed through a
long-chain process.

(8) In the mixed chlorofluoroethylenes, the products are almost
entirely {>90 % ) the two-carbon acid chloride. Thus we would
expect that D{C-CI} — D{C-C} < —3 kcal/mol in the ethoxy
radical precursor. This observation can be compared with the
results for cis- and trans-CHCICHCI, where no two-carbon
carbonyl compounds were found. Thus the substitution of F for
H either strengthens the C-C bond or weakens the oxygen-
bearing carbon-chlorine bond or both.

(9) In C,F4, the two-carbon carbonyl compound is missing.
Thus we conclude that the C—F bond is stronger than the C-C
bond in the ethoxy radical, whereas in CX3CXCIO the carbon—
chlorine bond is weaker than the C-C bond.

A. Vinyl Chloride

The chlorine-atom-sensitized oxidation of CHCICH, is unique
among the chloro olefin oxidations for three reasons: (1) CO is
produced as a major initial product of the reaction, the ratio
[CO]/[CHCIO] being almost independent of reaction parame-
ters; {2) there is no chain at high values of the ratio [0,]/[Cl,];
and (3) at low values of [0,]/[Cl,], there is a long-chain process
which consumes Cl, and produces CH,CICCHO) as the principal
chain product.

The production of CO as an initial product is explained by a
slight extension of reaction 6

CH.CICHCIO — CH,CI + CO + HCI (6¢c)

where reaction 6c probably proceeds through an energetic
CHCIO molecule which always decomposes. Reaction 6b to
produce CHCIO as a product still occurs but represents that
fraction of reaction 6 in which the CHCIO produced is stabilized.
The same results were found in the CHCICHCI oxidation.

The lack of a chain reaction at high [0,]/[Cl,] pressures is
the result of the fact that reaction 6a does not occur and that
reactions 6b and 6c produce the terminating radical CH,CI.
Presumably the termination reaction 7b occurs via the sequence
of steps??

CH,CI + 0, — CH,CIO,
2CH,CIO; — 2CH,CIO + O,
followed by
CH,CIO, + CH,CIO — 2CHCIO + H,0
or
CH,CIO + 0, — CHCIO + HO,
CH,CIO; + HO, — CHCIO + H,0 + O,

The production of CH,CICCI{O) and the dependence of the
results on the Cl, pressure represent findings not seen in any
other chloroethylene and which were explained® by the com-
petition:

CH,CICHCI + O, — CH,CICHCIO, (3)
CH,CICHCI + Cl; — CH,CICCI, + HCI (12)

where reaction 12 is then followed by oxidation to produce
CH,CICCI{O) as it does in the CH,CCl, system. The competition
between reactions 3 and 12 leads to the rate law

®{CH,CICCIO)} = k12[Cl.]/k3[O2] (ny

since ultimately reaction 12 regenerates the chain. A log-log
plot of P{CH,CICCI(O)} vs. [0,]/[Cl,] is shown in Figure 1. It is
fitted reasonably by a straight line of slope —1. The intercept
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Flgure 1. Log-log plot of ®{CH,CICCHO)} vs. [0,]/[Cl,] in the chio-
rine-atom-initiated oxidation of C,HzCl at 31 °C. From Sanhueza and
Heicklen® with permission of the American Chemical Society.

yields a value for ki,/kz = 9.5.

Confirmation that the chlorine-atom-initiated oxidation of
CCIHCH_ does not lead to a chain process comes from the work
of Bertrand et al.24 who studied the chlorine-atom-initiated oxi-
dation of 1,2-C,H,Cl, at 353 K to produce CCIH,CCIH. Fur-
thermore they showed that chloroethyl radicals not chlorinated
on the a-carbon do not lead to chain oxidations by examining
the chlorine-atom-initiated oxidation of C,H, (to produce
CCIH,CH,) and CCIzCHj3 (to produce CCIzCHy). Earlier work?25
on the chlorine-atom-initiated oxidation of C,Hg had shown that
C,Hs also does not enter a chain oxidation.

B. O; Present

The chlorine-atom-initiated oxidation of C,Cl4 was studied in
the presence of O, since the dark reaction for this system was
very slow.® The addition of O3 to the system introduced three
major changes:

{1) The ratio ${CCI;CCHO)}/P{CCI,0} dropped as the [O3]
/[0,] ratio was increased but was unaffected by changes in
[03]/[C2Cly]. The effect of the [03]/[0,] ratio is seen in Figure
2. There is considerable scatter in the data, but at 32° the ratio
drops from about 3.0 in the absence of O3 to about 1.0 at
[03]/[03z] > 10. The data points at 24 °C lie below those at 32
°C, as they do in the absence of O,. The shift in the ratio was
attributed to the production of CCIzCCKO) and CClI,0 via

C,Cls + O3 — CCI;CCI{O) + Cl + O>
— CCI,0 + CCl30; {or CCl3 + Oy)

(13a)
(13b)

where the ratio kq3./k1ap is smaller than kga/kep. It was argued®
that reactions 13a and 13b proceeded directly and not through
energetic C,ClsO* radicals, since the thermal effect was known
to move the product ratio in the opposite direction.’

(2) The overall rate of the oxidation was reduced as the
[03]/[C2Cl4] ratio was raised. This was attributed to the pro-
duction of CIO radicals via reaction 10 followed by the compe-
tition of C,Cl, and O3 for CIO. Most of the time that CIO reacted
with O3, the chain is regenerated

ClO + O3 — Cl + 20, (14a)

but occasionally termination might occur by
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Figure 2. Log-log plot of the ratio of the quantum yields of CCI;CCHO)
and CCI,0 vs. [03]/[0,] in the chiorine-atom-sensitized oxidation of
C.Cls by O, and O at 32 °C. From Mathias et al.5 with permission of
the National Research Council of Canada.
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Figure 3. Plot of (®{CCI;CCIO) + 1LP{CCI,0})/P{CCI,CCIL0} vs.
[C2Cl4)/[03] in the chiorine-atom-sensitized oxidation of C,Cl, by O,
and O3 at 32 °C. From Mathias et al.® with permission of the National
Research Council of Canada.

ClOo + O3 — OCIO + 0, (14b)

followed by subsequent oxidation of OCIO to produce the ob-
served product Cl,05.

(8) Tetrachloroethylene oxide was produced, its quantum yield
depending mainly on the [C,Cl,]/[O3] ratio. This result sug-
gested that it was produced in the CIO-C,Cl, interaction:

CIO + C,Cly, — éCIZCCIZE) +Cl (11a)
— CCI;CCI(0) + Cl (11b)
— CCI,0 + CCl3 (11c)

Since the chain length was long under all conditions, the
mechanism predicted that

${CCI,CCIHO)Y} + 1L P|CCIL0}

${CCILCCIL0}
_ kit kito | _kokia kak1a [CaCl4] ()
Ki1a ki1ak1o  kiokisa [Oa]

Figure 3 is a plot of the left-hand side of eq IV vs. [C2Cl4]/[Os],
and it is seen that a straight-line plot passing through the origin
is obtained. Thus reactions 11b and 11c¢ are unimportant.

C. Fs-initiated Oxidation

Miller and Dittman2® passed mixtures of F, and O into C,Cl4
or C,F5Cl at 0 °C. Presumably the oxidation is similar to that
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initiated by chlorine atoms. With C,Cl, the products, in de-
creasing order of abundance were CCIsCCHO), CCI,FCCIO),
CCl,0, C,Clg, and Cl,. Trace amounts of {CFCl,), and C,ClsF
were also observed. With C,F3;Cl the major product was
CF,CICF(O) with CFCIO, CF,0, and CF3CFO also formed. The
main feature of the two systems can be explained in terms of
C.Cl4F and C,F4Cl oxidation, respectively.

Ill. Hg 6(3P) Sensitization

The Hg-photosensitized oxidation of three chloro olefins
{CCI,CCl,, CHCICCI,, and CH,CCI,) have been studied in our
laboratory.6-2728 For two of these olefins, the mercury-sensiti-
zation was also studied in the absence of O,, and we will discuss
these results first.

A. O, Absent

The Hg-photosensitized decompositions of CCI,CCl,?7 and
CHCICCI,?® were studied. The results were similar in the two
studies. The products were Hg.Cl, and polymeric material. The
quantum yield of olefin loss, —®{CX,CCl,} (X = H, Cl), was ~1,
independent of olefin pressure and nearly independent of ab-
sorbed intensity, /, (—D{CHCICCI,} appeared to be between 1.5
and 2.0 at low /,). In the CHCICCI, study small amounts of an-
other unidentified product were found.

The results indicate that a long-chain polymerization of the
olefin is not involved, since —${CX,CCl,} ~ 1.0. Double-bond
cleavage can be eliminated since ¢c-C3Clg was not produced in
the CCI,CCl, system and mixed ethylenes were not produced
in the CHCICCI, system. Molecular elimination does not seem
likely, and in fact the results with O, present eliminate that
possibility as a major reaction path. It was concluded that free
radicals must have been produced by one of the following pro-
cesses:

Hg 6(3P) + CXgCClg - CngCl + 1/2HggCI2 (153)

or
Hg 6(°P) + CX,CCl, — Hg 6('S) + CX,CCl,*  (15b)
Hg 6('S) + CX,CCly* — CoX,Cl + ThHgoCly (16)

In the case of CHCICCI,, the possibility also exists of producing
C.Cl; + H + Hg 6('S) as products, either directly or through the
excited molecule mechanism. Presumably the C,X,Cl radical
dimerizes, and the resulting 1,3-butadiene polymerizes.

The above mechanism to produce free radicals is markedly
different from that for the Hg-photosensitized decomposition of
the fluoroethylenes or C,H,. Ethylene and the fluoroethylenes
{except for C4F 4) decompose by molecular elimination of H,2°
and HF 30 respectively. CoF437-33 and to a slight extent trifluo-
roethylene3%° decompose by double-bond cleavage.

For C,F 4 the mechanism that explained the results was:

Hg 6(°P4) + CF,CF, — Hg 6('Sg) + (CF,CFp),* (15b')

(CF,CFo)n* — 2 'CF, (17)

(CF,CF,)n* + CF,CFy; — (CF,CFy)o* + CF,CF,  (18)

(CF2CFy)p* (+ CF,CF,) — CF,CF(+ CF,CF,) (19)
followed by

21CF, — CoF4 (20)

1CFy + CoF4 — c-CaFg (21)

where the superscript * represents an electronically excited
state, the subscripts n and 0 represent, respectively, molecules
with either sufficient or insufficient energy to dissociate, and 'CF,
is the singlet CF, diradical.

The rate coefficients for the quenching of Hg 6(°P) by the
olefins have been measured. Relative to N,O they are 3.0 for
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C.Cls,2” 4.1 for CHCICCIy,2® 0.35 for CoF4,"' and 1.8 for
CgH4.29

B. O, Present

The Hg-photosensitized oxidation of C,F4 has been reported
in two studies®334 and reviewed by Heicklen." A complete
mechanism has been presented and discussed in detail.34 The
products of the reaction were ¢c-CsFg, CF,0, and tetrafluoro-
ethylene oxide.

The mechanism is very complex. However, the oxidation
products can be explained as coming from the following reac-
tions involving a diradical.

{CoF4)o* + O — CF,0, + 'CF, (22)
'CF, + CoF4 —> c-CaFg (21)
CF,0, + C,F4 — 2CF,0 + 3CF; (23a)
— CF,0 + 6FZCF26 (23b)

3CF, + 0, — CF,0, (24)

Here (CoF4)o* is a vibrationally equilibrated electronically excited
C.F4 molecule; 'CF, and 3CF, are the singlet and triplet of CF,
radical, respectively.

For the chloro olefins in the presence of O,, a long-chain
process occurs. The major products are the same as for the
chlorine-atom-initiated oxidation of the corresponding chloro
olefin, and these products are produced in the same ratio. There
are two maijor differences for the two modes of initiating the
oxidation.

{1) At high [0,]//,"/2 the quantum yields are independent of
the reactant pressures and /, for chlorine-atom initiation. For Hg
6(3P) sensitization, at low [02]/[CX2CCl,] (to minimize removal
of Hg 6(3P) by 0,), the quantum yields are independent of the O,
pressure and /,, but they increase proportionately with the chloro
olefin pressure.

(2) CO is produced as an initial product from the Hg 6(3P)
sensitization but not from chlorine-atom initiation. (CO was found
in the Cl + CHCICCI, + 0,, system,’5 but presumably it is a
decomposition product of CHCIO or formed through energetic
CHCIO as a precursor.)

The conclusions from the above observations are that the
same free-radical chain process must occur in both systems,
but that the initiation mechanism must be different. In order to
explain the facts, Sanhueza and Heicklen®27:28 tilized the fol-
lowing mechanism for the Hg 6(°P)-sensitized oxidation:

Hg 6(3P) + CX,CCly, — CX,CCly* + Hg 6('S)  {15b)
Hg 6(°P) + O, — 0,* + Hg 6('S) (25)

0,* + CX,CCly — CX,CCl* + O, (26)
CX2CCly* + Hg 6('S) — C2X,Cl + Hg,Cly (16)
C2XoCl + 0, — C2XoClO, (27)
C,X,Cl0, — CO via termination (28)

CngClOg + CXgCClg - CngC|3 + (CXO)g (29)

In the hydrogenated chloro olefins, the product yields de-
creased as [0,]/[CX,CCl;] increased beyond a certain value
(4.0 for CHCICCI, and 1.8 for CH,CCly). However, with C,Cl,
there was no decrease in the product yields even at [02]/[C,Cl4)
= 22, in spite of the fact that quenching of Hg 6(°P) by O, is only
slightly less efficient than quenching by C,Cls. Thus it was
necessary to postulate that Hg 6(3P) sensitization leads to the
production of an excited olefin molecule, regardless of whether
the olefin or O, quenched the Hg 6(3P) atom. The same postulate
was required in the C,F, system.’

Presumably the free radical C>X,Cl adds O, and this radical
must initiate the chain process. Since the chain process is
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TABLE Iil. Rate Coefficient Ratios from the Hg 6(°P) Sensitized
Oxidatlon of Chloroethylenes at 30-32 °C

Value for
Ratio Units CCl,CCl, CHCICCI,? CH,CCI, ¢
koalka,  None 1 6.7 S
kog/kag  Torr™! 0.029 0.015 0.058

aFrom ref 27, ® From ref 28. ¢ From ref 6.

proportional to [CX,CCl,], and initiation must be via reaction
29, the main removal process for CoX,ClO, must be by some
process represented by reaction 28. Reaction 28 is, of course,
not a fundamental process. In order for termination ultimately
to occur, another radical must be involved. Possibly reaction 28
occurs on the wall of the reaction vessel. In any event it must
produce the excess CO that is observed as a product.
The mechanism leads to the following rate laws:

®{CO} = 1.0 for CCI,CCl, and CH,CCl; V)
®{CO} = 1.0 + P{CCI,C} for CHCICCI, v
—®{CX,CCly} — 1 = (kskoo/ Kapk2g)[C2Cla] (V)

&{CO} should be higher for CHCICCI, than for the other chloro
olefins because no CHCIO was found. Presumably it was formed
"hot”’ and always decayed to CO + HCI. For the C,Cl4 system,
®{CO} was unity in good agreement with expectation. In the
CH,CCl, system, ${CO} was somewhat low (0.5-1.0), but this
probably reflects experimental uncertainty since CO is a minor
product, However, in the CHCICCI, system, ${CO} — 1 was
larger than predicted by eq V' by a factor of 4.6, and this extra
CO has not been satisfactorily explained.

Table Ill summarizes the rate coefficient data obtained for the
three olefins, The values of k,g/kog are of the same order of
magnitude in the three systems; the variation that does exist does
not follow any trend.

It is interesting to compare the above results with those of the
photooxidation of C,F313% which produces C,F 3, a radical anal-
ogous to C,X,Cl

CoFsl + hv — CoF3 +1 (30)

In this system a small chain occurred which produced CF,0,
CFIO, and C,F 30l as major products and (CFO),CF ;and (CFQ)-
CF»(CFO) as minor products. The latter products must involve
CFO as a precursor and come from the oxidation of C,F3

CoF3 + O, = CF,0 + FCO (31a)
The main chain steps considered were
CoF3 + O — C,F30; (31b)
C,F30, + CoF3l — C,F3 + CF,0 + CFIO (32a)
— C,F30l1 + C,F30 (32b)

CgF3O +1— CgF30| (33)

Though Heicklen®® did not consider them, additional chain steps
are also possible through the iodine atom as chain carrier

| + CoF 4l — CF,ICFI (34)

CF,ICFI + O, — CF,ICFIO, (35)

2CF,ICFI0, — 2CF,ICFIO + O, (36)

CF,ICFIO —> C,F50l + | (37a)
o]

— CFIO + CF,l — CF,0 + | (37b)

In fact, reaction 37a is needed to explain the high quantum yields
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(up to 10) of C,F30l which were observed. Reactions 32b and
33 can only account for ${C,F301} < 2. It should be noticed that
C.F 30l (F,C=C(F)Ol) is the enol type isomer of CF,ICF(O), the
molecule expected to be produced via reaction 37a if the system
were exactly analogous to those of the chlorinated ethylenes.

Thus this system contains many analogous features of the Hg
6(°P) sensitized oxidation of chloroethylenes. Reaction 31a is
a termination step corresponding to reaction 27 followed by
reaction 28, and reaction 31b followed by reaction 32a is a
propagation step corresponding to reaction 27 followed by re-
action 29.

IV. Reaction with O(3P) Atoms

The oxygen atom might react with chloroethylenes by any of
the following paths (X = H, F, Cl):

O(®P) + CXCICX; — CX,0 + CCIX (38a)
— CO + X; + CCIX (38b)
— CXCICX,0* (38¢)
— CX,CICX(0) (38d)
— CCIX, + XCO (38e)

where CXCICX,0* represents several excited structures, in-
cluding that of the epoxide. Each of the reactlon paths actually
represents only one of two possibilities, since the O(3P) atom
could attack either the more heavily or less heavily chlorinated
carbon atom. However, we anticipate the results and show that
the O(3P) generally attacks the less chlorinated carbon atom in
the chloroethylene.
The diradical CCIX enters into one of two reactlons.

2CCIX — CCIXCCIX (39)
CCIX + CCIXCX, — 6CIXCX260|X (40)

The mono-free radicals either add to the chloroethylene or react
with each other via combination or disproportionation reac-
tions.

The excited adduct formed in reaction 38c is a species which
may undergo many reactions: (1) it may polymerize either with
itself or with the parent chloroethylene; (2) it might stabilize as
the epoxide; (3) it might react with parent ethylene to give a
cyclopropane and a carbonyl compound; (4) it might rearrange
to an excited aldehyde which could be stabilized or decompose
to free radical products.

A. Individual Substituted Ethylenes

Each of the substituted ethylenes behaves slightly differently
from the others, and we now examine them individually.

CCl,CCly. The mercury-sensitized photolysis of N,O in the
presence of C,Cl, at 25 °C yields N,, CCI,0, and polymer as
exclusive products.3® The absence of tetrachloroethylene oxide
and c-CsClg as products indicates respectively that all the
C.Cl,O0* polymerizes and that none of the CCl, adds to C»Cly;
reaction 40 is not operative in this system. Since —®{C,Cly} ~
1 the polymer does not incorporate additional CCI,CCl,, and its
formation must come only from reaction 41.

CCIXCX,0* — polymer (41)

The mechanism predicts that
P{CCI,0} = kaga/ kag (Vi
—®{C,Cla} = 1 — kaga/2kasg (Vi)

®{CCI,0} was found to be 0.19 independent of reaction condi-
tions, s0 this is the value of kaga/kag. With this value, —${C2Cl4}
should be 0.9, which is in agreement with the experimental re-
sults.
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CCl,CHCI. The products of the reaction were CO, CHCI3, and
polymer.3” The quantum yields of CO and CHCI3 were 0.23 +
0.01 and 0.14 £ 0.05, respectively. Thus the reaction channels
involved in this system are reactions 38b and 38c, with kzg,/kas
= 0.23. Reaction 38b presumably proceeds through an energetic
CHCIO molecule which rapidly decomposes to HCI + CO. No
CCl,0 was produced and the cleavage products gave entirely
CCl,, and no CHCI, diradicals. Most of the HCI and CCl, combine
to form CHClI3, but some other products must also be formed to
account for the difference in the CO and CHCI; quantum
yields.

Presumably C,HCI;0* always polymerizes, since no epoxide
or aldehyde was found as products, and the polymerization must
proceed without involving additional C;HCl; molecules through
reaction 41 since the quantum yield of C,HCI; disappearance
was about 1.0.

The mechanism predicts that:

®{CO} = P{CHCI3} = kaap/kas (1X)
—®{C,HCIg} = 1.0 x)

The results of the oxidation of CHCICCI, in the three systems
initiated by Cl atoms, Hg 6(°P) and O(°P) are summarized in Table
IV. The three systems give consistent findings.

CCl,CH,. The reaction of O(%P), prepared from the Hg pho-
tosensitization of N,O, with CCI,CH, was studied at 25 °C.38 The
products of the reaction were CO, CH,CICCI{O), polymer, and
another unidentified compound. The quantum yields of CO and
CH,CICCI{O) were 0.35 and 0.06, respectively, independent of
reaction conditions.

Twelve possible reaction paths between O(°P) and CCI,CH,
were discussed; the final conclusion gave the following mech-
anism as most likely.38

¢ =0.31 OfP) + CCI,CH, — CO + HCI + CHCI (38b')
¢ =0.55 — CCI,CH,0* (38¢c)
¢ = 0.06 — CH,CICCKO) (38d")
¢ = 0.04 — CHCI, + HCO (38e)
¢ = 0.04 — CH,Cl+ CO + ClI (38e)

Reactions 38b’, 38d’, and 38e’ are abnormal in that they involve
the migration of a chlorine atom. The first two of these are par-
ticularly surprising, since the more usual analog involving hy-
drogen-atom migration apparently does not occur. The
CCI,CH,0* formed in reaction 38c ultimately leads to polymer.
Contrary to the situations with CCI,CCl, and CHCICCI,, some
additional CH,CCl, is incorporated into the polymer, since
—&{CH,CCl,} exceeds 1.0 and may be as high as 3.0.

cis- and trans-CCIHCCIH. The Hg-photosensitized decom-
position of N,O in the presence of cis- or trans-CHCICHCI gives
N2, CO, and polymer as products.” HCI was also detected at large
conversions. Small amounts of CH,CICCKO) were found, but the
quantum yield was <0.04. The average values for ®{CO} were
0.23 and 0.28 for the cis- and trans-CHCICHCI, respectively.
Both isomers gave —®{CHCICHCI} up to 5, indicating that the
polymer consisted mainly of the chloroethylene.

The reaction goes through three channels:

O(3P) + CHCICHCI — CO + HCI + CCIH (38b)
— CHCICHCIO* (38c)
— CH,CICCKO) (38d)
followed by
CHCICHCIO* + CHCICHCI — polymer (42)
CCIH + CHCICHCI — products (40"
2CHCI — CHCICHCI (39)
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TABLE |V. Oxidatlon of CCIHCCI,

System ${C0O}/d{CCI,0} Koo/ ko
Cl atom . 0.09
Hg 6(3P) 1.85 0.16
0(P) 1.7 0.10

The fractional importance of channels 38b and 38d are given
by ®{CO} and ®{CH,CICCI(O)}, respectively. Thus kagp/ksg =
0.23 for the cis isomer and 0.28 for the trans isomer. The ratio
kagq/ kzg < 0.04.

CHCICH,. The reaction of O(°P) with CHCICH, gives as
products CO, CH,CICH(0), CH3CCI(0), HCI, CH,, and polymer.8
The quantum yields depend on the total pressure (mainly N,O)
and are given below for high- and low-pressure conditions.

Product P([N,0] =~ 400 Torr) ®([N,0] = 35 Torr)
Cco 0.25 0.40
CH,CICH(O) 0.40 0.25-0.35
CH3CCI(O) 0.09 0.07

The quantum yield of CHCICH, removal exceeds 1.0, and it as
well as ®{CH;CCI(O)} is independent of total pressure.

The reaction was explained by a scheme similar to that for
the reaction of O(3P) with C,H,3° and which is substantially dif-
ferent from that for the other chloro olefins.

O(P) + C,H3sCl — C,H5CIO* (38c)
C,H3CIO* — CH, + CO + HCI (43a)

— CH,CICH(O)* (43b)

— CH;CCI(0)* {(43b")

CH,CICH(O)* — CH,CI + HCO (44)
CH.CICH(O)* + M — CH,CICH(O) + M (45)
CH3CICH(O)* — CH3 + CI + CO (44"
CH;CCI(0)* + M — CH3CCKO) + M (45')

The excited intermediate, C,H;CIO*, can decompose or rear-
range to one of the aldehydes which still contain the excess
energy of reaction. If not deactivated they decompose to radical
fragments. Thus at higher pressure relatively more aldehydes
and less CO are produced. The radical fragments react with the
C2H3Cl to form the polymeric material. Presumably some of the
CHj; radicals abstract a hydrogen atom to give the small amount
of CH,4 produced. Reaction 43a has been included for com-
pleteness, but in fact there is no evidence that it actually occurs.
Apparently the C,H3CIO* is never deactivated to the epoxide,
since no epoxide was found.

Slagle et al.3%8 used their technique of crossed molecular
beams with photoionization mass spectrometry to examine the
reaction of O(°P) with CHCICH, at 302 K and 1.41 Torr, a pres-
sure very much lower than used by Sanhueza and Heicklen.®
They found the CHj radical channel to proceed with a quantum
efficiency of 0.22 and they also found ketene produced with a
quantum efficiency of 0.08.

CH,CH,. The reaction of O(°P) with C,H, has been interpreted
traditionally3® by the mechanism

O(P) + CH,CH; — CH,CH,0* (38¢")
CH,CH,0* — CH4CHO* (43b")
CH,CHZ0* + M — CH,CHz0 + M (42"
CHyCHO* — CHj + HCO (44"")
CHyCHO* + M — CH;CHO (45")

Most of the products could be interpreted as coming from the
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TABLE V. Products and Quantum Ylelds In the Reaction of O(°P) with Chloro-, Chiorofluoro-, and Fluoroethylenes

Haloethylene Products @ do kgga/kgg kggb/kgg kggc/kgg kggd/kgg kgge/kgg Reference
CCI,CCly CCl,0. polymer 0.19 0.19 0.81 0 0 Sanhueza and Heicklen38
CCI,CCIH CO. CHCI3, polymer 023 0 0.23 0.77 0 0 Sanhueza and Heicklen37
CCI,CH, CO. CH,CICCI(O). polymer 0.35 0 0.31¢ 0.55 0.06¢ 0.089  Sanhueza and Heicklen3®
¢is-CCIHCCIH CO, HCI, polymer 0.23 0 0.23 0.73-0.77 <0.04 0 Sanhueza and Heidklen’
trans-CCIHCCIH  CO, HCI, polymer 0.28 0 0.28 0.68-0.72 <0.04 0 Sanhueza and Heicklen?
CCIHCH, CH,CICH(O), CO, ~0.4 0 <0.25 >0.30 0.09 Sanhueza and Heicklen®

CH3CCI(O). polymer -0.34

CF,CF, CF,0. c-C5Fg 1.0 0.85 0.15 0 0 Saunders and Heicklen4é
CF,CFCI CF,0 1.0 Sanhueza'®

CFCICFCI CFCIQ, polymer 0.80 0.80 0.20 0 0 Sanhueza and Heicklen®
CF,CCl, CF,0, écuc&cmz 10 0 1.00 0 0 Sanhueza and Heicklen®
CF,CFH CF,0, CHFO Huie et al.48

CF,CH, CO., CsF4. CF,0 Mitchell and Simons*?
CF,CHCI CF,0. CO., HCI Mitchell and Simons4?
CF,CFBr CF,0 Mitchell and Simons?*?
CH,CHF CHFO, CH,0. CO Huie et al.*8 and Moss*®
CFHCFH CHFO Huie et al .48

2 For more details see text. © Quantum yield of the principal oxygenated product (first listed in Products column). ® = kzg,/k3g (Where x = a, b, c, or
d). ¢ These yields are for the abnormal reactions involving Cl atom migration (see text). © Total yield = 0.08. About one-half of the yield involves the normal
H atom migration: and about one-half of the yield, the abnormal C| atom migration (see text).

free radical fragments produced in reaction 44'’. The yields of
both ethylene oxide and CH3;CHO increased slightly with pressure
indicating that they were produced, at least in part, from the
pressure stabilization of the energetic intermediates. Further
evidence for this comes from the work at liquid N, temperature
where the sole products were ethylene oxide and CHzCH(O) in
a ratio of 1.2.40

More recent experiments at room temperature utilizing
crossed beams or a fast-flow reactor coupled to a photoion-
ization mass spectrometer*'#2 have confirmed the presence
of a small additional process, accounting for 5% of the total
reaction, to produce CH,CO + H, directly as earlier suggested
by Cvetanovi¢.43.44

O(°P) + CH,CH; — CH,CO + H; (38f)

CH,CHBr. Slagle et al.3%24% have shown that three paths
occur in the reaction of O(3P) + CH,CHBr.

O(3P) + CH,CHBr — CH; + BrCO — Br + CO (38a)
— CHJBr + HCO (38a"")
—> CH,CO + HBr (381")

Reactions 38a’ and 38a’’ may proceed through energetic in-
termediate adducts. The relative importance of the three
channels was 0.29, 0.51, and 0.20.

CF,CF,. Oxygen atoms react with C,F 4 to produce CF,0 and
c-CsFs as exclusive products.” The reaction was studied by
Saunders and Heicklen® at temperatures of 23 and 125 °C over
a wide range of oxygen-atom concentrations and with C.F,
pressures from 3 to 123 Torr. The quantum yield of CF,0 pro-
duction is 1.0 for all conditions.

The mechanism of reaction is explained by

O@P) + CF,CF, — CF20 + CF»
— CF,0"

with channel 38c occurring 15% of the time. The CF, and
C.F40* are removed as follows:

(38a)
(38c)

2CF, —> CoF4 (39"

CF, + C,F4 — c-CaFe (40)
C,F40* — CF,0 + CF, (41"
CoF40* + CoF4 — CF,0 + ¢-CsFs (42)

CoFpHy—p{n =1, 2, and 3). For the fluoroethylenes, there is
not a complete study of the reaction mechanism.

Mitchell and Simons*’ studied the reaction of CH,CF, through
flash photolysis of NO,—olefin mixtures and continuous protolysis
of NO,—fluoro olefin mixtures. In the flash photolysis experiment
ground-state CF, was monitored qualitatively from its uv ab-
sorption bands (which persist for >60 ms). Using C,F4 as a
reference, Mitchell and Simons concluded that CF, is produced
in large amounts in the CH,CF, reaction when the [CH,CF 5]/
[NO_] ratio is high (to minimize the competition between NO,
and CH,CF, for the O(3P) atom).

The final products from continuous photolysis were CO, C,F,,
and very small amounts of CF,0. It was concluded that reaction
oCcurs via

O(®P) + CH,CF, — CH,0 + CF,
- CFgO + CH,

(38a)
(38a’)

and that CH,0 was formed with sufficient vibrational energy to
dissociate. Since no quantum yields were reported, we can only
tentatively outline a mechanism similar to that proposed for the
chloroethylenes

O@P) + CH,CF, — CF,0 + CH;, (38a’)
— CO + H, + CF, (38b)
2CF, = C.F, (39’)
1
It is interesting to point out that no CF,CH,CF, was reported as

a product.

For the same olefin both CF,0 and CH,O were observed as
products by Huie et al.*® However, the authors pointed out that
CF,0 could be from a secondary reaction with molecular oxygen
in the reaction mixture.

In Table V are the aldehydic products reported by Huie et al.*®
in the reaction of O(3P) with fluoroethylenes. No quantitative
estimates were made.

Moss*® reported that carbon monoxide is a primary product
formed in high yields in the reaction of CH,CHF with O{°P). Slagle
et al.%%8 have found that at 1.4 Torr pressure, the three reaction
channels producing CHjz, CHoF, and CH,CO occur with re-
spective quantum efficiencies of <0.07, >0.82, and 0.11.

CFCICFCI. Sanhueza and Heicklen® reported on the Hg-
photosensitized decomposition of N,O in the presence of an
equilibrium mixture of cis- and trans-CFCICFCI. The products
were Np, CFCIO, polymer, and an unidentified compound.
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®{CFCIO} was ~0.80 independent of a factor of 6.7 change in
[CFCICFCI] and a factor of 14 change in /, {at high N,O pres-
sures). The values for —${CFCICFCI} showed some scatter, and
they varied between 1.0 and 3.4, suggesting that more than one
CFCICFCI is removed per O(3P). The unidentified product was
probably c<{(CFCl)s;, and its relative yield showed no trend with
changes in reaction conditions.
The reaction is most easily described by the mechanism:

O(3P) + CFCICFCI — CFCIO + CFCI (38a)
— CFCICFCIO* (38c)

2CFCI — CFCICFCI (39)

CFCl + CFCICFCI — c~(CFCl)3 (40)
CFCICFCIO* + CFCICFCI — polymer (42)

with the ratio k3ga/k3g = 0.80.

CF,CCl,. The reaction of O(3P) with CF,CCl, gives CF,0 and
1,1,3,3-tetrachloro-2,2-difluorocyclopropane {c-CCl,CF,CCly),
both with quantum yields of about unity and with —®{CF,CCly}
= 2 invariant to reaction conditions.® The mechanism consistent
with the other chloroolefins was discarded for the following
reasons.

(1) No C,Cl, was found.

(2) ®{c-CCI,CF,CCl,} should be pressure dependent and in-
tensity dependent unless reaction 39 never occurs.

(3) In the presence of O, (discussed in the next section), the
long-chain free-radical oxidation should occur and ®{CF,CIC-
CI(O)} should approach 45. In fact, it never reaches 3.0.

(4) In the presence of O, the long-chain oxidation should be
a function of [CCF,CCl,]//,"2. In fact, {CF,CICCI(O)} is in-
dependent of /,, but dependent on [CF,CCl,]/[0,]. Thus, San-
hueza and Heicklen® proposed the following mechanism:

O(3P) + CF,CCl, — CCI,CF,0* (38¢)
'
CCI,CF,0* + CF,CCly — CF,0 + CCI,CF,CCly  {42)
This mechanism predicts that
1
®{CF,0} = ®{CCI,CF,CCly} = 1.0 (X1

which conformed to the findings.

In the Mitchell and Simons*” system (discussed above), no
CF, was produced from CF,CCl, in their flash photolysis ex-
periments, and CCl,O was the main product from continuous
photolysis. Tyerman,5° who looked for ground-state CF by ki-
netic spectroscopy after long-wavelength flash photolysis of
CF,CCl,—-NO,-N, mixtures, reported that no CF, diradical is
released from the reaction.

CF,CFCI. In the reaction of O(3P) with CF,CFClI, Mitchell and
Simons*” reported CF,0 and CFCIQ as products, the former
being the more important. In their experiments with O, present,
[CF,0] =~ [CFCIOQ], so it is possible that the small amount of
CFCIO detected in the absence of O, really came from the re-
action with O, produced in the reaction of O(°P) with NO,.

Preliminary results from our laboratory '8 show that the pro-
duction of CF,0 has a quantum yield of 1.0, in agreement with
Tyerman®® who reported that no CF, was released from the
reaction.

B. Mechanism

The results of the various studies are summarized in Table
V. Some general comments follow.

(1) There are three types of reactions which are most typified
by the three molecules C,F 4, C,>Cly, and CoHy. For CoF 4 the main
result of O(3P) attack is double bond cleavage, reaction 38a; for
C.Cly, the principal reaction path is (38¢) to form CCI,CCI,O*
which then polymerizes all the time; for C,H,, the excited in-
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termediate, CH,CH,0*, is also formed, but it rearranges to give
CH3;CHO or free-radical fragments. There is also some evidence
that these products are formed directly via reaction paths 38d
and 38e. Mono free radicals or the two-carbon acid halide are
never formed with C5F4 or C.Cly.

For the fluoroethylenes, CHFCF,, CHFCHF, CH,CF,, CHFCH,,
CF.CFCI, and CF,CFBr, the data are not quantitative. However,
no polymer, epoxide, two-carbon carbony! product, or products
expected from mono-free-radicals were found. Consequently,
we can assume that the principal reaction path is by carbon-
carbon double-bond cleavage, either reaction 38a or 38b.

C,F 4 and CFCICFClI react with O(3P) primarily by the double-
bond cleavage reaction 38a, but some excited intermediate is
produced by channel 38c. CF,CCl, apparently reacts entirely
by channel 38c¢. For C,F,4 and CF,CCl,, the excited intermediate
CX,CX,0* always reacts with the parent olefin to give a short-
chain polymerization (chain lengths < 10).

With all the chloro olefins the C=C double-bond cleavage
paths, reactions 38a and 38b, occur 19-31% of the time. The
dominant path is reaction 38c to produce CCIXCX,0*. This
molecule leads entirely to polymerization without involving the
parent olefin with C,Cl, and CHCICClI,

CCIXCX,0* — polymer (41)

CCIXCX20* leads almost entirely to polymer for the CH,CCl,
and cis- and trans-CHCICHCI systems, either by reaction 41 or
by incorporation of the parent molecule.

CCIXCX,0* + CCIXCX, — polymer (42)

CCIXCX,0* leads primarily to rearrangement for the CHCICH,
and C,H, systems. Thus the two-carbon carbonyl products and
the products of mono-free-radical reactions are observed. In
C,H, some epoxide is also observed, but this is the only ethylene
for which the epoxide was ever reported.

(2) It has been seen that except for CoH,4, no epoxide has ever
been found. Furthermore, except for C;H,, CH,CHBr, CHCICH,,
to a minor extent CCI,CH,, and cfs- and trans-CHCICHCI, no
free-radical or rearrangement products were found. This
suggests that with the exception of C,Hs;, CH,CHBr, and
CHCICH,, the excited CX,CX,0* intermediate has a o-type bond
with the oxygen atom localized on one of the carbon atoms,
presumably the one at the positive end of the molecule.

X X

N /
}c—C—o0-
x~ N

Thus this molecule has diradical character (from the spin con-
servation rules, it should be a triplet) and reacts easily with the
parent olefin or with itself. Presumably for C,H, and CHCICH,,
the oxygen atom is more centrally located, as has been postu-
lated by Cvetanovié.3°

H O H H O H
N/ \/ \/ \/
/c—c\ /c—c\

H H cl H

* *

Thus for these molecules probably the excited intermediates are
the triplet states of the corresponding epoxides.

{3) For the unsymmetrical chloroethylenes, the O(3P) atoms
always preferentially attack the less chlorinated carbon atom.
The same effect was seen with chlorine atom attack, and the
reason must be steric, rather than due to inductive or mesomeric
effects.

In fluoroethylenes, since two carbony| products are reported,
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TABLE VI. Rate Coefficient for the Reaction of Atomic Oxygen with
Haloethylenes at Room Temperature?

Source of
Olefin k/K|CoHa} 0O(3P) atom Reference
CH,CHF 0.51 Microwave Hule et al.48
discharge
0.38 N,O + Hg* Moss*®
0.62 Crossed beams Slagle et al.3%
CH,CF, 0.43 Microwave Hue et al.*8
discharge
0.22 N,O + Hg* Moss*®
cis-CHFCHF 0.32 N,O + Hg* Moss*?
trans-CHFCHF 0.54 N,O + Hg* Moss*®
CHFCHF 0.52 Microwave Huie et al .48
discharge
CHFCF, 0.57 N2O + Hg* Moss*®
CF,CF, 1.0 N,O + Hg* Saunders and
Heicklen4®
1.0 NO, + hv Tyerman5?
1.6 N,O + Hg* Moss*®
CH.CHCI 1.0 Microwave Huie et al.48
discharge
0.95 Crossed beams Slagle et al 392
CH,CCl, 1.0 N,O + Hg* Sanhueza and
Heicklen38
cis-CHCICHCI 0.47 N,O + Hg* Sanhueza and
Heicklen’
trans-CHCICHCI 0.11 N,O + Hg* Sanhueza and
Heicklen’
CHCICCI, 0.10 N,O + Hg* Sanhueza and
Heicklen37
CCI,CCl, 0.10 N,O + Hg* Sanhueza and
Heicklen3®
CF,CFCI 0.51 NO, + hv Tyerman5°
CF,CCl, 0.67 NO, + hv Tyerman5?
CFCICFCI 0.20 N,O + Hg* Sanhueza and
Heicklen®
CH,CHBr 0.78 Crossed beams Slagle et al.*5
1.0 Crossed beams Slagle et al.3%2
1.0 Microwave Huie et al.48
discharge

2 (|CoH4) = (4.0 + 0.3) X 108 M~ 15~ 1 at 25 °C,53-59

both sides are attacked. However, Mitchell and Simons*7 re-
ported that in CF,CH, the production of CF,0 was very low and
that the main product was CO (probably from CH,0* — CO).
Maybe, in this case the strong mesomeric effect of the fluorine
in the molecule is the explanation.

6+
F \\ 5~ H

\(\3=-’C/ TO(P) (electrophilic species)
F/ \H

Moss*® reported that CO is also produced in large amounts
in the reaction of CH,CHF with O(3P). In the CF,CFBr-0O{P)
system the main product was CF,047 in agreement with the idea
that steric effects dominate in the addition. Haszeldine and
Steele®! concluded that atom or free-radical attack on CF,CFClI
occurs exclusively at the CF, group.

Johari et al.52 in their paper on addition of CF3 to chloro olefins
concluded that, *'If the rate of attack at the =CF, end of diflu-
oroethylene is assumed to be approximately the same as that
for addition to the =CF, end of chloro-2,2-difluoroethylene, then
the rate of attack at a CHCI group is estimated to be 103 to 104
times slower than attack at the =CH, group.”

C. Rate Coefficient
The rate coefficients for many ethylenes have been measured

E. Sanhueza, |. C. Hisatsune, and J. Heicklen

at room temperature. When the O(°P) atoms are produced from
Hg photosensitization of N,O, it is most convenient to measure
the competition between two olefins for the O(3P) atom. From
the variation in the product yields with relative pressure, the
relative rate coefficient can be obtained. If the rate coefficient
for one olefin is known, the other can be computed.

Huie et al.*® measured their rate coefficients using a dis-
charge-flow system coupled to a mass spectrometer by moni-
toring the decay of the olefin.

In the technique used by Tyerman,5° ground-state CF, was
monitored by kinetic spectroscopy after the long-wavelength
photolysis of NO; (to produce O(°P)) in the presence of C,F4 and
a competitive olefin diluted in N,. The CF, was produced in the
O(®P)}-C,F 4 reaction, and its diminution in the competitive system
gave a measure of the relative rate coefficient.

The results of the different studies are listed in Table VI. Rates
relative to C,H, are reported. For C,H,4 the room-temperature
rate coefficient is (4.0 £ 0.3) X 108 M~ 15~ 1,42.53-5%2 Thg rate
coefficients for CoH4, CoF 4, CHoCHCI, and CH,CCl, are equal
to each other and greater than the rate coefficients for the other
substituted ethylenes. The partially fluorinated ethylenes have
rate coefficient one-third to two-thirds that of C,H,4. The presence
of chlorine on both carbon atoms (except for cis-CHCICHCI)
drops the rate to about 0.1 that for CoHs.

Moss*® pointed out that, *'In considering the reactivities of
atoms or free radicals, it is usual to seek correlation with ob-
served or calculated properties of the reactant molecules.
Successful correlation often provides useful indication of the
nature of the radical reactants and the main factor controlling
reactivity. The rates of reaction of O(3P) with hydrocarbon olefin
correlates well with excitation energies and ionization potential
of the olefin.®® Since these properties show the ease with which
an electron may be removed or promoted from the 7 orbital of
the ground-state molecule, electrophilic behavior of O*P) is
indicated." These observations, and others, have led Cvetanovi¢
to suggest that the transition state for the reaction is a m complex
with the oxygen atom placed approximately centrally between
the carbon atoms forming the double bond.

Moss*® measured the relative rate constant for the reaction
of oxygen atoms with the fluorinated ethylenes. The results (in
Table VI) were compared with data for the other atoms and
radicals with the same olefins and briefly discussed in terms of
the electronic changes produced in the double bond by fluorine
substitution. The O(3P) reactivities showed no correlation with
the ionization potential.

The reactivities of the chlorinated ethylenes show a corre-
lation between the reactivities with O(3P) and the ionization
potentials. The rate of reaction decreases (more chlorinated)
as the ionization potential decreases. However, this correlation
is in the opposite direction of that if O(3P) is an electrophilic
species. The results for oxygen atoms are compared in Table
VIl with results for other atoms and radicals adding to chloro- and
chlorofluoroethylenes. Always C,Cly is the least reactive, and
in a general way the inclusion of chlorine in the olefinic molecule
decreases the rate.

cis-CCIHCCIH reacts faster than the trans isomer in the O(3P)
reaction. The significant difference for the rate coefficients for
the two isomers presumably reflects steric factor differ-
ences.

It is interesting to note that, for the reaction of O(3P) with
CHFCHF and C4Hg-2, the rate coefficient is also larger for the
trans compounds than for the cis compounds by respective
factors of 1.74? and 1.6.8° However, the reactions of CH30 listed
in Table VIl show that the cis isomer reacts faster with CH30 than
does the trans isomer.

V. Reaction with O(3P) in the Presence of O,
The oxidation of the halogenated ethylenes by O(°P) atoms
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in the presence of O, may proceed by three different routes:

(1) A chain mechanism initiated by the oxidation of the sub-
stituted methylene, CX,. This process is important for C,Cly,
CHCICCI,, CH,CCI,, cis- and trans-CHCICHCI, CFCICFCI, and
CoF,.

(2) The oxidation of the CX,CX,0* intermediate. This process
is important for C,F,4, CF,CCl,, and CHCICH,.

(3) The oxidation of the mono-free-radical fragments, a pro-
cess of importance in C,H, and CHCICH,.

A. Methylene OxIdation

Dependent on the parent ethylene, the O(°P) atom can react
with it to produce any of the following methylenes: CCl, CHy,
CF,, CCHH, CCIF, or CFH. The spin conservation rules predict
that these methylenes will be produced in their triplet states and
thus be reactive with O,. This is to be contrasted for the singlet
carbene species, which have been shown to be unreactive with
0, at room temperature for CH,,%4 CCI,%% CFCI,%5 and CF,'
(singlet CF, reacts with O, at elevated temperatures to give
CF,0 + O(°P)).

All the evidence suggests that when CX, species are pro-
duced in the O(3P)-CX,CX reaction, they are produced exclu-
sively in the triplet state. However, the triplet methylenes react
with Oy by three different routes depending on the methylene
involved. (1) The triplet species CCl,,36-37 CCIH,” and CCIF® react
with O, as follows

3CCIX + 0, — X0 + CICO (46)
and the CICO species can readily fall apart.
CiICO —~Cl + CO

(2) The triplet CF, adds to 0,.'

8CF; + 0, — CF,0; (24)
(8) The triplet CH, gives*®

3CH, + 0, — HCOOH

— H,0 + CO

Thus in the first case mono free radicals are produced; in the
second case, diradicals; and in the third case, stable products.
The detailed fate of triplet CFH with O, is unknown, but Gordon
and Lin® observed HF laser emission from the reaction of CHF
with Q.. They attributed this product to the formation of excited
FCOOH which decomposes to give HF* + CO,. Thus, at least
part of the time, CHF oxidizes analogously to CH, to give mo-
lecular products directly.

The difference in the three reactions is probably energetics.
In all likelihood in all three cases the adduct CX;0; is formed
first. With CF,0,, any rearrangement is endothermic and does
not occur. For the other species presumably they rearrange to
XC(0)OX, which decomposes to XO + XCO. Only in the case
of HC(O)OH does stabilization occur. However, the HC(O)OH
initially formed on rearrangement contains excess energy, and
apparently this energy is sufficient for reaction 47b to proceed
if the molecule is not deenergized.

(47a)
(47b)

B. Oxlidation of CX,CX,0*

The reaction of CX,CX,0* with O, can proceed in two ways.
The route which prevails with CF,CF,0* is:

0, + CF,CF,0* — CF.0, + CF,0
On the other hand, with CCI,CF,0*, the process is
02 + CCI,CF,0* — CF,0 + CICO + CIO

CHCICH,O* apparently can react by either route to produce the
diradical or monoradical products, respectively. For the other
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TABLE VIi. Relatlve Reactlvities of Chloro- and Chlorofluoroethylenes
with Atoms and Radicals In the Gas Phase at Room Temperature @

Ethylene O(P)® CCl3® CHz0? Cl® Hg6(°P) IP, eV
Chloroethylenes
CClI,CCl, 0.10 <0.003 0.18 0.309 1.7h 9.34
CCI,CHCI 0.10 0.16 040 079 23/ 9.48
CCI,CH» 1.0 0.72 9.83
¢is-CCIHCCIH 0.11 1.28 187 9.65
trans-CCIHCCIH o.47} 005 595 0.00 9.64
CCIHCH, 1.0 1.0/ 1.0/ 10.00
CH,CH; 1.0/ 1.0/ 1.0/ 10.66
Chlorofluoroethylenes

CF,CF, 1.0 2.22 0.20x  10.11
CF,CFCI 0.51 9.84
CF,CCl, 0.67 0.06 9.65
CFCICFCI 0.20

2 A very complete table is given by Moss*® for the fluoroethylenes. ? For
references, see Table V. ¢ Reference 52 at 150 °C. “ Reference 61.
¢ Reference 63. ’ Reference 62. 9 Reference 23. " References 27 and 29.
‘Reference 29, / Relative reactivity set at 1.0. ¥ References 1 and 29.

ethylenes, the oxidation of CHCICH,O* has not been elucidated,
since it appears to be an unimportant process.

C. Individual Molecules

C,Cls. A long-chain process is involved which produces the
same products as in the chlorine-atom-initiated reaction, and
the ratio of CCI3CCIO produced to CCI,0 produced is 2.0 at 25
°C,%6 similar to the ratio of 2.5 found in the chlorine atom system.
However, the rate law is different, the quantum yield of chlori-
nated product formation being proportional to [C,Cls] /1,2, In
addition CO is formed with a quantum yield of 0.18, independent
of conditions. This value is identical with the CCI,0 yield in the
O(®P)-CCl, system in the absence of Oa.

CHCICCl,. For CHCICCI, the free-radical long-chain oxidation
is observed, as in the case of C,Cl,.%7 The chain lengths increase
with [CHCICCI,]//,"2, but at less than a linear rate.

CHCICHCI. Again the free-radical long-chain oxidation is
observed.” However, the chain length is almost independent of
[CHCICHCI] /1,12 for the trans compound and only slightly de-
pendent on this parameter for the cis compound. Geometrical
isomerization is also observed.

CH,CCl,. The free-radical long-chain process occurs, and
the chain lengths increase with [CH,CCl,]//,'/2, but less than
proportionately.®® Thus the rate law is similar to that for
CHCICCI,. The CO quantum vyield increases from 0.35 in the
absence of O, to 0.78 % 0.16 in the presence of O,, independent
of reaction conditions.

CFCICFCI. As with CHCICCI, and CH,CCl,, this molecule
exhibits the free-radical long-chain oxidation which increases
less than proportionately with [CFCICFCI]//,'/2.° The quantum
yield of oxidation reaches an upper limiting value of 140. CO was
also produced with a quantum yield of 0.80, exactly equal to the
CFCIO yield in the O(3P)-CFCICFCI system in the absence of
0,.

CF2CCls,. In this system a short-chain process was observed
which did not depend on [CF,CCl,]//,"/2, but rather on
[CF,CCI,]/[0,]. ${CF,0} was equal to 1.0 invariant to the re-
action parameters.® These results were interpreted by a
mechanism analogous to that found for C,F "

1
CCI,CF,0* + CF,CCl, = CF,0 + CCI,CF,CCl, (48)
CCI,CF,0* + 0, — CF,0 + CIO + CICO (49)

Reaction 49 becomes the initiating step for the chain reaction,
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TABLE VIil. Reaction of Chloroethylenes with O(°P) In the Presence of O,

E. Sanhueza, |. C. Hisatsune, and J. Helcklen

[Olefin]lla”z, [Olefin] /131/2 ‘ﬂOX}m/ (kgga + k38b)/

Oletin (Torr s)1/2 dependence d{CO} i3{e) ¢ B{OX|c 2 Kag® Reference
CC1,CCl, 9.9-175 Linear 0.18 c 0.19 Sanhueza and Heicklen38
CCI,CHCI 48-1150 Less than linear d 77.0 0.38 0.23 Sanhueza and Heicklen37?
CCI,CH, 94-.2000 Less than linear 0.78¢ 55.0 0.32 0.35 Sanhueza and Heicklen38
cis-CHCICHCI 36.5-687 Almost none d 7.0 0.32 0.23 Sanhueza and Heicklen’
trans-CHCICHCI 32.5-638 Almost none d 7.0 0.32 0.28 Sanhueza and Heicklen’
CFCICFCI 40.5-684 Less than linear 0.80 160 0.76 0.80 Sanhueza and Heicklen®

(0.38 X 2)

2 ®{OX]c: from Table I.  Values obtained when O, was absent (Table V). © Was never reached under the actual experimental condition, ¢ CO was

also produced in the chain. ¢ ®{CO} = 0.35 in the absence of O,.

and the mechanism predicts ®{CF,CICCI{0)}/®{COf in this
system should equal ®{CF,CICCI(O)} in the chlorine-atom ini-
tiated oxidation at high pressures. The former quantity varies
between 28 and 45, and the latter quantity is about 45, so that
the agreement is not too bad.

Reactions 48 and 49 must be simplifications of a much more
complex process since they predict ${CO} = 1.0 and
®{c-CCI,CF,CClo} = 0 at low values of [CF,CCl,]/[0,], and
®{CO} = 0 and ®{c-CCI,CF,CCly} = 1.0 at high values of
[CF,CCI5]/[0;], contrary to the observations. Possibly
CCI,CF,0* represents several isomeric species, one of which
always goes by reaction 48, one of which always goes by re-
action 49, and one or more which can proceed by either
route.

C.F,. The reaction of oxygen atoms with C,F 4 in the presence
of O, was studied briefly by Saunders and Heicklen*® at room
temperature and in more detail at 23 and 125 °C by Heicklen and
Knight.87 In addition to CF,0 and ¢-C3F¢ (found in the absence
of 05,), the products included tetrafluoroethylene oxide. The re-
sults were reviewed and discussed elsewhere.! The results were
explained by a biradical mechanism which for the methylene
is

3CF, + 0, — CF,0, (24)
CF,0, + C,F4 — 2CF,0 + 3CF, (23a)
—>CF,0+ CF,CF,0  (23b)
2CF,0, — 2CF,0 + O, (50)
and for the excited molecule mechanism is
C,F40* + C,F, — c-C3Fgs + CF,0 (42"
C,F40* + O, = CF,0 + CF,0, (51)

CHCICH,. Vinyl chloride is unique among the chloro olefins
and does not oxidize like any of the higher homologs. Its oxidation
follows more nearly the pattern of CoF 4 except that there is no
chain in the O(3P)-0,-CHCICH, system; the products are CHCIO,
CO, HCI, and HCOOH.8

Also a very surprising result occurs; namely no C, carbonyl
compounds are produced. The O, must intercept the interme-
diate in a scheme such as

C,HsCIO* + 0, — CHCIO* + CH,0,
— HCI + CO + CH,;0,

(51a’)
(51b")

The CH,0; can either rearrange to HCOOH or decompose to CO
+ H,0

CH,0, — HCOOH
— CO + H0

From the data it was difficult to assess the relative importance
of the products observed. However, a reasonable designation
for the initial quantum yields was ®{CO} ~ 0.6, ${HCOOH]} ~
0.85, and ${CHCIO} ~ 0.6. With this assessment, ksqa/ k51’ ~
0.6 and Ks2a/kso ~ 0.8.

(52a)
(52b)

D. Rate Law

There are two general rate laws:

(1) The diradical mechanism which involves the oxidation of
CX, and CX,CX,0*, If there is a chain (C,F 4, CF,CCl,) the chain
lengths are dependent on the ratio [CX,CXz]/[0,]. The rate law
has been discussed in detail in C,F 4 elsewhere.’

(2) The monoradical chain mechanism which applies to all
the chloro olefins studied, except CF,CCl, and CHCICH,. The
chain lengths depend on the parameter [CCIXCX]//,'/? when
the O(°P) atom is generated in steady-state photolysis. Since the
rate of the chain propagation step is proportional to [CCIXCX,],
termination by a radical-radical mechanism is suggested in
which one radical is the chain carrier (i.e., Cl atoms) and the
other radical must be one that is absent in the chlorine-atom
initiated or Hg-photosensitized oxidations, since in those systems
there is no intensity dependence. The indicated reactions are

Cl + XCO — CIX + CO (53)
ClO + CICO — CI,0 + CO (54a)
—Cly, + CO; (54b)
The initiating reactions are:
3CCl, + 0, — CIO + CICO (46"
3CCIH + 0, — HO + CICO (46'")
3CCIF + 0, — FO + CICO (46'"")

and the CICO can decompose via
CICO —Cl + CO

The CIO and HO radicals react rapidly with the olefins to ini-
tiate the chain. However, the FO radical is apparently a termi-
nating radical, since in the CFCICFCI system, the chain length
was only one-half that expected if FO propagated the chain.

If the termination is principally by reactions 53 and 54, which
is the case at low values of [CCIXCX,]//,"2, then the oxidation
chain length will be proportional to [CCIXCX2]//,"/2. On the other
hand, at high values of [CCIXCX;]//, "2, termination is principally
by reactions 4b and 4b’. The chain length should be independent
of the reaction parameters, and should be equal to that in the
chlorine-atom initiated system multiplied by the yield of CXCI
radicals produced in the primary step when O(°P) reacts with
CCIXCX; (one-half that value for CFCICFCI, since FO is not a
propagating radical). Thus

P{OX}../ P1OX}c) = (K3ga + Kaso)/Kas

where ${0X].. is the upper limiting oxidation quantum yield at
high [CCIXCX;]//,12 in the O(®P)-0,-CCIXCX, system, and
®{OXl¢, is the oxidation yield in the chlorine-atom-initiated oxi-
dation. The right-hand side of eq XIl also can be obtained inde-
pendently from the O(®P)-CCIXCX, system in the absence of
0,. Thus eq Xll relates, in one expression, the principal features
of the chlorine-atom-initiated oxidation, the O(3P) oxidation, and
O(3P)-0,-CX,CICX; oxidation.

(X1
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Table VIIl summarizes the results obtained for the upper limit
long-chain oxidation in the O{3P)-0,-CCIXCX, system. The
values of ${0X}../P{OX]c agree quite well with the values of
(kaga + kagp)/ k3g Obtained in the absence of O,.

VI. Reactions with Ozone

Surprisingly, in spite of their commercial importance and
possible biological significance of some of the haloethylenes,
relatively limited kinetic studies have been carried out on the
ozonolysis reactions of these compounds. The earliest work
appears to be as recent as 1966,%8 and, apparently, subsequent
studies have originated only from Cvetanovi¢ and coworkers at
the Canadian National Research Council,®® from the group in
Milan,®'-111-113 and from our laboratory.57%7" The first group
reported on the kinetics of ozonolysis of various chloroethylenes
in CCl, solution while our investigations have dealt with the
gas-phase and the low-temperature solid-phase reactions of
several of the same chloroethylenes. Although some of our
studies have not yet been published, the important conclusions
resulting from them will be reviewed here. Also, for the sake of
completeness, the ozonolysis data on ethylene itself will be in-
cluded in this review.

A. Review of the Experimental Data

C>H,. The reaction of ethylene with ozone has been studied
in the vapor phase under chemiluminescent conditions by Fin-
layson et al.”273 and under nonchemiluminescent conditions by
several research groups.”4-83.107-110 Experimental data for the
liquid phase reaction originate from the laboratories of Cveta-
novie®-84 and of Kuczkowski.®5-88 We have reported previously
on the reaction carried out in the solid phase at low tempera-
tures® and on the vapor-phase decomposition of one of the
relatively stable reaction products obtained from the liquid- and
solid-phase reactions.®®

In their study of the chemiluminescent reaction, Finlayson et
al.”273 employed a flow system in which excess olefin reacted
with ozone {about 2 mol % diluted in O, Ny, or He). The total
pressures were 2—10 Torr. Emission was seen from vibration—
rotation bands of HO with v < 9. The emission was virtually
identical with the Meinel bands seen from the reaction of H with
O3

H+ 03 — 0, + HO? (v=9) (55)

thus confirming that H atoms are produced under the experi-
mental conditions used. The emission yield was ~10~7 for the
9 — 3 transition per molecule of reactant consumed at 4.6 Torr
total pressure. Also seen was emission from electronically ex-
cited CH,0 ('A” — "A,) and OH (A2Z — X2II), the yield of the
former emission being ~10~7 per molecule of reactant con-
sumed. The electronically excited HO emission was seen only
in Ny-buffered mixtures, but the other two emissions were seen
in either N or O, buffered mixtures. With the assumption of 1:1
reactant stoichiometry, the rate coefficient was found to be five
times larger in N, than in O, at 2-10 Torr total pressure and
reactant fractions of O3 ~ 50 ppm and C,H4 ~ 400 ppm. In O,
the rate coefficient at room temperature was (1 + 1) X 103 M~
s~
Cadle and Schadt’* appear to have been the first to study
quantitatively the kinetics of the ethylene—ozone reaction. In-
frared spectroscopy was used to follow the decay of ozone, and
the reactant pressures were in the range of 0.1 to 3 Torr. The
consumption ratio [C,H,4]/[Q3] was reported to vary between
1.9 and 3.2 and the products were not identified. The initial rates,
which were first order in each reactant, gave a second-order rate
constant of 2.1 X 102 M~ s~ . Evidently, the rate showed no
dependence on oxygen pressure (150 to 650 Torr) or on tem-
perature (30 to 50 °C). Unidentified transitory products were
reported at room temperature by Heath et al.'® using a long-path
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infrared cell for analysis, but these results have never been
confirmed.

The second-order kinetics was subsequently confirmed by
Hanst et al.,”> Bufalini and Altshuller,”® DeMore,®° and oth-
ers.82.83.109.110 Byfalini and Altshuller’® used in their work a 12-I.
static reactor kept at 25 °C and under a dynamic condition,
variable volume vessel (0.5 to 12 |.) with temperature kept be-
tween 30 and 100 °C. Reactant concentrations were in the parts
per million range, and air was used as diluent. Ethylene was
analyzed by gas chromatography while the iodide titration
method was used for ozone. Complete stoichiometry was not
reported, but the consumption ratio [CoH,]/[03] was found to
be near unity at low ethylene concentrations and to increase to
a limiting value of about 1.6 as the olefin pressure was increased.
Bufalini and Altshuller reported the experimental Arrhenius
frequency factor and activation energy to be 1.7 X 108 M~ 15~
and 4.2 £ 0.4 kcal/mol, respectively. At 25 °C, the latter pa-
rameters correspond to a rate constant of 1.6 X 10% M~
s~

Similar Arrhenius parameters were reported by DeMore8©
although his reaction temperatures were in the range from —40
to —95 °C. The rates in this temperature range were still inde-
pendent of the presence of oxygen, and the consumption ratio
[C2H4]/[03] was 1.0 £ 0.3 in the absence of 0, and 1.2 + 0.3
with O,. DeMore also observed aerosol formation which was
reduced by not using any diluent gas. However, infrared analysis
apparently provided no information concerning the nature of this
aerosol or of any other reaction products.

More recently Stedman et al.82 and Herron and Huie®? have
examined the ozonolysis of ethylene at low reactant pressures.
In the work of Stedman et al., the reactant concentrations were
in the parts per million range and the total pressures were kept
at 1 atm. Only a single temperature of 26 + 2 °C was used in
this work, and the second-order rate constant was found to be
0.93 X 103 M~ s~ 1 in either O, or N, diluent. Herron and Huie
followed the reaction by mass spectroscopy in the temperature
range of —40 to 90 °C. Ethylene pressures were below 1 Torr
but kept about ten times greater than the ozone pressures. These
authors observed with argon carrier gas that nonreproducible
results were obtained and the apparent second-order rate con-
stants were much greater than those obtained with O, buffer gas.
With oxygen at about 3 Torr, the resulting second-order rate
constants and their Arrhenius parameters were in close
agreement with values obtained by other investigators.

The most recent reports of rate parameters are by Japar et
al. %% and Becker et al.'® Japar et al.'%® studied the reaction at
room temperature with initial O3 concentrations 1-10% of the
olefin concentrations. The Oz concentrations were monitored
with the NO-03 chemiluminescence technique, and the rate
coefficient was found to be 1.1 X 103 M~'s~". Becker et al.’"°
studied the reaction at a total pressure of 6800 mTorr between
280 and 360 K. The rate coefficient in both the absence and
presence of O, fitted the expression 7.2 X 108 exp{(—4950 +
200)/RT} M~ "s~ 1 which gives a value of 1.7 X 103M~ s~ Tat
25 °C.

The difference in rate coefficient and mechanism in the
presence of O, found by Herron and Huie®® and Finlayson et al.”3
confirmed the earlier report of Wei and Cvetanovic”® who found
that the ratio of olefin to 0zone consumed is unity in the absence
of O, but between 1.4 and 2.0 in its presence. Furthermore the
relative rate coefficient (compared to the i~-C4Hg—O3 reaction)
was different in the O, and N, buffered systems.”8

Herron and Huie®3 also studied the ozonolysis of propylene
and found that its apparent second-order rate constant decreased
by a factor of almost 2 as the O, pressure was increased to about
1 Torr. At higher O, buffer gas pressures, the second-order rate
constants remained constant and at a value of 6.36 X 103 M~
s~ 1(25 °C) which agreed with those reported by earlier work-
ers.
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TABLE IX. Kinetlcs of Ethylene—Ozone Reaction in the Presence of Excess O,

Arrhenius parameters

Specles Temp, Reactants [C2H4]/[03] kat 25 °C,
Investigators followed? °C Torr consumption E, kcal/mol A Mg~ M~Tg™1
Cadle and Schadt’* 03 (IR) 30 to 50 0.1t03 2t03 0 2.1 X 102 2.1 X 102
Bufalini 05 (KI) 3010 100 Ppmrange 110 1.6 42404 1.7 X 108 1.6 X 10°
and Altshuler”® CoH4 (GC)
DeMorg?8° 03 (UV) —95to —40 2to0 20 1,04+ 0.3 4,7 +£0.2 2.0 X 108 0.79 X 108
1.2 £ 0.3(0,)
Stedman et al.82 03 (NO) 26 Ppm range 0.93 X 103
C2H4 (GC)
Herron 03 (MS) —40 to 90 Ppmto 1 5.1+03 5.4 X 108 1,02 X 108
and Huie®?
Finlayson et al.”® 03 (UV) 25 ~0.5 X 1073(03) 1.0 X 108
~4 X 10~3(C,H,)
Becker et al.'"? 03 (NO) 7to 87 (6 t0 800) X 103 50%£ 0.2 7.2 X 108 1.7 X 103

4 |R = infrared spectroscopy. Kl = Kl titration, GC = gas chromatography, UV = ultraviolet spectroscopy. NO = nitric oxide chemiluminescence. MS

= mass spectroscopy.

TABLE X. Infrared Spectra of Primary and Secondary
Ethylene Ozonide#

Secondary ozonide

Primary ozonide  Tentative
Vapor (30 °C)  Solid (—190 °C)  Solid (—190 °C)  assignment
2996 w 3050 w CH, stretch
2974 5 2980 m CH, stretch
2900 s 2910's CH; stretch
2894 m CH, stretch
1646 w combination
~1480 w CH, defor-
mation
~1380 w 1395 vw CH,, defor-
mation
1390 w CH, defor-
mation
~1350 w 1350 m CH, twist
1325 w CH, twist
1260 w Difference
band
1214 w CC stretch
~1207 w 1212 m CO stretch
1133 m 1130 m CH, wag
1125w CH, wag
1082 vs 1060 vs CO stretch
~1038 m 1020 s CO stretch
983 m QO stretch
957 vs 932 vs CO stretch
927 m CO stretch
~933m 917 m QO stretch
843 w QO strétch
798 m 804 s Ring bend
733 w Ring bend
730m Ring bend
698 w 696 m CH» rock
687 w CH, rock
650 m Ring bend
410 w Ring bend
~400 w 405 w Ring bend

2 Frequencies are in cm™" unit.

A summary of the kinetlc data for the ozonolysis of ethylene
is presented in Table IX. Experimental results obtained by
Cvetanovié and coworkers”8-78 are not included here since only
relative rates of ethylene with respect to other olefins were
obtained. However, on the basis of analysis by gas-liquid
chromatography, Vrbaski and Cvetanovi¢’” found that 1 mol
each of CoH4 and O3 gave 0.25 mol of HCOOH, 0.019 mol of
CH3CHO, and small amounts of other unknown products.

The only attempt of a quantitative kinetic study of the ethyl-
ene—ozone reaction in the liquid phase was that by Williamson
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Flgure 4. Infrared spectrd of primary and secondary etheylene Ozonides
at liquid nitrogen temperature. In part from Hull et al.®

and Cvetanovic.84 Carbon tetrachloride solution was used by
these investigators, but because of loss of olefin from the so-
lution the Kinetic results were inconclusive. However, by as-
suming that the relative rates with respect to 1-hexene were the
same in the vapor and CCl, solution, Williamson and Cvetano-
vite® estimated the second-order rate constant for the ethyl-
ene—ozone reaction in CCl, solution at 25 °C to be about 2.4 X
104°M~ s,

Other liquid-phase studies reported in the literature appear
to deal primarily with product identification for mechanistic
purposes. Inert solvents and reduced temperatures have been
used in these studies in order to minimize the decompbsition of
the reaction intermediates or products. Under these experimental
conditions, some higher molecular weight péroxides are ob-
tained, but the major reaction product is the 1,2,4-trioxacyclo-
pentane {commonly called secondary ethylene ozonide or simply
ethylene ozonide). The infrared spectra of ethyiene ozonide in
the vapor phase at 30 °C and in the solid phase at liquid nitrogen
temperature are shown in Figure 4. Our vapor-phase spectrum
is essentially the same as that reported first by Garvin and
Schubert.?° Band frequencies and their tentative assignments
are given in Table X. The complete microwave structure of
ethylene ozonide has been determined by Gillies and Kucz-
kowski.85:3¢ The molecule has a half-chair conformation {C»
point group) with the geometry as shown in Figure 5, but no
evidence of free or hiridered ring pseudo-rotation was found. This
ozonide also has a dipole moment of 1.09 D, and on the basls
of temperature dependence of its microwave line intensities a
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low-frequency fundamental at 200 + 40 cm™' was predicted
by Gillies and Kuczkowski as a possible ring bending vibrational
mode. These investigators also carried out the low-temperature
liquid-phase ozonolysis reaction in the presence of formalde-
hyde-80 and showed that the oxygen isotope appears exclu-
sively in the epoxy position of the ozonide.®5-87 In addition, when
ethylene-d; was used in the reaction, ethylene-d, ozonide and
two -d; species, all in about equal amounts, and smaller quan-
tities of three types of d, species were identified by microwave
spectroscopy. Above room temperature, gaseous ethylene
ozonide decomposes slowly by a first-order process giving
quantitatively formaldehyde and formic acid as products.®® The
first-order rate constant has been determined in the temperature
range of 46 to 85 °C to be k (s~') = 10380 exp(—27.5 kcal
mol~1/RT).8®

The reaction of ethylene with ozone in the solid phase has
been studied by Hull et al.®8 with infrared spectroscopy. As the
reactants were warmed from liquid nitrogen temperature to about
—170 °C, a new set of infrared absorption bands appeared in-
dicating the formation of one major primary product. On further
warming to temperatures near —100 °C, this primary product
decayed into the known secondary ethylene ozonide. Vapor-
ization of the reaction mixture and its spectroscopic analysis
showed that the secondary ethylene ozonide was the final major
product with formaldehyde and formic acid being minor products.
Also, small amounts of polymeric material remained on the
low-temperature infrared window. From the frequencies of the
absorption bands of the primary product and from the fact that
similar sets of bands were displayed by the initial products in
reactions of other olefins with ozone, the primary species of the
ethylene—-ozone solid-state reaction at low temperatures was
identified as the 1,2,3-trioxacyclopentane (primary ethylene
ozonide). The infrared spectrum of a solid sample containing both
the primary and the secondary ethylene ozonide is shown in
Figure 4. Frequencies of the primary ozonide bands are listed
in Table X. The most characteristic band in the spectrum of this
ozonide at liquid nitrogen temperature is the intense sharp band
at 983 cm™ ' which does not overlap with bands of other species
present in the reaction mixture.

CsF,4. According to Heicklen®® and later confirmed by Gozzo
and Camaggi,®’ only carbonyl fluoride and oxygen are observed
as products of the vapor-phase ozonolysis of tetrafluoroethylene
at room temperature. Two moles of carbony! fluoride was ob-
tained from each mole of olefin, so the reaction stoichiometry
is evidently

2C,F4 + 205 — 4CF,0 + O, (56)

The kinetics of reaction 56 at 25 °C was studied by Heicklen for
ozone and olefin pressures in the range of 0.7-15 Torr and 0.2-6
Torr, respectively. Initial rates, R{CF,0}, were determined by
following the infrared carbonyl band of CF,0. At constant CoF 4
pressure, R{CF,0} increased linearly with increasing ozone
pressure but became independent or even decreased at higher
pressures of ozone. The experimental data although limited were
interpreted on the basis of the rate equation

R{CF,0} = kK [03][CoF4]2/(1 + K [CoF,]) (X

for which Heicklen obtained at 25 °C, k = 300 M~'s~'and ¥
>9X10°M,

The investigation of Gozzo and Camaggi®' was concerned
primarily with the reaction stoichiometry and product identifi-
cation. Their vapor-phase work appeared to be limited to the
confirmation of eq Xlll and most of their studies were conducted
with solutions of inert halocarbon solvents at 0 °C. They em-
ployed a flow system with ozone in helium carrier gas and de-
termined the reactant consumption and product formation in
millimoles/hour. When the olefin was in excess (reactant ratio
[C2F4]/[03] ~ 50), the major products were carbonyl fluoride
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Figure 5. Microwave structure of secondary ethylene ozonide. From
data of Gillies and Kuczkowski.85-86

and tetrafluoroethylene oxide. Traces of perfluorocyclopropane
also appeared, but the reaction stoichiometry was best repre-
sented by

2C,F4 + O3 — 2CF,0 + CF,CF,0 (56")

The product ratio [CF,0]/ ffFZCFga] varied approximately as
2 + 8([03]/[C2F4]). For reactant ratio [C,F 4]/[O3] near unity,
small amounts of secondary ozonide of C,F4 were formed in
addition to CF .0, GFZCng, and c-CsF¢. In these cases the re-
action stoichiometry was that given by reaction 56 but the oxy-
gen balance was poor owing to the formation of small quantities
of polymer. The secondary ozonide of C,F 4 was reported to be
a liquid at room temperature and to react with aqueous Kl to give
1 mol of iodine, 2 mol of carbon dioxide, and 4 mol of fluoride
ion. Its infrared spectrum has two intense bands near 1300 and
1200 cm™', and its mass spectrum has mass peaks corre-
sponding to the ions C,F 403", CoF40,%, and CoF,O*.

Later Gozzo et al.,''® working in the gas phase at room tem-
perature and at 15 °C in inert halocarbon solvents, identified a
peroxidic liquid product essentially of structure (CF,CF,00),.
They explained this product as coming from the addition of the
diradical ROO to C,F, followed by consecutive O, and C,F4
addition.

C»Cl,. The kinetics of the reaction between O3 and C,Cl, at
25 °C has been studied in the vapor phase by Mathias et al.,%
and in CCl, solution by Williamson and Cvetanovi¢.®® Although
the latter investigators did not report the products of this reaction,
in our laboratory®? this reaction has been examined in the solid
phase at liquid nitrogen temperature and in the liquid phase at
reduced temperatures. In the solid phase, ozone did not react
with C,Cl, but formed a = complex which has a weak charac-
teristic infrared band at 1030 cm~" and which decomposed
reversibly into the reactants at about —130 °C. Similar = com-
plexes have been observed before in many alkene and ozone
solid-phase reactions.®8 No ozonides were formed in the liquid
phase either. Vaporization of the liquid-phase products gave
CCI,0 and CCI3CCIO as major products, tetrachloroethylene
oxide as a minor product, and traces of HCOOH and a high-
boiling polymer. The formation of the HCOOH was minimized
by keeping our reaction vessel dry. The stoichiometry of the
liquid-phase reaction could not be determined because of poor
oxygen mass balance. However, the olefin consumption ap-
peared to be accounted for by the CCI,0 and CCI3CCIO yields,
and more phosgene than acid chloride was always produced.

The products of the gas-phase reaction at 25 °C were es-
sentially the same as those observed from the liquid-phase study.
However, traces of Cl,, CO, and CO, were observed when the
reaction was permitted to continue for long periods. Once again,
it was not possible to determine the reaction stoichiometry but
more products appeared to be formed when oxygen was used
as the buffer gas. The reaction was too slow, ozone loss oc-
curred through its own decomposition, the acid chloride slowly
decayed with time, and the strongest infrared band of the minor
product epoxide was obscured by an olefin infrared band. Figure
6 shows the variation in composition of a typical gas-phase re-
action. The reaction was strongly inhibited by oxygen. The initial
rates, R{CCI,0} or R{CCI;CCI(O)}, determined by infrared
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Figure 6. Time dependence of the composition of C,Cl, 0zonolysis
reaction at 24 °C: [C,Cls]o = 6.9 Torr, [O3] = 4.1 Torr. From Mathias
et al.5 with permission of the National Research Council of Canada.

spectroscopy, increased with olefin pressures but were not af-
fected much by nitrogen buffer gas or the initial ozone pressure
(range of a factor of 2). A log-log plot of initial rates against olefin
pressures {range of a factor of 5) gave a slope of 1.8, and the
average value of R{CCI,0}/R{CCIsCCIO} was 1.3. With O,
buffer, the initial rate was decreased by a factor of at least
10.

Williamson and Cvetanovi¢®® found that the reaction rate in
CCl, solution at 25 °C was first order in both [03] and [C,Cl,].
The concentration of olefin which was always in excess was
varied in the range of 1-5 mmol/I., and the ozone ultraviolet band
at 0.280 um was used to follow the rate. Under these conditions
the second-order rate constant was 1.0 M~1s™".

CHCICCl,. Only Williamson and Cvetanovi¢c®® studied this
reaction. In CCl, solution at 25 °C, the rate was reported to be
first order in each reactant with the second-order rate constant
being 3.6 M~' 5™, The products of the reaction or their stoi-
chiometries are not known.

CH,CCl,. The products of the vapor-phase reaction at 25 °C
have been identified by Hull et al.”® to be CCI,0, HCOOH,
CH,CICCI0), CO, CO,, O, HCI, and possibly water although it
was never detected. The yield of phosgene was always either
comparable to or greater than the yield of formic acid, and the
sum of the phosgene and acid chloride yields was generally
slightly less than the consumption of the olefin. Presumably, the
hydrolysis of the acid chloride led to the latter inequality. The
consumption ratio [olefin]/[03] was approximately unity when
the reactant pressures were comparable but this ratio ap-
proached two as the olefin was made more in excess. With O,
buffer gas, the limiting consumption ratio was near five for high
excess olefin runs. On the other hand, the yield of CCI,0 per
mole of O3 with N, buffer appeared to be independent of the
relative amounts of the reactants and varied in the range of 0.3
to 0.4. The same mole ratio increased to near unity in oxygen
buffer when the olefin was made more excess.

In CCl, solutions at 25 °C, Williamson and Cvetanovié®® found
that the yield of phosgene per reactant olefin consumed was
essentially quantitative (GC analysis). However, the only other
product observed was a white solid which remained after solvent
evaporation and which exploded violently on attempt to collect
the material. In the low-temperature solid-phase reaction,®? on
the other hand, both CCI,0 and CH,CICCI{O) have been identi-
fied. Infrared analysis of the solid reactants showed initially the
reversible formation of a m complex, and on further warming to
about —90 °C only the infrared bands due to phosgene and acid
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chloride appeared. Vaporization of the reaction mixture showed
unreacted olefin, CCI,0, CH,CICCI{O), and HCOOH.

When olefin was in excess, the rate of ozonolysis of CH,CCl,
at 25 °C in CCl, solution was found to consume equal amounts
of reactants, to be first order in each reactant, and to have a rate
constant of 22.1 M~ 571,52 The kinetics is more complex in the
vapor phase at the same temperature, for Hull et al.”® determined
the rate law to be

with Ny buffer gas, and
—d[03]/dt = kxv[CH2CCl2] [O5] (XV)

when oxygen gas was used as buffer. In these studies the ozone
pressure was a Torr or less and the olefin was varied from 3 to
100 Torr. The experimental values of the rate constants were
kxqy = (2.4 + 0.6) X 108M~2s5~"and kXV =22+06M 157",
With O, buffer, the second-order rate constant for eq XV ob-
tained from the decay of an olefin infrared band or the combined
rate of appearance of phosgene and acid chloride bands was
almost a factor of 2 greater. Also, the value of 2.2 M~" s~ was
an average of kyy values which appeared to decrease system-
atically by a factor of almost 2 as the olefin pressure was in-
creased from 8 to 100 Torr. In addition, with both N, and O,
buffers, the initial rates appeared to be somewhat faster than
the rates predicted by the rate equations XIV and XV when the
olefin pressures were low.

CHCICHCI (DCE). The stoichiometry of the gas-phase reaction
between cis- or trans-DCE and ozone at 23 °C has been es-
tablished quantitatively by Blume et al.”" to be as given by the
reaction

2CHCICHCI + 205 — 4HCCIO + O, (57)

The reactant pressures were measured directly, the oxygen
concentrations were determined by gas chromatography after
completion of the reaction, and the unstable formyl chloride®®
concentrations were established spectroscopically. Since the
formyl chloride was known to decompose to HCI and CO with
a half-life of about 10—20 min, the products of reaction 57 were
allowed to stand until the formyl chloride infrared bands disap-
peared. From the infrared determination of the absolute con-
centration of CO and from the known reactant pressures and
initial absorbance of HCCIO, the absorption coefficients of the
HCCIO infrared bands were calculated. The two most intense
bands of this molecule are the carbonyl stretch at 1784 cm™
and the CClI stretch at 739 cm~'.%% The decadic absorption
coefficients of the R-branches of these bands were found to be
0.0194 and 0.0129 Torr~' cm™ ', respectively.”" In addition to
HCCIO, O, HCI, and CO, traces of CCI,0 and HCOOH were
observed in some of the reaction mixtures. The latter two
species evidently came from hydrolysis reactions, for it was
possible to minimize their formation by careful pumping of the
reaction vessels.

The stoichiometry for the ozonolysis of cis-DCE in CCl, so-
lution at 25 °C was examined by Williamson and Cvetanovié.5°
They determined the consumption ratio [DCE]/[Q3] to be one
but were able to identify only one product from the gas chro-
matographic analysis. This product was phosgene, and 0.18 mol
of it was reported to be generated from each mole of DCE
consumed. These investigators reported, however, that with
50% completion of the reaction three other GC peaks appeared
whose retention times were shorter than that for CCl,0 and
whose relative peak areas changed with time. In the study of the
liquid phase” formed by allowing the solid reactants to melt at
reduced temperatures, HCCIO was observed as the major
product with only traces of HCOOH and CCI,0. Small amounts
of explosive clear liquid also remained after evaporation of the
liquid mixture. The decomposition of HCCIO in the liquid phase
was very much faster than the gas-phase rate, but HCl and CO
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Figure 7. Fourth-order kinetic plot of trans-CHCICHCI reaction with
ozone at 23 °C. From Blume et al.,” " with permission of John Wiley &
Sons.

were still the products. The three unidentified GC peaks observed
by Williamson and Cvetanovi¢ may very well have been HCCIO,
HCI, and CO. The reaction in the low-temperature solid phase
gave essentially the same products®? as those observed in the
liquid phase. Only a m complex and no ozonides were observed
as the solid reactants were allowed to warm slowly. At tem-
peratures above about —150 °C, absorption bands due to solid
HCCIO grew. Formyl chloride began to sublime off the low
temperature window at about —110 °C.

Relatively simple kinetics was observed by Williamson and
Cvetanovic®® for the ozonolysis of DCE in CCly solution at 25
°C. The rate was first order in each reactant with the second-
order rate constant being 35.7 M~" s~ for ¢is-DCE and 591 M~
s~ for the trans isomer. Thus, in CCl, solution at 25 °C the re-
activity toward ozone of trans-DCE is about 17 times faster than
that of the cis-DCE which in turn reacts about six times faster
than does 1,1-DCE. The kinetics in the gas phase, on the other
hand, was expected to be complex since reaction 57 under
excess olefin condition caused the isomerization of the reactant
in addition to giving the products formyl chloride and oxygen.*?
Subsequent studies by Blume et al.”! have shown indeed that
reaction 57 has an exceedingly complex kinetics.

Blume et al. used infrared and ultraviolet spectroscopy to
follow the rates of reaction 57. Olefin pressures ranged from 0.2
to 40 Torr for cis-DCE and from 0.3 to 80 Torr for trans-DCE.
Ozone pressures were limited to below about 7 Torr. Rates were
also determined with the reactants buffered with N, and O, gas.
It was found experimentally that the rates of reaction 57 satisfied
the condition R = —d[DCE]/dt = —d[03]/dt = +d[HCCIO]/2dt
and could be expressed in the general form

R = kx\i[DCE] "[Og] ™ {(Xvi)

where nand m had values of 1 or 2 depending on the pressure
range of each reactant. When the pressures of O3 and DCE were
both of the order of 1 Torr or less, it was found that n = m = 2.
Figure 7 illustrates a kinetic plot of such a reaction in which
[trans-DCE] = [03] = 0.62 Torr so that 1/[03]2 plotted against
reaction time gave a straight line. Also, when one or the other
reactant was in excess, second-order kinetic plots were obtained
by following the reactant not in excess. However, in excess
ozone kinetic runs with [Q3] greater than about 3 Torr, n = 2 was
still satisfied but the fourth-order rate constant with m = 2 de-
creased as the ozone pressures were increased. In these kinetic
runs more constant rate coefficients were obtained by taking
m = 1. Finally, when the olefin was in excess and [DCE] was
greater than about 4 Torr, both exponents became n=m= 1.
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Figure 9. First-order kinetic plot of ¢is-CHCICHCI reaction with ozone
at 23 °C in O, buffer. From Blume et al.”! with permission of John Wiley
& Sons.

Figure 8 shows a first-order plot of an excess cis-DCE reaction
in which the formation of HCCIO was followed. With N, buffer,
the rates were invariably faster at the beginning of the reaction
as is apparent in Figure 8, but the rates soon followed first-order
kinetics. Such initial deviations were absent when O, buffer was
used as illustrated in Figure 9. Moreover, the second-order rate
constants obtained from the final first-order kinetic section of
the Ny-buffered reactions were the same within experimental
uncertainty limits as the second-order rate constants derived
from the O, buffered reactions. Also, under all reactant pressure
conditions, rate constants obtained from reactions with O, buffer
were always less by as much as a factor of 10 than the initial rate
constants from the N,-buffered reactions. Numerical values of
the various experimental rate constants are summarized in Table
XI. There were considerable uncertainties due to the limited
pressure ranges in which the rates could be determined, but the
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TABLE XI. Kinetic Data for the Ozonolysis of 1,2-Dichloroethylene (DCE)

Solvent and Rate Rate
temp Concentration equation constants @ Source
CCl4 soln, [03] « [DCE] = R{03} = k[DCE][03] cis 35.7 M~ 15T Williamson and
25°C 1X 1073 =5X1073M trans 591 M~ 1g™" Cvetanovi]c®®
N2(Q5) gas, [DCE] = [03] R|DCE} = R|03} = cis 1.23 X 10" M~3 s~ 1 Blume et al.”’
23°C <1 Torr k[DCE]?[03]2 0.12 X 10""M~3s™1)

[DCE] = 1Torr
[03] S 2Torr

[DCE] > 3 Torr
> [04]

2 Rate constants enclosed in parentheses are from Q,-buffered reactions.
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Figure 10. Ozone-catalyzed isomerization of cis-CHCICHCI at 23 °C.
From Blume et al.”! with permission of John Wiley & Sons.

trans-DCE definitely reacted faster than did the cis isomer.

It was already pointed out that the reaction under excess olefin
conditions led to some isomerization of the reactant olefin.
Similar isomerizations were observed even in excess ozone runs
provided the olefin pressures were reasonably high. Figure 10
illustrates the experimental results from such a case. Here, the
pressure variations of the reactant cis-DCE and the products
trans-DCE and HCCIO were determined from three separate
experiments in which the reactant pressures were comparable.
It is evident from this figure that the isomerization reaction ap-
pears to be faster than the ozonolysis reaction. In excess cis-
DCE with ozone pressures of about 1 Torr, the yield of trans
isomer appeared to increase from 20% to about 30% as the
olefin pressure was increased from 6 to 40 Torr. On the other
hand, with a similar pressure of ozone only 3—4 Torr of cis isomer
was formed from excess trans-DCE even though its pressures
were varied from 6 to 20 Torr. Although it was not experimentally
feasible to study the kinetics of isomerization of the olefin, the
isomerization rates appeared to be a measure of the rates of
ozone disappearance as illustrated in Figure 11. In this run, 1.72
Torr of trans-DCE and 4.58 Torr of cis-DCE were observed at
the end of the reaction, so that 7.31 — 1.72 — 4.58 = 1.01 Torr
of reactant olefin was consumed while the initial pressure of O3
was 1.08 Torr.

CHCICH,. Vinyl chloride also was one of the chloroethylenes
examined by Williamson and Cvetanovi¢.8® They found that 1.2
mol of CH,CHCI was consumed for each mole of ozone during
the ozonolysis in CCly solution at 25 °C, but the only reaction
product identified by gas chromatography was 0.06 mol of
phosgene/mol of olefin consumed. The reaction rate was ob-

R|DCE} = k[DCE]2[03]

Rl03} = K[DCE][03]

trans 13,1 X 101" M~3 ™1
(4.0 X 101" M™3s7T)

cis 2.4 X 107 M~25~1
(0.1468 X 10" M~2 sec™")
trans 3.2 X 107 M~2s~1
(0.59 X 107 M~25™1)

cis 4.6 X 102M~1s~1
0.37 X 102M~"s~1)
trans 9.0 X 102M~ 15!
(2.3 X 102M~ g™

100
sof
soF [cis-DCE]o = 7.3 Torr
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40F
[02)o = 1678 Torr
20F

O -
@ O

(e}
[¢2]

o
»

[truns—DCE]m— [nonsADCE], , Torr

02

|

i 1 L — 1 )
0 20 40 60 80 100 120 140

0l

REACTION TIME, Sec

Flgure 11. First-order kinetic plot from the isomerization data for the
¢is-CHCICHCI reaction at 23 °C with O, buffer. From Biume et al.,”"
with permission of John Wiley & Sons.

served to be first order in each reactant and to have a second-
order rate constant of 1.18 X 103 M~ 15",

In the infrared spectroscopic study of vinyl chloride ozonolysis,
currently in progress in our laboratory, Kolopaijlo®4 observed no
CCl,0 among the products. Instead the primary products from
both the gas and liquid phase reactions were formic acid and
formy! chloride. Furthermore, the reaction stoichiometry ap-
peared to be represented by

CH,CHCI + O3 — HCOOH + HCCIO (58)

The reaction in the solid phase at low temperatures gave more
informative results.%2 The 1030-cm™ ' region where the olefin—
ozone w complexes absorb® was obscured by the infrared
bands of the reaction products and by an olefin band, so the
presence of a m complex in this case could not be verified.
However, as the solid reactants were warmed to about —165
°C, two sets of new absorption bands started to appear. Re-
peated warming of the solid sample to about —150 °C caused
the bands of both sets to grow at the same rate. One set of bands
was readily identified as belonging to formyl chloride,®® and this



Oxidation of Haloethylenes

100 T T T T T

Chemical Reviews, 1976, Vol. 76. No. 6 819

80

60

40

Tronsmittance

20

0 1 1 1 1 1

| | | 1 | u

4000 3000

2000 1800 1600
Frequency, cm™

1400 1200 1000 800 600 400 200
1

Flgure 12. Infrared spectrum of vinyl chioride primary ozonide at liquid nitrogen temperature. The absorption bands identified by arrows are assigned
to the more stable isomer of the 0zonide. The weak band at 1755 cm™" is due to formyl chloride residue still in the ozonide sample. From Hisatsune

et al.%2

compound began to sublime off the low-temperature infrared
window at about —120 °C. The second set of bands which is
illustrated in Figure 12 has been assigned to the primary ozonide
of vinyl chloride. This ozonide was found to be stable to about
—55 °C, above which it decomposed irreversibly into formic
acid, formyl chloride, and a somewhat volatile polymer. Inter-
estingly, the infrared spectrum of the latter polymer was es-
sentially the same as that of the peroxidic polymer observed in
the decomposition of ethylene primary ozonide.®®

The spectrum shown in Figure 12 has a strong resemblance
to those of primary and secondary ethylene ozonides illustrated
in Figure 4. Bands near 1000 cm™~" are presumably due to O-O
and C-0 bond stretching modes, but there are two intense bands
near 700 cm™" where the C-Cl stretch band is expected. Al-
though these bands grew at the same rate as the primary ozonide
was being formed, during the decomposition their relative in-
tensity ratios were no longer constant. Thus, these bands evi-
dently represent the expected two isomers® of the vinyl chloride
primary ozonide, but the assignment of each peak to the axial
C-Cl or the equatorial C-Cl stretch in the puckered, five-
membered trioxa ring is not apparent. Nevertheless, the ozonide
with the lower C—Cl stretch frequency appeared to be the more
stable isomer, and other bands associated with this species are
identified by arrows in Figure 12,

The kinetics of the ozonolysis of vinyl chloride in the gas
phase is also under investigation in our laboratory.®4 Preliminary
studies have shown that this reaction appears to be too fast for
spectroscopic study without oxygen buffer gas. With oxygen,
however, the reaction is strongly inhibited and its rate can be
followed conveniently by ordinary spectroscopic instruments.
The results from one such kinetic run are displayed in Figure 13.
Here the pressures of vinyl chloride and ozone are similar, and
a plot of the inverse of vinyl chloride pressure is essentially a
linear function of time. Thus, the rate under these particular
experimental conditions is first order in each reactant. The re-
sulting second-order rate constant is 3.9 M~'s™"at 22 °C which
is three orders of magnitude smaller than the rate constant for
the same reaction in CCl, solution at 25 °C in the absence of
0>.

B. Review of Ozonolysis Mechanisms

C,H,. The recent experimental data for the condensed phase
reactions of ethylene and ozone are still consistent with the
Criegee mechanism®® of olefin ozonolysis, which can be rep-
resented by the following sequence of reactions:

CH2CH; + 03 — CH,CH,000 (59)
EHaCH,000 — H,CH00™ + CH,0 (60)
H,C*00~ + CH,0 — CH,0CH,00 61)

H,C+00~ — HCOOH (62)

: |
0 80 100 150 200
Reactian Time, sec

Figure 13. Second-order kinetic plot of vinyl chioride reaction with
ozone at 22 °C. From Kolopaijlo.®*

The low-temperature infrared studies of Hull et al.8 have shown
that the first stable product formed by reaction 59 near liquid
nitrogen temperature was the primary ozonide 1,2,3-trioxacy-
clopentane. Further warming of the solid sample to about —100
°C caused the primary ozonide to change smoothly into the
secondary ozonide which remained stable to room temperature.
In the vapor phase at temperatures above about 50 °C, the
secondary ozonide was observed to decompose®® by a first-
order process to give formaldehyde and formic acid. The for-
mation of the zwitterion in reaction 60 was inferred by the small
amounts of polymeric peroxides observed after completion of
each experiment. Minor amounts of HCOOH and CH,0 were also
observed in the solid-phase reaction. The HCOOH could come
from reaction 62 or the formation of energetic secondary ozonide
via reaction 61 followed by decomposition prior to stabilization.
The simultaneous formation of both the primary and secondary
ozonides during the initial warming sequence also indicated that
reaction 59 must be exothermic. The enthalpy change for the
corresponding reaction 59 with 1-butene has been estimated
by O’'Neal and Blumstein®’ to be about —47 kcal/mol. Kucz-
kowski and coworkers®%-87 have provided a convincing dem-
onstration of reactions 60 and 61 in the liquid phase ozonolysis
by showing that the isotopic oxygen atom from the reactant
CH,0 entered exclusively the epoxy position in the secondary
ozonide, and that no labeled oxygen entered the peroxy position
as previously reported.®®-°° Thus, it appears unnecessary in the
present sequence of reactions to invoke, as Story and co-
workers'%0-101 have proposed in other ozonolysis studies, the
Staudinger primary ozonide'°? as a precursor to the 1,2,3-
/O

O O

HQC_'CHz
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CHQCHQOOO + CH,O0 — S~
O\ /CH2
CH;
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)
CH,OCH,00 + CH,O (63)
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o\

AN
[\ ¢

l
O\ \ /O
H2C_CH2

CH,CH,000 + H,C*00~ —>

——]
CH,OCH,00 + H,C"00-
(64)

trioxacyclopentane, or the additional reaction paths'%2 for the
formation of the secondary ozonide shown in eq 63 and 64.

The low-temperature spectroscopic studies of Hull et al.®8
appear to clarify one other aspect of reaction 59, and this con-
cerns the precursor, if any, to the primary ozonide. Vrbaski and
Cvetanovit’® apparently were the first to propose for the ozo-
nolysis of an aliphatic double bond that a # complex may be
formed in equilibrium with the reactants according to reaction
65 and that the subsequent rearrangement of this complex by
reaction 66 was the source of the primary ozonide.

CHgCHg + O3 = CHgCH2'03(7I') (65)
CH,CH2-05(m) — CHZCHZOOEJ (66)

Story et al.’® have also included type 65 and 66 reactions in
their ozonolysis mechanism but not as a reversible step 65.
Bailey et al.'%* have described the 66-type reaction as a 1,3-
dipolar cycloaddition and have included additional decay steps
for the m complex to account for the expoxides and free radical
products observed in many ozonolysis reactions. These addi-
tional steps in the present case would be as follows.

CH,CH,:03(m) = CH,CH,-03(0) — epoxides (67)
CH,CH,-03(m) = CH,CH,0; (free radical zwitterion) (68)
radical chain carrier

Carles and Fliszar, 95 on the other hand, proposed two parallel
paths to the primary ozonide formation, namely, the direct path
reaction 59 and the sequential reactions 65 and 66 in which the
complex could be either a w or a ¢ complex.

A common feature in all these proposed mechanisms is that
the precursor of the primary ozonide is the m complex. Although
such a = complex was not observed in the case of ethylene, the
low-temperature studies®® revealed their presence in all other
olefin and ozone reaction systems and in toluene—ozone systems
as well. It appears very probable that the negative results with
ethylene were not due to the real absence of such a complex
but to the temperature limitation in the low-temperature cell used
in the experiments. Thus, on the basis of the results from other
olefins, one may conclude that reaction 65 is correct and that
the complex must be a charge-transfer type = complex. How-
ever, in no instance were the T complexes of other simple
olefins observed to give the primary ozonides. Instead, they
decomposed reversibly to the original olefin and ozone. Hence,
reaction 66 did not appear to occur in the condensed phases and
the formation of the primary ozonide was by the direct reaction
59. Also, the products observed in these condensed-phase re-

E. Sanhueza, |. C. Hisatsune, and J. Heicklen

actions indicated that reactions 67 and 68 were not important.
In summary, the ozonolysis of ethylene in the liquid and solid
phases can be described adequately by the mechanism con-
sisting of reactions 59 through 62 and reaction 65.

The mechanism for the gas-phase ozonolysis of ethylene, on
the other hand, still remains unclear primarily because of in-
sufficient data and because of the experimental difficulties in
getting such data. For example, information on even the reaction
products is not adequate, and species which have been identified
experimentally appear to be limited to HCOOH,”” CH3CHO,””
aerosol of unknown composition,8® and, under low-pressure
chemiluminescent conditions,”® vibrationally excited OH and
electronically excited CH,O and OH. However, more data on
product analysis are available for olefins of higher molecular
weights, and on the basis of such results two mechanisms have
been proposed. One mechanism, which is still essentially the
Criegee mechanism, suggests that reactions §9 and 60 occur
rapidly and subsequent reactions initiated particularly by CH,00
lead to the observed products. Here, the species CH,00 may
react as a zwitterion7-1% or ag a diradical.”® For example, the
diradical may add to the ethylene and by a single or multiple steps
lead to CH,0 and the observed rearrangement product CH3;CHO.
The zwitterion may rearrange into HCOOH or react with oxy-
gen'%8 to produce hydroxyl and performate free radicals, both
of which can initiate other free radical reactions.

The second mechanism is that due to O’Neal and Blumstein,®’
and it was proposed principally to account for the energy re-
quirements in chemiluminescent reactions and for the products
such as a-diketones which are difficult to explain by the Criegee
mechanism. These authors suggested that the primary ozonide
formed in reaction 57 is in equilibrium with an opened-ring di-
radical species which for ethylene would be as follows

CH2CH,000 = -OCH,CH,00- (69)

The diradical may then dissociate to give the normal Criegee
products of reaction 60, or it may undergo an intramolecular
a-hydrogen abstraction reaction to give an a-keto hydroper-
oxide.

*OCH,CH,00- — CH,00 + CH,0
— OCHCH,O0H

(70a)
(70b)

The hydroperoxide may decompose into the normal ozonolysis
products, HCOOH and CH,0, or into water and glyoxal («-dike-
tone), or produce an OH radical and an oxy-free radical. O’Neal
and Blumstein also estimated the energetics of reactions 70a
and 70b and concluded that for ethylene and propylene the di-
radical should decay mainly by step 70a while for 1-butene and
other olefins with greater internal degrees of freedom reaction
70b should dominate. Consequently, secondary ozonides should
not be the major products from the latter ozonolysis reactions
particularly at higher total pressures. The low-temperature in-
frared studies,®® on the other hand, revealed that not only eth-
ylene and propylene but 2-butenes also gave secondary ozon-
ides. Although O’Neal and Blumstein suggested that reaction 63
may be the source of any unexpected secondary ozonides, the
isotopic studies by Kuczkowski and coworkers85-87 appear to
rule out this possibility, It seems that the estimates of energetics
of these ozonolysis reactions may not be completely valid or
additional modifications of the reaction mechanism may be
necessary.

A further shortcoming of the O'Neal-Blumstein mechanism
is that internal B-hydrogen abstraction by the diradical was
suggested to explain the chemiluminescence of Os—olefin re-
actions. Of course, in the C,H, system there is no 3 hydrogen.
Finlayson et al.”® modified the O’Neal~-Blumstein mechanism
to suggest that electronically excited CH,O was produced by
a-hydrogen abstraction
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?.
HG iHZ —> HCOOH + CH,0* (71)
H.

0]
but this route seems unlikely from both energetic and steric
considerations. The experimental evidence clearly requires the
presence of free H atoms, and Finlayson et al.”® suggested two
routes, both of which are variations of sequential H-atom splitting
from the zwitterion

H,COO — HCOOH* — H+ HCOO — H + CO, (72)

Again, these routes seem unlikely to us, and we prefer hydrogen
abstraction by the single O atom in the diradical
O—-H

H,C——CH —> H,COH + HCOO — H + CO, (73)

‘0O—0
The proposed routes for electronically excited OH production
were’?

O+ H— OH"

O + HCO* — OH* + CO
However, at this time the proposed routes to chemiluminescence
must all be considered to be speculative.

Until very recently?3:83 the only investigation that indicated
that the second-order kinetics of the gas-phase ethylene ozon-
olysis was different in the absence and presence of O, was by
Wei and Cvetanovi¢.”® Herron and Huie®? noted instead that the
experimental results were nonreproducible, and much larger
second-order rate constants were obtained when the reaction
was carried out in argon buffer gas. However, with added O,, rate
constants which agreed with earlier literature values (in the
presence of O,) were obtained. In the case of propylene, Herron
and Huie showed that the second-order rate constant decreased
by a factor of almost 2 as the O, pressure was increased to about
1 Torr and thereafter remained constant on further increase in
O,. This limiting rate constant was found to agree closely with
those reported by earlier investigators (see Table IX). On the
basis of these results and those reported by other investigators,
Herron and Huie proposed a schematic free radical mechanism
for the ozonolysis reaction.

O3 + C,Hy — P* (74)
P*—>Q+R+... (75)
Pr+M—P+M (76)
O;+(Q+R+...)— products (77)
O, +{Q+R+...)— products (78)

Here, P* was reported to be an adduct which is not necessarily
formed initially but could be formed by a subsequent rear-
rangement.

CyF4. A simple mechanism involving an ozone—olefin adduct
was proposed by Heicklen'-€8 to account for the limited exper-
imental data available for this ozonolysis reaction.

CgF4 + O3 = CgF403 (79)
o]
CoF 403 + CoF s — > 4CF,0 + O, (80)

The nature of the initial adduct in reaction 79 was not specified
but reaction 80 was proposed originally®® to be composite and
to involve intermediates such as CF,, (CF,0),, and C,F40. Later,’
reaction 80 was represented by the following sequence of
steps.
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CgF403 + CgF4 - CgF4O + CgF402 (81)
CgF402 — 2CF,0 (82)
CgF4O + O3 — CgF402 + 0, (83)

Whichever multiple steps reaction 80 may involve, the rate
equation resulting from reactions 79 and 80 is

4kr9kso[ O3] [C2F4]?
k—79 + kao[CaF4]

Comparison with the experimental rate equation gave k79 = 300
M~ 5_1, keo/k_79 >9X 104M7 and k79k80/k_79 >3 X107
M~25~1 at 25 °C. However, this rate equation did not account
for the observation that the rate became independent of [O3]
or actually decreased at high ozone pressures.

Gozzo and Camaggi®! included additional steps to the Criegee
mechanism to explain the observed solution phase reaction
products: CF,0, the epoxide (SFZCFZO, ¢-CsFg, and traces of
secondary ozonide.

CgF4 + O3 — [CgF403] - CFgO + CF,00 (84)

R{CF,0} =

(XVIN)

CF300 + CoF 4 — CF,CF20 + CF,0 (85)
2CF,00 — 2CF,0 + O, (86)
CF,00 — CF, + 0, 87)

CF 5 + CoF 4 — c-CoFe (88)

However, these investigators also observed only CF,0 in the
gas-phase reaction, so the gas-phase mechanism evidently
consists of just reactions 84 and 86. Hence, the rate R{CFZO}
will be first order in each reactant, a result in accord with
Heicklen's "8 high-pressure limit. The reaction in the solution
phase gave CF,0 and tetrafluoroethylene oxide as the major
products, so in this case Guzzo and Camaggi considered only
steps 84, 85, and 86. A steady-state approximation for CF,00
gives
d[CF,0] _
d[CF,CF,0]

with k84k86/k852 being about 4.

C,Cl4. On the basis of kinetic data from all the chloroethy-
lenes studied in CCl, solutions, Williamson and Cvetanovi&®®

proposed the following general mechanism for the ozonolysis
of these olefins RR'.

2kgakss[ O3]
kgs2[CoF 4]

(xviuny

RR' + 03 — product | (89)
RR’ + 03 = RR'-03 (90)
RR'-0; — product Il 91)

Here, reaction 89 was described as a one-step process giving
product | which does not return to the reactants. The complex
formed in reaction 90 may return to the reactants with no geo-
metric isomerization, or it may decompose irreversibly according
to reaction 91. In these reactions the products | and Il are some
intermediates of the reaction and not necessarily the final
products. With this mechanism, the observed second-order rate
constant was related to the elementary constants as follows:

Kexpt = Kag T (Kooka1/k—go)/(1 + keo/k—go)  {(XIX)
Although the experimental data were too limited to determine
the relative importance of the one- and two-step terms in eq XIX,
Williamson and Cvetanovi¢ suggested the possibility that re-
action 89 may lead to the primary ozonide while reactions 90
and 91 may correspond to the oxygen-transfer process ob-
served, for example, in the ozonolysis of ethylene where
CH3CHO was produced. We have already quoted the second-
order rate constants obtained by Williamson and Cvetanovié
during the review of each haloethylene, but these constants are
summarized together in Table XII.
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TABLE XII. Second-Order Rate Constants for the Reactions of Ozone
with Haloethylenes In CCl, Solution at 25 °C#

E. Sanhueza, |. C. Hisatsune, and J. Helcklen

TABLE XIil. Elementary Rate Constants in the Mechanism of Ozonolysls
of 1,1-Dichloroethylene at 25 °C?#

Halosthylene  kexpu. M~ 15~ Haloethylene Kexpu, M~ 181 Rate constant Value Units
CC|200|2 1.0 ¢/s-CHCICHCI 35.7 kagak101/ k103 2.4 X 108 M~2g=1
CHCICCI, 3.6 trans-CHCICHCI 591 k1012’ k101 0.6 None
CH,CCl, 22.1 CH,CHCI 1180 K101/ k101 0.4 None

- Kg3k101/ kgak103 ~1.9 X 10° M-
a 14 69
From Williamson and Cvetanovi¢. Ko 11 M=Tg=1
K102a’ k102p 4 None
K101/K103 2.1 X108 M1

A more elaborate mechanism was necessary to interpret the
gas-phase results obtained by Mathias et al.® The initial step in
this mechanism, shown below, gave the diradical Criegee
product CCl,00 which propagated a chain reaction

C,Cls + O3 — CCI,0 + CCI,00 (92)

CCI,00 + 03 — CCI,0 + 20, (93)

CCI,00 + C,Cly — CCI,00,:C,Cl,4 (94)
CCl,00-C,Cls + O3 — CCI,00-C,Cly+03 (95a)
— CCl,00 + C,CI,0+ 0, (95b)

CCl,00-C,Cl4+03 + C,Cly — CCI,00 + 2CCI,0 + C;Cl,0
(96)

In this mechanism, C,Cl4O formed in steps 95b and 96 repre-
sented both the epoxide CCI,CCI,0 and the rearranged product
CCI3CCKO). Application of steady-state approximations to the
intermediates leads to the following initial rates, R{X}

R{CCI,0} = 2kg2[03] [CCl4)

Ko sk
o <k92 04Kosa

C,Cl ]2 (XX
koakes >[ 2Cl]2  (XX)

R{CCl,0} = Kozkos [C.Cl4)2
ko3

(XX1)

For long chains, only the second term in eq XX is important so
that the R{CCI,0} should be second order in [C,Cl,] and inde-
pendent of [Q3]. Experimentally, the olefin order was about 1.8
and no O dependence was found. Also for long chains, Ri{C-
Cl,0}/R{C.Cl40} = 2kosa’kes = 1.3 so the branching ratio
Kosp/ Kgsa = 0.54.

The ozonolysis reaction was inhibited by O,, and in this case
the chain termination step was suggested to be as follows:

CC'gOO'CgC|4 + 02 - CC'gOO'CgC|4'Og (97)
CCl,00-C,Cl40, + C,Cly — 3CCI0 + C,CI,0  (98)

The rate law for high pressures of oxygen then becomes

R{CCI,0} = 4ko,[03][C2Cly] (XX
where the upper limit of kg, was estimated to be 1.2 X 1072 M~
s~ . This second-order rate constant is two orders of magnitude
smaller than that obtained by Williamson and Cvetanovi¢ for
reaction 92 in CCl, solution. Since the average value of
kgokoa! kgs from the nitrogen-buffered gas-phase reaction was
0.13 M~ 1577, the lower limit of the ratio kg4/ kg3 becomes about
10.

CH,CCl,. The experimental data for the gas-phase ozonolysis
of CH,CCl, were more extensive, and Hull et al.”® proposed the
following chain mechanism:

CH.CCl, + O3 — CH,0 + CCI,00 (99a)
— CH,00 + CCI,0 (99b)

CCI,00 + O3 — CClx0 + 20, {93)
CCl,00 + CH,CCl — CCI,00-CH,CCI, (100)

2 From Hull et al.”®

CCl,00-CH,CCl; + O3 — CCl,00-CH2CClx+03 (101a)
— CCI,00 + CCI,0 + HCOOH (101b)
CCl,00-CH,CCl; + O, — CCI,00-CH,CCl,+0, (102a)

— 2CCI,0 + HCOOH  (102b)
CCl,00-CH,CCl, — CCI,0 + CH,CCl,0 (103)
CH,0 + 03 — 0, + HCOOH (or CO + H,0)  (104)
CCl,00-CH,CCly+05 + 2CH,CCl,
— 3CH,CCI,0 + CCI,00 (105)
CCl,00-CH,CCly+0, + CH,CCl,
— 2CH,CCI,0 + CCl,00 (106)

The Criegee dissociation of the initial ozone—-olefin adduct
can occur in two ways, but on the basis of the reaction products,
the stoichiometry, and the dependence of the rates on oxygen,
Hull et al. proposed that reaction 99a was the dominant primary
step. Following this step, the propagation of the chain reaction
is maintained by CCI,00 through reactions 100, 101, 105, and
106. Reaction 104 was included to account for the absence of
CH>0 among the products. The product CH.CCI,0 in steps 103,
105, and 106 was considered to be vibrationally excited and to
be the source of the rearranged acid chloride CH,CICCI(O) and
the products HCI and CO. In the absence of O, and for long
chains, if k193 << k101[03], the above mechanism gives

—d[03]/dt = 2kgg,[CH2CCl2][03]
+ ka9a| CH2CClp] [O3]{k93[03] + k10o[CHLCCI])
kea[O3] + k100k103[CH2CCl2]/ k101[Os]
At high CH,CCl, but low O3 pressures, eq XXIIl reduces to
—d[03]/dt = (kggak101/k103)[CH2CCI,][035]2  (XXIV)
while at high O3 but low CH,CCI, pressures it becomes
—d[03]/dt = (kggak 100/ ke3)[CH2CCl,]?

since under all the experimental conditions kg3[03] <«
k100[CH2CCl,]. The latter rate equation was proposed as the
reason for the faster rates observed initially in both N, and O,
buffered reactions (see Figures 1 and 2 in ref 70). For all pressure
conditions, moreover, the mechanism gives:

d[CH,CCl,]/d[03] = 1 + 2kip1a’ k101

(XXIIN)

(XXV)

(XXVI)
and
—d[CCl20]/d[03] = k1o1n/ k101

When O is present in excess and (k101oK100/ k102)[ CH2CCl3]
>> ko3[03], the predicted rates are

d[CCl,0]/dt = —d[03]/dt = 2kgea[CH2CCl,][03]
and the consumption ratio of the reactants becomes
d[CH2CCl,]/d[03] = 1 + kio2a/K1020

(XXVII)

XXV

(XXIX)
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TABLE X|V. Elementary Rate Constants in the Mechanism of
Ozonolysls of 1,2-Dlchioroethylene at 23 °C?

Rate constant Cis isomer Trans isomer Units
K07 22 148 M~1s™!
K108/ K~107 4.6 X 104 46X 104 M~
k10s/ k=107 3.2 X 104 32X 104 M
k111a/k111b 3.0 1.0 None
k112/k111 ~2 ~2 None

2 From Blume et al.”’

Comparison of the derived rate equations and various ratios
of the rates with those determined experimentally permitted Hull
et al. to evaluate the elementary rate constants given in Table
Xlll. In the study of Williamson and Cvetanovi¢,®® the olefin
concentrations, which were always in excess over the ozone
concentration in the CCl, solutions, were equivalent to 2-92 Torr
range, and thus similar to the pressure range used by Hull et al.
in No-buffered gas-phase studies. Therefore, if the rate observed
by Williamson and Cvetanovi¢ corresponds to that of reaction
99a, then this reaction is 20 times faster in CCl, solution than
in the N, buffered gas phase.

CHCICHCI. The unusual changes in reaction order with
pressure, the isomerization of the reactant, and the inhibition
of the rate by O, suggested to Blume et al.”" that the mechanism
of the ozonolysis of cis- or trans-dichloroethylene (DCE) was
a very complex chain reaction. The simplest mechanism which
accounted for the observed results except the isomerization was
proposed to be as follows:

Ry + O3 = Rz03 (107)
R203 + Ry = R403 (108)
R403 + O3 — 2RO + 2RO, (109)
RO, + Rz 2 R30; (110)

R2.0
R3O0, + O3 — R3Os —> 4RO + RO, + 0,  (111a)

—> 3RO + O, (111b)
o]
RsO5 + O, —> Rg04 —3 3RO + 20, (112)

Here, DCE is represented by R,, and RO, (the Criegee diradical)
is the chain carrier. Reactions 111b and 112 are the chain ter-
mination steps, but whichever step is operating the overall
stoichiometry becomes the same as that observed experi-
mentally. Steady-state approximations for the various reaction
intermediates allow the derivation of the following rate equa-
tions.

R{109} =
kiork10sk199[R2]%[03]?
{(XXX)
k1osk109[R2][03] + k—107(k—108 + K109[03])
d[RO]/dt = 2R|109}
x |1+ (4Kk111a + Bk1115)[03] + 3k112[05] (XXXI)

k1116[03] + k112[02]

The rate of disappearance of ozone, —R{Qa}, or of the olefin,
—R{R2}, is given by one-half the right-hand side of eq XXXI, and
the expression enclosed in braces provides the O, dependence
of the rate. With no O,, this expression reduces to {4 +
4(k111a/ k111)} while with excess O it becomes simply {4}. The
R{109} coefficient in eq XXXI, on the other hand, reduces to
different expressions depending on the pressures of the reac-
tants. For low Rz and O3 pressures

kio7K108k
R{109}= 10711081109 [R2]2[03]2

XXXII
k—107K—-108 ( )
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so the reaction rate becomes fourth order overall. If [R;] is high,
then

R{109} = Kk107[R2] [O3]
Finally, when [O3] is high, the R{108} term reduces to
R{109} = (k1o7k108’ k—107)[R2]2[ O3] {(XXXIV)

The three rate laws XXXII-XXXIV correspond to the three limiting
cases observed experimentally.

By a compulter fit of all the data, the pertinent ratios of rate
coefficients for the mechanism consisting of reactions 107-112
were obtained, and they are summarized in Table XIV. If the
second-order rate constants determined from the CCl, solution
by Williamson and Cvetanovié®® were the same as ko7, then
the gas-phase constants for cis- and trans-DCE are, respectively,
about 0.62 and 0.25 of those in CCl, solution. In CCl, solution,
the trans isomer reacted 17 times faster than did the ¢is-DCE,
while in the gas phase the trans isomer reacted only 6.7 times
faster in the second-order limit. In comparison to these differ-
ences, Carles and Fliszar'°5 found that the ozonolysis of
trans-2-pentene was just 1.5 times faster than the cis isomer
reaction in CCl, solution at 0 °C.

The mechanism proposed here also provides possible
channels for the isomerization of the DCE which was observed
during the ozonolysis reaction. If the products of reactions 107,
108, and/or 109 are noncyclic with loss of carbon-carbon
double bond character, then their decompositions to the reac-
tants will give an isomer different from the initial reactants.
Unfortunately, the ozonolysis rates of cis- and trans-DCE were
too similar in the gas phase and the experimental data were not
sufficient to make any quantitative deductions concerning this
isomerization reaction. However, it appears that channels —107,
—108, and —110 are not sufficient to explain the isomerization
results, and other channels are needed.

(XXX

C. Discussion

Although the available information, both experimental and
mechanistic, on each haloethylene reviewed here is not suffi-
cient to derive a complete general mechanism for the ozonolysis
of simple olefins, two significant characteristics of such reac-
tions emerge when the entire data are examined together. First,
many of these ozonolysis reactions are inhibited by molecular
oxygen. Such inhibitions have been observed in the ozonolysis
of C,Cls,5 CH.CCI,7® c¢is- and trans-CHCICHCI,7! and
CH,CHCI.®4 This inhibition has been reported now even for
CH,CH,.73-83 Oxygen inhibition was not reported in the ozono-
lysis of CoF 4,58 but in this case the oxygen is a reaction product
and the [O3]y > [CoF4] condition used in the gas-phase study
would have made it difficult to observe this inhibition, since
molecular O, was not added deliberately. Thus, it appears that
oxygen inhibition may be a general characteristic of the halo-
ethylene ozonolysis reactions, and it may be so even in the
ozonolysis of other simple olefins. The mechanisms of these
reactions, therefore, presumably are of a free radical type, each
involving a biradical species.

The second significant characteristic of the ozonolysis re-
actions reviewed here concerns the origin of the biradical
species which caused the oxygen inhibition described above.
In the low-temperature infrared study of the ozonolysis of
CH2CH,,®8 both the primary and secondary ozonides were de-
tected. Thus, the reaction in this case may be considered to
proceed by the Criegee-type mechanism where the primary
ozonide is the source of the biradical species. The infrared study
of the low-temperature ozonolysis of CH,CCl, and CHCICHCI,??

-on the other hand, showed no formation of primary ozonides

even though the reactions were taking place as evidenced by
the appearance of the infrared bands of phosgene and formyl
chloride, respectively. The source of the biradicals for these
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reactions, therefore, appears to be other than the primary ozo-
nides. Detailed kinetic studies, as will be discussed, also appear
to argue against the primary ozonide intermediate. In the case
of the low-temperature ozonolysis of CH,CHCI,%2 the formation
of both formyl chloride and the primary ozonide was observed
in a temperature range where the decomposition rate of the latter
was negligible. Thus, two independent reaction paths appear
to be available here, one involving the primary ozonide and the
other channel by-passing this intermediate. These spectroscopic
observations indicate, in fact, that the parallel path reaction
mechanism proposed by Willlamson and Cvetanovic®® consisting
of reaction steps 89-91 may be correct in principle, and, fur-
thermore, it can now be modified to be consistent with the ex-
perimental observations.

For a general olefin RR’ the Criegee path of biradical formation
is given by Scheme |. Reaction 113 is irreversible and leads to
the primary ozonide which provides the biradical RO, and R'O,
in case of an unsymmetrical olefin. In addition the trioxolane
opens and decomposes to other mono-free-radical and mo-
lecular products as proposed by O’Neal and Blumstein.®” The
second reaction channel, which we shall call the m-complex path
of biradical formation (Scheme Il), is based primarily on the re-
quirements provided by the kinetic study of cis- and trans-
CHCICHCI. This scheme consists of two reversible reactions
107’ and 108’ followed by an irreversible step 109’. The products
of reaction 107’ may be the = complexes which have been
observed with many olefins at low temperatures.88-92 According
to the low-temperature studies with cis- or trans-CHCICHCI, the
reverse of reaction 107’ does not involve an isomerization, but
the reverse of reaction 108’ may.92 Both the w-complex and
Criegee paths may be important in the ozonolysis of CH,CHCI,
but for the other chloroethylenes only the = complex appears
necessary to account for the experimental observations.

SCHEME |. Crlegee Path

RR' + O3 — RR'00 (113)
RR'000 — RO, + R'O (114a)
— R0, + RO (114b)
Fm — other products (115)
SCHEME ||. 7-Complex Path
RR’ + 03 = RR'O3 (107")
RR'0; + RR’ = RyR,'03 (108")
R2R2'03 + O3 — 2R'0 + 2RO, (109a’)
— 2RO + 2RO, (108b")

Thus we see that the O3 reactions proceed primarily by dif-
ferent paths for different ethylenes, similar to the observation
for O-atom reactions. Earlier in this review we showed that there
are three classes of O-atom reactions, one for CoHs and
CH,CHCI, one for the fluoroethylenes except CF,CCl,, and one
for the other chloroethylenes including CF,CCl,.

Likewise we find here that C,H, and CH,CHCI (and the higher
unhalogenated olefins) form molozonides which decompose by
the Criegee mechanism to give a rate law first order in both olefin
and Oz over the entire pressure range. On the other hand, the
higher chloroethylenes do not form molozonides and react with
O3 by a complex rate law which deviates from second order (first
order in each reactant) at low reactant pressures, indicating
reversibility of the initial reaction step. Furthermore CHCICHCI
undergoes geometrical isomerization, whereas the 2-butenes
do not.

It is not clear from the data whether C,F 4 ozonolysis fits into
one of these reaction classes or proceeds by a third scheme,
as in O-atom attack on C,F,4. No deviation was observed in the
second-order rate law over the range studied, but, by analogy
with C4Fg-2 which did show the deviation, Heicklen®® interpreted

E. Sanhueza, |. C. Hisatsune, and J. Helcklen

his data in terms of a changing rate law. However, Heicklen
believed that no CF,0, diradicals were present because no
tetrafluoroethylene oxide was observed as a product in the
room-temperature gas-phase ozonolysis, yet it was a product
when CF,0, was produced in the C,F4—0,-0 system,46.67 |f
Heicklen’s inference is correct, then the ozonolysis of C,F 4 must
be different from that for either the olefins or the chloroethylenes.
One note of caution in this inference is that CF,00 may exist
as either a triplet or singlet species, which may react differently.
Thus the triplet CF,00 (presumably produced in the 0-0,—C,F 4
system) might lead to tetrafluoroethylene oxide whereas the
singlet CF,00 (as expected in the O3-C,F, system) might not
lead to this product. However, if CF,00 is not produced, the
w-complex mechanism might still explain the results by adding
the reaction

R2R2’03 + 0; —> 2RO + 2RO + 02 (109C’)

Once the diradical RO, {or R'Oy) is produced, it can participate
in a chain process, an example of which is given by reactions
in Scheme IIl.

SCHEME Iil. Chain Propagation and Terminatlon

RO, + RR’ — R,R'0, (110"

ROz + 03 — RO + 20; (116)

R2:R'0, — RO + RR'O (117)

R:R'02 + 03 — RR'Os (111a’)

— 2RO + R0 + 0, (111b")

RoR'Os + RR’ — R3R,'Os (118a)
— RR'0 + RO + R'O + RO, (118b)

RaR2'0s + O3 — 2RO + 2R'0 + 0, + RO,  (119)

Here, RO and R'O are the carbony! products while RR'O may be
an epoxide or a rearranged product such as an acid chloride. The
biradical chain carrier is RO, but the oxygen inhibition of the rate
is represented by the reactions in Scheme IV.

SCHEME |V. Oxygen Inhibltion

R:R'0, + 0, —> R,R'0, (112)
R.R'O4 + O3 — 2RO + R'0 + 20, (120)
R.R'04 + RR' — RR'O + 2RO + R'O (121)

For the chloroethylenes, the mechanism consisting of reac-
tions 107’, 108’, 109a’, 109b', 110', 116, 117, 111a’, 111b’, and
112’ leads to the generalized rate law

—d[RR] _ <20‘k1o7'k1oe'[03] [RR']2>
dt k—107' + kiog'[RR']

k110[RR]
X <1 +
Bk110'[RR'] + k116[02]

except for stoichiometric factors which depend on the fates of
R,R'Os5 {reactions 118 and 119) and R,R'O4 (reactions 120 and
121). In eq XXXV, the quantities o and 3 are defined by

o = (Kqpgar + K1090')[03]/{k—108" + {K109a’ + K1095)[03])
1= B = ky112[03]/(k111[03] + k112/[02] + k117)

The rate law, eq XXXV, is adequate to give calculated rate
equations which are consistent with the experimental equations.
For example, the gas-phase ozonolysis of C,F,4 can be inter-
preted on the basis of the w-complex path. Since the reaction
products were O, and CF,0, reaction 109¢’ can replace reac-
tions 109a’ and 109b’ to obtain for the rate of formation of
CF,0

> (XXXV)

4k107'k108'[ O3] [CoF 4]
k—107 *+ k1og'[C2F 4]

R|CF,0} = (XXXVI)
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which is independent of oxygen pressure. In the case of C,Cl,,
assuming long chains with k{7 and ky1 considered small

compared to kyy1a, the rate laws in the absence of O, be-
come

Ricci 0} = Xorkiw <1 + Kuea

> [CaCla)?  (XXXVHY
116

118
_ 2kiorki10'K11an
k116k118

where C,Cl40 includes both CCIZCCI26 and CCI;CCHO), and in
the presence of O,

R{CCl,0} = 8k107/[C2Cls] [O3] {(XXXIX)

Similarly, a long-chain process for the ozonolysis of CHCICHCI
gives

R{C.CI,0} [CaClg]2  {(XXXVII)

—d[CHCICHCI]/dt = d[HCCI0]/2dt
4k 107 k108'k109'[CHCICHCI]2[ 03]
k—107(k=108' + k109[O3]) + K10g'K109'[CHCICHCI] [O3]
k111[0s] + k112/[02]
k1116'[03] + kq12[02]

(XL)

where in eq XL reaction 109¢’ is assumed to be negligible.

For the unsymmetrical olefin CH,CClI, the chain carrier was
deduced to be CCI,00 rather than CH,00. Furthermore, no
formaldehyde was observed as a product of the ozonolysis, so
the reaction

R’O + O; — HCOOH (or CO + H,0) + O, (122)

must be included in the general mechanism. The use of
steady-state approximations on the various intermediates in-
cluding R'O and the assumption of long chains lead to the fol-
lowing rate equations.

—d[0s] _ 2k107[CH2CCl,] [Os]
dt k117 + k112:[02]
k
X f2k1110(0s] (1+51%) 4 3k 000} o
K118
_d[Cchclgl = 2k107’[CHchI2] [03]
dt k117 + k112[05]
X {2k1115[03] + 8k112[02]}  (XLII)
d[CCI,0] _ 2k107/[CH,CCl,] [05]
dt k117 + k112[02]
k 'k
X =R [05] + ki [02] | (XLIN

k118
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