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Summary

We used photochemical modulation spectroscopy to study the primary
radical products of oxygen atom—olefin reactions by their optical absorption. In
contrast with earlier work done by mass spectrometric sampling we found that
the “vinoxy” radical CH,CHO is an important primary product with ethylene
and monosubstituted ethylenes. We characterized two electronic transitions of
this radical with origins at 347.7 and 1249 nm and estimated the yields of
CH,CHO and HCO in the oxygen atom reactions by comparison with reference
reactions of unit quantum yield. Two sources of CH,CHO formation were iden-
tified: a pressure-independent pathway and a pressure-dependent mechanism
which complements the stabilization of epoxides and aldehydes. Mercury-photo-
sensitized decomposition of the corresponding epoxides also produces large yields
of CH,CHO. Our observations of pressure-independent fragmentation forming
CH,CHO link together early observations of a similar mechanism by Cvetanovic
and recent low pressure flow and molecular beam experiments by several groups.
A mechanism which accounts for the different characteristics of the pressure-
independent and pressure-dependent pathways is discussed.

1. Introduction

In this paper we are concerned primarily with a quantitative evaluation of
the reaction pathways leading to the primary products of oxygen atom—olefin
reactions, in particular to the fragment CH,CHO, at intermediate pressures
(0.05 - 1 atm). The subject of oxygen atom reactions with olefins has been ex-
tensively studied and reviewed repeatedly [1 - 3], but it now appears that it is
not as well understood as previously believed. The pioneering work in this field
has been done by Cvetanovic [1}. For the purpose of later discussion we shall
summarize part of his findings as follows. There are two dominant reaction types:
(a) the formation, via a diradical addition complex, of hot epoxides, aldehydes
and ketones which are stabilized or decompose depending on the pressure and
molecular size; (b) pressure-independent fragmentation where the oxygen atom
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appears to displace one substituent from the end of the double bond to which it
adds:

O+ CH, — CH,; + HCO (1a)
—» H + CH,CHO (1b)
—> Hz + CHzCO (].C)

Type (b) was observed only for alkyl substituents in non-terminal olefins, al-
though for ethylene Cvetanovic postulated the analogous reaction (1b) [4].

Type (a) reaction gives only traces of stabilized products with ethylene at 1 atm,
while the decomposition products CH; and HCO were estimated to account for
75 % of the overall process. A third minor pathway, reaction (1c), was also noted.

While Cvetanovic used final product analysis, the primary reaction products
were later directly observed by mass spectrometry sampling techniques [5, 6].
The results were essentially interpreted in terms of type (a) processes, and no
unequivocal evidence for Cvetanovic’s pressure-independent fragmentation
pathway was found. For ethylene in particular, reaction (1b) was claimed to be
absent, reaction (1c) was measured to contribute 5% and the remaining 95 % was
ascribed to reaction (1a). However, at the same time MacFadden and Currie
[7] were unable to detect CH,CHO with a mass spectrometer in an unrelated
photolysis reaction where the radical was known to be formed. In retrospect the
mass spectrometry sampling experiments suffered from two other drawbacks: the
inability to distinguish isomers and the lack of systematic pressure variations.

The fact that there was something wrong with the picture derived from the
sampling experiments was first discovered by Lee and coworkers [8]. Under
true molecular beam conditions they found only CH,CHO formed in the O +
C,H, reaction. The parent ion of this product, CH,CHO", was detected as well
as the ions HCO*, CH,* and CH,CO™ which were shown to result from frag-
mentation of CH,CHO™. Products of type (a) reactions were absent. The forma-
tion of CH,CHO in the O + C;H, reaction was subsequently also reported by
Inoue and Akimoto [9] who detected its presence under fast flow conditions by
laser-induced fluorescence. The same detection method was recently used by
Luntz and Kieinermans [10] in a crossed molecular beam experiment. They-
found CH,CHO formed in the oxygen atom reactions of ethylene, propene and
1-butene, and they examined its vibrational excitation. Energy partitioning was
found to be non-statistical, indicating that no long-lived complex intermediate is
involved. The kinetic energy thresholds for CH,CHO formation were determined
to be 1 kcal mol™ for all three olefins. This does not parallel the activation
energies of the overall reaction which are 1 kcal mol™ for ethylene but O kcal
mol~? for propene and 1-butene [11].

These new results indicate that with ethylene and terminal olefins a process
occurs which is analogous to Cvetanovic’s pressure-independent fragmentation
and should persist to high pressures since it is a direct reaction. The question thus
arises whether this process is a major or a minor process. It might be expected
to be a minor process since Cvetanovic observed no type (b) reaction with ter-
minal olefins [12]. We therefore investigated the contributions of CH,CHO-
forming processes up to pressures of 1 atm, using optical absorption spectroscopy
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of CH,CHO and a reference reaction which produces a known yield of this spe-
cies. Similar measurements were made for some related reactions and for the
product radical HCO. This work also led to new information on the electronic
states of CH,CHO which is useful for discussing the dynamics of the pressure-
dependent and pressure-independent pathways.

2. Experimental details

The decomposition of N,O photosensitized by mercury vapor offers a
convenient way to modulate the rate of oxygen atom reactions by modulating the
253.7 nm excitation. With a large excess of N,O only the following reactions are
important:

He('So) 222720, Hg(3Py) @)
He(*P,) + N2O — N, + OCP) + Hg(*So) 3)
O(®P) + olefin — products 4)

This method was introduced by Cvetanovic [13] who first used it to study the
final products [14] and later to measure oxygen atom reaction rates by a modu-
lated chemiluminescence technique [15]. We employed the same scheme for
measuring the modulated optical absorption of the primary radical products by
phase-sensitive detection. Our apparatus has been described in detail previously
[16]. It is capable of detecting absorption amplitudes of 107° in the UV and

107 in the near IR. In the present experiments we used a modulation frequency
of 270 Hz and an average photolysis intensity of about 1075 einsteins I"! s™.
Reactant partial pressures were chosen to be high enough to avoid effects of prod-
uct build-up in the flow reactor; this is particularly important in the mercury-
photosensitized reaction of ethylene oxide. Nitrogen was used as a carrier gas
except in the low pressure N,O runs. Under the conditions employed the radical
formation rate follows the photolysis intensity, while the decay occurs by radical—
radical reactions and is sufficiently slow to produce a phase shift of 45° - 60° in
the product radical concentrations. This phase shift was taken into account when
we calculated radical formation rates from absorption amplitudes.

3. Electronic spectra of CH,CHO

We initially observed the UV absorption spectrum shown in Fig. 1 in the
O + C,H, reaction. The phase shift was consistent with a primary free-radical
product. By producing the same transient spectrum in the reaction

Hg(°P,) + CH;—OC,H; — CH,CHO + CHj + Hg('S,) (5)

which is known to generate CH,CHO radicals with unit quantum yield [17], as
well as in analogous mercury-photosensitized reactions of C,H;—OC,;H; (18] and
CH,;CO-0C,H,, we convinced ourselves that the product observed is the
CH,CHO radical. Reaction (5) gave the strongest signal, as expected.
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The UV spectrum starts with a prominent 0—0 band at 347.7 nm (3.57 eV),
which agrees with a band head observed by Currie and Ramsay at 347.3 nm
under higher resolution [19]. This band and the first three vibronic bands also
appear in the fluorescence excitation spectrum of Inoue and Akimoto [9]. All
remaining bands can be interpreted as combinations of these three vibronic
fundamentals. Below 330 nm the spectrum is probably predissociated since no
laser-induced fluorescence has been observed [9]. Integration of the entire spec-
trum, including the continuum, gives an oscillator strength f = (1.8 + 0.4) x
1073, corresponding to a radiative lifetime of (0.8 + 0.2) x 10~®s. Since this
agrees with the observed fluorescence lifetime, the emission yield must be close
to 1.0 for the lowest vibronic states.

In the near IR we detected a second region of CH,CHO electronic ab-
sorption from 1000 to 1250 nm. The spectra observed in the O 4+ C,H, reaction
and in reaction (5) were again identical and are shown in Fig. 2. The prominent
0—0 band of this electronic transition is located at 1249 nm (0.99 ¢V). We have
not yet determined the oscillator strength of this transition but it is certainly much
smaller than that of the UV system.

On the basis of recent ab initio calculations carried out by Dupuis [20] the
UV and near-IR spectra can be assigned to the B,2 2A’'—X,1 *A’’ and A,1 2A’'—
X,1 2A"’ transitions respectively of the CH,CHO radical. The three states are
essentially derived from the three allylic resonance structures of CH,CHO as
indicated in Fig. 3. While the X and B states are hybrids of the two structures
of species a’’, the A state represents the a’ structure and may thus properly be
called the “vinoxy’’ radical. This becomes evident when the calculated C—C and
C-O bond lengths are compared with those of acetaldehyde and vinyl alcohol
which are also represented in Fig. 3.

—100

RMS Absorption x10°
Wo—8(QW, 181
1U319)§4200) LOIIUNXZ

<+— Absorption

. ‘\\/, \‘ J ' /\jr‘«/

| ] | L | i

280 300 320 340 360 1.0 1.2

Wavetength {(nm} Wavelength {microns)

Fig. 1. The transient UV absorption spectrum of CH,CHOQO generated from the mercury-photosensi-
tized decomposition of CH;OC,H; in 1 atm of nitrogen (spectral slit width, 1.6 nm). The same
spectrum was observed in the oxygen atom reactions of ethylene, propene and 1-butene.

Fig. 2. The transient near-IR absorption spectrum of CH,CHO generated from O + C,H, (upper
trace) and Hg(°P,) + CH;OC,H; (lower trace) at the same photolysis intensity and total pressure
(1 atm). The sensitivity in the upper trace is twice that of the lower trace (spectral slit width, 4.8 nm).



381

M. Dupuis, MCHF Calculations
Resonance Structures (Ref. 20). Bond lengths in A.
All states are pianar.

0
" 1.0
@—Q/ a" | Hycaat c/1 oA Hac2 cg-zg
e H

Acetaldehyde {Ref. 21}
1.47 0 "
0 /g a" H2C _____ C‘/] 40 8,22A
6 SH 3.2eV
(exp. 3.57 eV}
H

oo N
) =~ 1.33 / 9 P
a' H.C—— 1.39 A 1A C—C ~7.386
O 2 ~H 0.5eV ~H
{exp. 0.99 eV)
Vinyl Alcohol {Ref. 22)

Fig. 3. Resonance structures and the lowest three electronic states of the CH,CHO radical. Bond
lengths for the related molecules acetaldehyde and vinyl alcohol are shown for comparison.

4. CH,CHO yields

The term “yield” is used here to designate the number of CH,CHO mole-
cules formed per oxygen or excited mercury atom, i.e. the fractional contribution
of all reaction paths forming CH,CHO to the overall reaction. For the oxygen
atom—olefin reactions this was measured by comparing the CH,CHO absorption
signal at 347.7 nm with the signal obtained from reaction (5) under identical
conditions of modulated photolysis. Yields are based on that of reaction (5)
being 1.0 [17]. Corrections were made for some quenching of Hg(®P,) by the
olefin. The results are summarized in Fig. 4. With ethylene and 1-butene the
yields were 0.36 = 0.04 and 0.17 x 0.02 respectively, independent of pressure
in the 40 - 760 Torr pressure range. With propene the yield increased with de-
creasing pressure, starting near the 1-butene value at 760 Torr and approaching
the value for ethylene at 40 Torr.

In a similar manner we measured CH,CHO yields for the mercury-photo-
sensitized reaction of ethylene oxide, which is related to the O + C,H, reaction
[4]. The measurements were made at 1249 nm to circumvent the interference
of some HgH absorption at 347.7 nm. A CH,CHO yield of 0.7 + 0.1, indepen-
dent of total pressure from 80 to 760 Torr, was observed. Only a small fraction
of this yield, if any, is contributed by the abstraction reaction path forming HgH.
We noted another minor channel in the mercury-photosensitized reaction of
ethylene oxide: excited complex emission, which we observed in the wavelength
region where it is known to occur for ethers and alcohols [23].

CH,CHO was also observed at 347.7 nm in the mercury-photosensitized
reaction of propene oxide, and its yield was roughly estimated to be 0.2 - 0.3. A
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Fig. 4. The yield of CH,CHO per oxygen atom as a function of total pressure for the oxygen atom
reactions of ethylene, propene and 1-butene: —, calculated with rate parameters which fit the
propene oxide stabilization datainref. 12; A, O + C;H,; ®, O + C;H,; B, O + C,H;.

survey of the mercury-photosensitized reactions of acetaldehyde and propionalde-
hyde showed no formation of CH,CHO, as expected.

5. HCO yields

In the O + C,H, reaction we measured the yield of HCO in order to assess
independently the importance of reaction path (1a). For this purpose the mer-
cury-photosensitized decomposition of acetaldehyde

Hg(°P,) + CH,CHO — CH, + HCO + Hg('So) (6)

was used as a unit yield reference reaction for HCO [24], whose absorption was
measured at 563.2 nm (24" band). By comparing the absorption from the oxy-
gen atom and reference reactions, the yields were determined to be 0.58 and
0.52 + 0.06 at 80 Torr and 760 Torr total pressure respectively. These values can
be checked in the following way. If we accept the 0.05 yield for path (1c), as
determined by mass spectrometry [5, 6], and allow for a yield of 0.1 or less of
stabilized CH,;CHO in path (1a) at 760 Torr [25], the fractional yiclds of paths
(1a), (1b) and (1c) add up to unity at both pressures within the limits of error.

6. Discussion

6.1. Final product distribution

For the reaction O + C,H,; we can make a rough estimate of the final prod-
ucts expected from the radicals formed in the major reaction paths (1a) and (1b).
We assume the relation k; = (k k;)*? for the rate constant of radical i reacting
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with radical j, and for each such reaction we account only for the major products,
those of either recombination or disproportionation. The product yields are then
given by

YiV;
Y,“ =
/ 1 +(§,~,‘ n%]yn

regardless of the values of the k. The y; are the yields of radicals CH;, HCO,
C,;H;s and CH,CHO. Hydrogen atoms are immediately converted to C,Hs by
reaction with C,H,. The final product yields thus derived are compared in Table 1
with Cvetanovic’s observations [14]. Agreement is good, considering the approx-
imations used. The extra consumption of C,H, is seen to be due to hydrogen
atoms produced in reaction path (1b) and not to hydrogen atoms coming from
the decomposition of HCO.

Our results for the oxygen atom reactions of propene and 1-butene show
that two of Cvetanovic’s rules [1] must be modified. First, pressure-independent
fragmentation does occur with terminal olefins and amounts to 15% - 20% in the
intermediate pressure range for the olefins investigated here. This includes only
loss of the alkyl group; loss of a hydrogen atom may also take place but was not
measured in our experiments. Secondly, attack of the more substituted carbon
does occur, but in view of the final products observed [12] it appears to lead
predominantly to pressure-independent fragmentation.

6.2. Pressure dependence

From the results of Lee and coworkers [8] and those of Luntz and Klei-
nermans [10], it appears that the addition complex mechanism is pressure in-
duced, but our experiments did not cover the low pressure range where this would
become evident. Instead we observed the decomposition or the stabilization of
the complexes which were formed with the aid of collisions. In this respect the
results shown in Fig. 4 are complementary to Cvetanovic’s observations for the
stabilization of epoxides and aldehydes in the same pressure range (no stabiliza-
tion with ethylene, complete stabilization with 1-butene and intermediate be-

TABLE 1

The final product yields for the O + C,H, reaction, calculated from the yields of primary radicals
determined in this work and compared with those actually observed

Reactants consumed

ocP) CH,

i0 138 Ref. 14

1.0 1.36 This work

Products formed

co CH, CyHg CiHg CH,CHO C,H{ HO C,H,CHO

0.50 0.11 0.17 0.17 0.15 0.20 0.05 Ref. 14
049 0.18 0.20 0.11 0.11 0.11 0.06 This work

Yields are expressed relative to the amount of O(*P) consumed.
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havior, i.e. pronounced pressure dependence, for propene) [12]. It thus appears
that there are two reaction paths forming CH,CHO: a pressure-independent
component which is responsible for the asymptotic high pressure yields of 0.17
and 0.19 with 1-butene and propene and a pressure-dependent component which
is evident for propene and may also be present with ethylene. Since aldehydes

do not decompose to give CH,CHO, the precursor for CH,CHO must be a
biradical or a hot epoxide molecule. )

To test this hypothesis, the two-step decomposition—stabilization mecha-
nism for propene oxide established by Cvetanovic [12] was used to calculate the
CH,CHO yields, assuming that CH,CHO is the decomposition product of the
first step. It was found that, with decomposition-to-stabilization ratios k 4/k, of
27 Torr for the first step and 85 Torr for the second step, both Cvetanovic’s
propene oxide stabilization data [12] and the pressure-dependent part of the
CH,CHO yield could be fitted simultaneously. The latter fit is represented by the
full curve in Fig. 4. The decomposition product of the second step is probably
acetaldehyde.

Another indication that biradicals or hot epoxides are a source of CH,CHO
is provided by the CH,CHO yields observed in the mercury-photosensitized
decomposition of ethylene oxide and propene oxide. The former process has
been noted to resemble the O + C,H, reaction in its final product distribution
{4]. Presumably this is due to the fact that in both reactions the CH,—CH,-O
diradical is an initial intermediate, albeit with different energy content. The high
CH,CHO yield observed in the sensitized ethylene oxide decomposition suggests,
by analogy with the propene case, that part of the CH,CHO we observed in the
O + C,H, reaction may be formed via an addition complex mechanism which is
collision induced.

6.3. Mechanism

From the observations known to date a picture emerges which is consistent
with Cvetanovic’s scheme [1] to the extent outlined in Section 1. His pressure-
independent fragmentation process corresponds to a direct reaction which operates
in the absence of collisions and persists, without pressure effects, to at least 1 atm.
The addition complex mechanism, which leads to epoxides, aldehydes, ketones and
their fragments, is collision induced but saturates already at low pressures (below
the 40 Torr lower limit of our experiments). This strikingly different behavior of
the two reaction types is hard to reconcile with Cvetanovic’s proposal that the
same diradical is the primary intermediate in both cases. A possible solution of
this problem has been independently suggested by Dupuis [20] and Luntz [26]
and can be substantiated with our spectroscopy results for CH,CHO. It takes
into account that there are two different types of electronic states of the initial
triplet diradical which cannot be interconverted by internal rotation around the
original C=C bond. (For a discussion of diradical states see ref. 27. The (o,0) and
(o,7) states are easily converted to the states discussed here by internal rotation.)
In Fig. 5 these states are shown for CH,—CH,—O in a geometry which is close to
the transition state for loss of a hydrogen atom [20]. If the hydrogen atom is
expelled, the CH,CHO fragment is left in the X,1 2A’’ state when formed from
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the (7r,7r) diradical but in the first excited A,1 2A’ state when formed from the
(7,0) diradical.

The consequences of this are illustrated in Fig. 6 in a schematic potential
energy diagram for the H + C,H, reaction. It can be seen that the triplet diradical
of configuration (sr,0) is trapped, since the A—X electronic energy difference in
CH,CHO is 23 kcal mol™ and the shift of a hydrogen atom to give triplet acet-
aldehyde requires a high activation energy which Dupuis [20] has estimated to
be 50 kcal mol™. In the absence of collisions this diradical will thus redissociate
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Fig. 5. Adiabatic dissociation pathways for the (#,5) and (=, 7) configurations of the CH,—CH,-O
diradical. The structure of the diradical is drawn to represent approximately the transition state.
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Fig. 6. A schematic potential energy diagram (not to scale) for the O + C;H, reaction. Energy
levels, in kilocalories per mole, are given relative to O + C,H,. Values in parentheses have been

obtained by ab initio MCSCEF calculations [20].
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to O + C;H,. With collisions it can be converted into an isoenergetic singlet
diradical which now has low activation energy pathways available to give hot
ground state epoxide and aldehyde as well as H + CH,CHO(X,1 2A’’). The

trapped diradical must have a relatively long unimolecular lifetime for this mecha-

nism to be consistent with experiment. For the (7r,77) triplet diradical, one path-

way is open in the absence of collisions, i.e. fragmentation into H + CH,CHO.

This is the reaction channel observed in the molecular beam experiments.
Among the predictions which can be made on the basis of this mechanism

is an increase in pressure-independent fragmentation with temperature or reactant
kinetic energy. Such an effect has actually been noted by Cvetanovic [1]. It would

be interesting to test whether the activated process forms CH,CHO(A,1 2A")
with ethylene, as anticipated. The mechanism also permits somewhat different

energy thresholds for the direct fragmentation and addition processes, as observed
by Luntz and Kleinermans [10]. Another point which needs to be investigated is
the fall-off with decreasing pressure of the collision-induced addition process. In

several early studies no marked pressure variation of the total rate of the O +
C,H, reaction in the 0.25 - 20 Torr pressure range was found [28]. However,
from what is known now the fall-off must occur somewhere between the condi-
tions at 40 Torr and the collision-free conditions of the molecular beam experi-
ments.
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